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EXECUTIVE SUMMARY -

The Ofﬁce of Fissile Materials Dnsposmon has undertaken evaluations of various plutonium waste
forms for final disposition in a geologic repository. It has been determined that one of the principal
technical considerations for disposal of these waste forms is their long-term performance in a
repository environment. This long-term performance consists of two. elements, releases of
radioactivity (dose) to the accessible environment (called total system performance assessment), and
long-term criticality behavior of the waste forms and packages in the repository. This report -
addresses only the long-term criticality issues; the total systern performance assessment is the subject

of a separate report (Reference 1).

Criticality issues for the plutonium waste forms as packaged for d:sposal in a geologic repository fall
into three broad categories:

. Those associated with the as-fabricated (intact) waste packages
» Those associated with the degraded package and waste form in the near-field environment

s Those associated with the flow and transport of the fissile matenal into the far field with
reconcentration (external criticality).

A systematic approach to criticality evaluations was formulated and has been followed. Criticality
analyses of intact waste forms were first conducted, and the configurations from these designs used
to degrade the waste form and package, to be followed by transport of the fissile material into the
far field with reconstitution. This report focuses on the degraded mode criticality analyses, based on
the intact configurations evaluated earlier (Reference 2).

This report addresses two primary waste forms associated with the proposed plutonium
immobilization concepts, can-in-canister glass and can-in-canister ceramic. Both waste forms
consist of cans of either lanthanide borosilicate glass or a ceramic similar to Synroc C. These cans
are placed into defense high-level waste pour canisters which are backfilled with defense high-level
waste glass. Because these concepts are in a developmental stage, coordination with the formulation
team has been maintained. It is the intent of these evaluations to provide feedback to the glass and
ceramic formulation teams giving the characteristics and features that must be maintained in their
product, such that acceptance of the waste form in a geologic repository can continue to be
considered. Because specific data for evaluations of long-term criticality are not readily available
for these waste forms, ranges of values have been used to bracket the behavior. The findings of these
analyses should assist the waste form producers to tailor their product specifications for
repository disposal. .

The primary considerations for determining criticality potential in a repository are the fissile material
concentration in the waste form, the concentration of the neutron absorber, the waste package
configuration, and the resulting configurations of all these parameters as degradation of the waste
form and package occurs over time. The waste form dissolution is assumed to be congruent, so that-
all the species contained in the waste form are released to the solution at a rate that is proportional
to the amount of the species contained in the waste form. The dissolution rate and the chemical
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behavior of these species determine the percent that remains in solution and the percent that is
precipitated immediately upon release from the waste form, which in turn determines whether critical
masses can be accumulated in precipitated masses within the waste package or in the near-field. The
likely range of chemical conditions and species was determined by means of computer code (EQ3/6)
to account for many species simultaneously, and by means of hand analytical calculations accounting
for only a few species simultaneously. These calculations were used to estimate the solubility of the
principal neutronically significant species (i.e., principal fissile or absorber elements) plutonium,
uranium, and gadolinium as a function of pH for the range of values likely to be encountered
(5.5 t0 10). : :

Because the Nuclear Waste Policy Act (as amended) identifies Yucca Mountain as the only location
for repository site characterization studies, the basis of all scenario development and analysis is
placement of waste packages into drifts excavated in unsaturated tuff. All scenarios begin with:

* An infiltration of water incident on the waste package followed by water penetration of the
waste package barriers

Water penetratxon of the stainless steel pour camster contamtng the waste cans

Water penetrating the filler glass

Water penetrating the can directly containing the waste form

Water contactmg the surfaces of the waste form, thereby beginning the waste form alteration
. process.

The scenarios then proceed along three parallel paths that are characterized by differing locations
of holes in the waste package barriers. Any of these types of scenario can lead to three final
configurations: . ; ,

A. Insoluble waste form alteration products precipitated at the bottom of the waste package
" inaclayey mass, for which the most likely geometry is a cylinder sector conformmg to the
bottom of the waste package. :

B. Fissile matenal (plutomum and uramum) precipitated on metal surfaces
C. Flssﬂe material trapped in the invert.

The primary focus of this study is the first conﬁgmatxon The second configuration would be a very
thin geometry, and scoping calculations showed it to require an unrealistically large critical mass.
Bounding calculations were performed for the third configuration and the results are dlscussed in
the text. : :

The analysis is focused on determining the range of concentrations of uranium, plutonium, and
gadolinium that can occur in the clayey mass precipitated at the bottom of the package, and to
determine whether these concentrations are critical. The principal analysis tool is a program that
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computes the amounts of plutonium, uranium, gadolinium, and chromium in solution as a function
of time with inputs from a range of possible waste form dissolution rates and stainless steel corrosion
rates. The program model is sufficiently general that it can represent all three types of scenarios
described above. The key parameter in this analysis is the pH of the solution since the chemical
analysis has suggested that the gadolinium solubility can be as high as 3,000 parts-per-million for
a pH as low as 5.5. A number of cases were identified with concentrations that could produce
criticality.

MAJOR FINDINGS
Design Implications

Analysis of a representatwe set of potenually cnt1cal configuratxons leads to the following findings
.which dxrectly impact waste form de51gn

- A critical parameter for determmmg criticality risk is the Dissolution Product Factor that

is defined as the product of the intrinsic material dissolution rate per unit surface area,

- multiplied by the ratio of total waste form surface area (outer surface area plus the,

generally, much larger internal surface area exposed by fracturing) to outer waste form

surface area (or inner surface area of the waste form can). Threshold (limiting) Dissolution

Product Factor values have been determined for the nominal waste forms for both glass and

* ceramic, using the principal degradation modes considered in this study. Any waste form

that has an actual Dissolution Product Factor less than its correspondmg threshold
Dissolution Product Factor, cannot go critical. -

« The Dissolution Product Factor limit (threshold) for the nominal ceramic waste form is
approximately twice the value for the nominal glass waste form (for the nominal
environmental conditions and dissolution rates). This is primarily due to the hafnium
present in the ceramic, which serves as a backup neutron absorber under those conditions
in which the primary absorber, gadolinium, becomes soluble and is removed from the
waste package. The hafnium is present in the ceramic because it occurs naturally in small
amounts in the same ore as the zirconium, which is a principal component of the ceramic.

- If a comparable concentration of hafnium is incorporated in the glass form, the Dissolution
Product Factor limit of the glass waste form would be comparable to that of the ceramic
waste form. :

« The results of this study could not distinguish between the long-term performance of the
ceramic and the glass waste forms because of a lack of definitive data on the following:

- Long-term dissolution rates of the waste forms (per unit surface area)
. Effecnve surface area (enhanced by mternal fracturmg) |

- The degree to which hafnium can be mcorporated into the glass waste form matrix
without limiting the plutonium carrying capability to less than the target 10%.
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For the waste forms and degradation modes considered here, it is possible to preclude the
possibility of criticality by reducing the plutonium loading from the nominal 205 kg per-
waste package. For the ceramic waste form this loading should be reduced to 100 kg, and
for the glass waste form the value should be 50 kg. This factor of 2 difference arises
because of the presence of hafnium in the ceramic form as discussed above. As with the
Dissolution Product Factor limit, this difference can be negated by adding hafnium to the
glass waste form. The required reduction in plutonium loading can be achieved either by -
using a co-disposal concept (mixing defense high-level waste canisters with plutonium
canisters in a waste package), or by reducing the concentration of plutonium in the
waste form.

The potential for criticality may be reduced by adding depleted uranium as waste package

- filler between the pour canisters. The addition of 200 kg depleted uranium will, typrcally,

lower the k., of a nearly critical configuration by 0.05. If the depleted uranium is -
encapsulated in a matrix chemically similar to that used for the plutonium waste form
(either glass or ceramic), it will tend to be mobilized at the same rate as the uranium in the
waste form. Once mobilized, the depleted uranium will transport with the chemically
identical fissile uranium-235 which is the decay product of the plutonium-239, thereby
significantly reducing the potenual for extemal criticality (whxch will be evaluated ina
future report)

Condltions that can lead to cntlcallty

The type and quantity of neutron absorber included in the proposed umnobnhzcd plutomum waste
forms are sufficient to prevent criticality in intact configurations, even if the waste package is filled
with water (highest possible concentration of moderator). For criticality to occur in, or near, a waste
package of immobilized plutonium waste form, most of the neutron absorber has to be separated
from the fissile material. The following conditions could arise from the interaction of the waste
package materials and the environment, which could result in sufficient separation of fissile material
and neutron absorber. | . :

- A low pH (less than 6.0) may permit the prmcxpal added neutron absorber, gadolinium, to
have at least 1000 times the solubility of uranium or plutonium. Under certain (possible)
flow conditions, this difference in solubility could result in so much of the gadolinium
being removed from the waste package, that there is the potential for a criticality event.

The corrosion of the waste package stainless steel (specifically the stainless steel of the
pour canister) may result in the oxidation of chromium or molybdenum to a high enough
valence state that the water becomes acidic. The resulting pH of the water in the waste
package depends on the rate at which the acid that is produced is flushed from the system.
For the current range of estimated infiltration rate from the environment into the drift (1
to 10 mm/yr) and standing water contained in 10% of the waste package volume, the pH
could be lowered to a value of 5. Elimination of most of the stainless steel components of
the waste package would obviously limit the potentlal for acxdlficatlon '

A00000000-01717-5705-00014 REV 01 vii ' ~ February 1997

PREDECISIONAL DOCUMENT



PREDECISIONAL DOCUMENT

If the above conditions hold during the period of principal waste form degradation, the
relatively insoluble fissile material being released from the degrading waste form may
precipitate in a clay mas$ which could contain sufficierit water to moderate a criticality.

If all of the above conditions hold, the earliest time of criticality occurrence is typically
100,000 years; under certain "worst case" conditions, the earliest time to criticality could
be as low as 12,000 years.

Condmons that can preclude the proc&sses which can lead to criticality

The following conditions will tend to prevent the occurrence of the conditions that can lead to
criticality (listed above).

 The acidity produced by the corroding stainless steel may be neutralized by the alkalinity

of the incoming water (which may be maintained at a high pH by remnants of the concrete
drift liner).

- Certain elements pi-esent in the waste package may form precipitates of gadolinium that
“have not yet been identified in the chemical literature. Such precipitates could limit the

solubility of gadolinium, even at low pH.

Even if there are conditions that lead to high gadolinium solubility, there may be sufficient
penetration of the package bottom that the fissile material does not precipitate in a compact
cylinder sector at the bottom of the waste package.

Sensitivity considerations

The occurrence of criticality is relatively independent of the infiltration rate, except at rates
above 20 mm/yr (four times the present estimated value), which tend to shift the pH toward
neutrality, thereby limiting the potential for gadolinium removal and resulting criticality.

For a given amount of fissile material and neutron absorber collected in the clayey material
at the bottom of the waste package, an inhomogeneous distribution of fissile material may
result in a kg significantly larger than the homogeneous distribution. For example, if a
cylinder sector of homogeneous distribution has a k.,=0.96, a concentration of the fissile
material and neutron absorber in the upper half would give a k_,=0.99 and concentration
in the lower half would give k,.,=1.07. These represent the optimum inhomogeneity with
respect to criticality enhancing horizontal stratification; further concentration to the upper
and lower 25% results in k_4=0.86 and 1.05, respectively. Major horizontal stratification
is relatively unlikely, but there are a few physical mechanisms that could produce such
distributions. These possible variations do not effect the basic results of this study, but
they do indicate that there could be worse cases.
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RECOMMENDATIONS

Data needs. The analyses of this study revealed important information gaps, particularly in the
following areas:

» Long-term corrosion rate of stainless steel.

» Oxidation states of chromium resultmg from stainless steel corrosion in the expected
Yucca Mountain environment. .

* Long-term dissolution rates of both the glass and ceramic waste forms under condmons
that simulate the repository environment. -

» Internal fracturing of the waste form matrix, both in the initial fabncauon and after
. prolonged radiation exposure. _

» Gadolinium and hafnium solubility in an aqueous solution containing likely minerals and
covering the range of expected pH (to be obtained from both further literature search and
experiment); this information is needed to confirm the conclusion of this study regarding
the relative persistence of hafnium over gadolinium within the waste package.

+ Hafnium carrying capability of the glass waste form, pamcularly with respect to lumtmg
the plutonium carrying capability. '

Computation tools. The followmg are 1mprovements in computatxonal capability that would
significantly enhance the precision of the decision process:

» Improved thermodynamic database for EQ3/6

» Improved calculation models in EQ3/6 and/or AREST—CT, particularly to account for the
dilution of conﬁned solutions by incoming water.

Future studies. The following additional studles will be very useful for the waste form selection
decision, and will be necessary for the ultimate licensing of the chosen alternative. 7

o Conduct risk-based analysis, using the most.current performance data, to show
consequences of those scenarios that exlublt the potennal for a crmcalxty event.

. Evaluate the potentxal for external, far-ﬁeld cnucahty

+ Evaluate the effect of i mcorporatmg large amounts of depleted uranium in the waste form
or waste package, particularly to limit any possibility of external criticality.
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1. INTRODUCTION AND BACKGROUND

The Office of Fissile Materials Disposition has undertaken an evaluation of numerous waste forms
(WFs) containing plutonium (Pu) for ultimate disposal in a geologic repository. It has been
determined that one of the principal technical considerations for disposal of these WFs is their long-
term performance in a 'repository environment. This long-term performance consists of two
elements: total system performance of the WF and package (i.e., releases to the accessible
environment) in the repository, and long-term criticality behavior of these WFs and packages in the
repository. The total system performance assessment is the subject of a separate report
(Reference 1).

The objectives of this report are to evaluate alternative glass and ceramic WFs with respect to the
major criticality issues and to suggest design criteria which are likely to satisfy the criticality
. regulatory requirements. These evaluations should reflect the range of environmental parameters
which are likely to occur in the repository.

Criticality issues for the Pﬁ WFs as packaged for disposal in a geologic repository, fall into three
broad categories: :

« Those associated with the as-fabricated (intact) waste packages (WPs)
¢ Those associated with the degraded package and WF in the near-field environment

« Those associated with the flow and transport of the fissile material into the far-field with
reconcentration (external criticality).

Earlier studies (Reference 2) have shown that the as-fabricated or intact configuration is well within
the U.S. Nuclear Regulatory Commission (NRC) promulgated requirements for criticality control
for geologic disposal as indicated in 10 CFR 60, Disposal of High-Level Radioactive Wastes in
Geologic Repositories. These analyses considered several different WFs, MOX spent fuels (both
boiling water reactors and pressurized water reactors) and WFs immobilized in glass; and ceramic
matrices produced by different processes. This report focuses on only the degraded mode criticality
considerations for two specific WF configurations, can-in-canister glass and can-in-canister ceramic.
Accumulations of fissile material and possible criticalities inside the WP and in the near-field
are addressed.

Degradation scenarios that span the range of potential criticality occurrences have been developed.
These scenarios can be used to screen Pu disposition alternatives and to rank them with respect to
criticality risk. The possibility for the occurrence of these scenarios has been ascertained from
simple mass balance models using currently available data on a range of parameter values pertaining
to the alteration of typical glass and ceramic WFs, and the solubility of the principal isotopic species
of interest.

Section 2 of the report describes the WFs and the WP. Section 3 gives information concerning the
physical conditions and configurations which can lead to criticality, and describes the analysis
methodology. Section 4 describes the conceptual processes and events which can lead to potentially
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critical configurations. Section 5 gives the input data values to: be used in the evaluation
calculations. Sections 6 describes the configurations of material (in the WP or in the near field) that
could occur and that have the potential for criticality. Section 7 gives the results of the calculations
and identifies those configurations that have some potential for criticality. Section 8 gives the
conclusions that can be drawn from this study, including recommendations for WF design, and
recommendations of materials tests that could: provxde data/infonnanon to unprove
behavior/process models. . ‘
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2. WASTE FORM AND WASTE PACKAGE DESCRIPTIONS
2.1 GLASS WASTE FORM
2.1.1 Nominal Pu-glass Description

The can-in-canister glass WF nominally consists of Pu dissolved in a Lanthanide Borosilicate
(La-BS) glass with an equi-molar ratio of a neutron absorber (gadolinium). Based on the latest data,
the La-BS glass appears to be the most suitable, but other alternatives are still being investigated,
particularly the alkali-tin-silicate (ATS) glass. The Pu bearing glass is poured into cans which are,
in turn, supported on a rack/basket, and embedded in a defense high-level waste (DHLW) glass filler
within a DHLW-type canister as shown in Figure 2.1.1-1. The compositions of the La-BS and
DHLW filler glass are presented in Appendix A, Tables A-1 and A-2.

The primary unit of this WF is a glass cylinder inside a stainless steel can with the outside
dimensions as 12.035 cm diameter x 57.535 cm long and 0.3175 cm thick. The interior volume of
this can (5808 cm’®) is 85% filled with a La-BS glass doped with approximately 10 wt% Pu and 6.6
wt% gadolinium (Gd) (1:1 mole ratio with the Pu), as described in Table A-1. The Gd serves as the
principal neutron absorber which prevents criticality, even when the WP is filled with water. The
density of the doped glass is approximately 5.5 gm/cm’, so that each can has approximately
2.56 kg of Pu.

Different glass WFs are being investigated that provide high solubility of Pu and Gd within the glass,
and high resistance to dissolution in water having chemical composition similar to that expected in
2 Yucca Mountain repository environment. The ranges of dissolution rates for these glasses are
summarized, together with the range of dissolution rates for the most likely ceramic WF, in
Section 4.1, Table 4.1-1.

It is assumed that the dissolution of the glass WF is congruent, which means that each component
of the glass will be released from the solid form at a rate which is equal to the glass dissolution rate
multiplied by the weight fraction of that component. It is further assumed that the individual ionic
breakdown products (components) of the glass dissolution will go into solution as the glass is
dissolved. However, those ions which are insoluble will immediately precipitate, generally at the
point of dissolution. These low solubility components will generally be incorporated into the altered
layer (which is similar to the initial glass, but without all the soluble components of the initial glass).

2.1.2 Additional Glass WF Composition Considerations
Optimum Neutron Absorber

Gd has been the nominal choice for neutron absorber because, of all the elements, it has the largest
absorption cross section (most efficient) for thermal neutrons. However, other elements have better
features with respect to other requirements. Samarium (Sm) has been suggested as a lower cost
alternative and may be almost as efficient as Gd for an epi-thermal to fast neutron. The effectiveness
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of Sm for a probable degraded composition is investigated in Section 7.5.2. Hafnium (Hf) is the
least soluble (which is important in preventing removal of the neutron absorber over tens of
thousands of years), but is also the most expensive. The effectiveness of Hf is investigated in
Section 7.5.5. :

Phase Separation Considerations for Pu and Gd

Tests on formulations of ATS and Loefiler glass showed that, while most of the Pu dissolved in the
glass, some sub-stoichiometric PuO, particles were present. This suggests that the solubility limit
for Pu plus Gd was probably reached for this glass chemistry. It is expected that the La-BS glass
should be able to minimize such phase separation by slow processing or cooling.

If aPu or Gd phase scpaxatibn does occur, it is likely to cause hon-congruent dissolution of the glass.
Furthermore, inclusions could weaken the glass and make it more susceptible to both mechanical
~ fracture and the chemical dissolution processes.

22 CERAMIC WASTE FORM DESCRIPTION

As w1th glass, the ceramic WF is contamed in cans, supported on a rack/basket, embedded in a
DHLW filler glass, within a DHLW type canister, as shown in Figure 2.1.1-1.  The size and number
of the cans will be such that the amount of Pu per canister is the same as with the glass WF. The
precise size and content of the individual WF units are being determined by some experimental
optimization. For this analysis, the following parameters have been chosen, and closely approximate
the glass WF in can size.

2.2.1 Nominal Pu-ceramic Description

- For the ceramic can-in-canister concept, each can is assumed to contain 5 ceramic cylinders. There
are 20 cans per canister, just as for the glass WF. The ceramic cylinders are assumed to be cold
pressed and sintered, so there is no metal bellows or top and bottom plate.

Dimensions—Each disk (or cylinder) is 11 cm diameter by 11 cm high; they are stacked S deep in
each can. As with the glass can-in-can, the total can length is 57.535 cm, the can shell thickness is
0.3175 cm, and the can outer diameter is 12.035 cm (Reference 10). :

Composition—-The ultImate formulation of the ceramic has not yet been decided, but the
preliminary composition is a variant of Synroc-C with the following mineral compositions (wt%):
zirconolite (66%), pyrochlore (15%), hollandite (8%), and rutile (11%) (Reference 11). For
convenience, the ceramic will be referred to as Synroc-C, which is to be understood as a generic
name. The zirconolite incorporates 0.336 kg Gd per cylinder, and 0.512 kg Pu per cylinder.
Therefore, each can contains just 2.56 kg of Pu and a 20 can canister has 51.2 kg of Py, just as in the
glass can-in-can alternative. It should be noted that naturally occurring zirconium contains
approximately 2 wt% Hf which is a strong neutron absorber, although not nearly as strong as Gd.
This Hf can have a significant effect on criticality because it is insoluble, even in the low range of
pH (6.5 to 5.5) where Gd is very soluble. The effect of this amount of Hf remaining in any
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precipitate in the WP is incorporated into the analysis of ceramic WF criticality potential in
Section 7.3.2, and the effect of variations in the Hf concentratton are described in Section 7.5. 5

Mass—The total mass in each 11 cm high cylinder is 5.12 kg.

As with the glass WF, it is assumed that any ceramic dissolution is congruent, which means that each
component of the ceramic will be released from the initial solid WF at a rate which is equal to the
ceramic d1ssolut10n rate multlplxed by the weight fraction of that component.

222 Future Decisions for Ceramic WF Size and Composxtion

Experimental efforts are underway to develop a ceramic formulation with a minimum amount of
pyrochlore. The pyrochlore phase suffers the primary radiation damage resulting in high fracture
factors (surface areas); however, the pyrochlore phase also acts as the "overflow" for the Pu when
the zirconolite is fully loaded. The removal of pyrochlore and any effect on Pu loading in the
ceramic form are still under investigation.

WF Dimensions—The WF diameter will be as large as is practical within the constraints of the hot
press process, but it is expected that it will be less than 9 cm. The length of the individual WF
cylxnders is expected to remain approxlmately 11 cm.

Can Size—The can length wnll be adjusted to accommodate an integral number of WF cylinders,
or vice-versa, within the constraint of being close to an integral number of cans in the useable length
of the DHLW size canister.

2.3 WASTE PACKAGE DESCRIPTION

The WP for immobilized Pu is the same for both glass and ceramic WFs, since both WFs will be fit
into the same DHLW size canister. For this reason the WP will be similar to the CRWMS current
design for DHLW. The WP is nominally loaded with four canisters. The WP design may be
enlarged somewhat to accommodate five canister in the interest of greater efficiency, but such a
design is not considered as part of this study. The cross section of a four canister package is given
in Figure 2.3-1. The nominal Pu loading per WP is specified by 4 Pu loaded canisters per WP. To
minimize the potential for criticality, it may be desirable to reduce this loading by replacing one or
more of the Pu loaded canisters with ordinary DHLW camsters The reduction in cnt1cahty potentlal
from sucha strategy 1s evaluated in Section 7.4.1."

The WP for the umnobthzed Pu WFs consists pnmanly of a corrosion allowance outer barrier and
a corrosion-resistant inner barrier. The corrosion-allowance outer barrier will likely be Cu-Ni 5 cm
thick or carbon steel 10 cm thick as is used in the CRWMS current design for the commercial spent
nuclear fuel WP. ' The former will minimize the availability of iron (which could significantly
enhance the glass dissolution/alteration rate by forming Fe,SiO,), but the extent of the benefit is
uncertain, and the latter is much cheaper.- The inner barrier will be corrosion resistant, high nickel,
Alloy 825 or Alloy 625, 2 cm thick. The performance, with respect to corrosxon and penetration by
water, of this two barrier system is discussed in Section 3.1.
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The WFs are contained within the WPs in stainless steel canisters approximately 3 meters overall
length, 61 cm outer diameter and 1 cm thick. The WP size to accommodate these canisters is
approximately 3.4 meters overall length. The WP contains at least 4 of these canisters and therefore
has an inner diameter of at least 150 cm. Alternatively, for more assured criticality control, the
immobilized Pu canisters might be emplaced one to a WP, with the other canisters being
ordinary DHLW. ’
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3. APPROACH AND METHODOLOGY

The approach and methodology described here apply gcnerally to both internal and external
criticality and to both glass and ceramic WFs. However, most of the illustrations are for internal
scenarios and the glass WF. This approach is necessary because the internal scenarios are the
precursors to any external criticality, and because the glass WF has more variations in resulting
configurations. These distinctions are further explained with the discussion of specific scenarios
(including processes following complete WF degradation) in Section 4 and with the discussion of
specific configurations (resulting from the specific scenarios, and including configurations with the
possibility of near-field external criticality) in Section 6.

3.1 GENERAL REQUIREMENTS FOR CRITICALITY

The requirements identified in this section refer to the events and processes that must be present for
a criticality event; however, they do not assure that a criticality will occur. The occurrence of
criticality is determined/verified by calculation of kg as a function of the principal neutronically
significant species (i.e. principal fissile and absorber elements as determined by the product of their
cross section and their atom density in the mixture) U, Pu, and Gd.

3.1.1 Breach of Barriers

The barriers surrouhding the Pu containing WF must be breached before water can begin the
dissolution process. These barriers are the inner and outer barriers of the WP, the stainless steel
canister, the filler glass, and the stainless steel can containing the Pu WF (glass or ceramic).

First penetration of the WP barriers is expected to result from pitting corrosion, but the rate of this
corrosion is subject to some uncertainty. In the most recent repository Total System Performance
Assessment (TSPA-95, Reference 3), the time to first pit penetration, averaged over all WPs for the
83 MTU/acre case (within the current design thermal loading range), was approximately 3500 years.
This mean time was relatively insensitive to infiltration rate (approximately the same mean failure
time for both high- and low-infiltration scenarios) and is based on what is considered to be a
conservative inner barrier corrosion model. For this study, the additional conservative assumption
will be made that pits can provide a sufficient aperture for water entry, thus allowing water -
penetratlon to begm at the time of first pit penetratlon :

It is assumed that water penetratnon of the pour canister by 25% of the initial pour canister surface
pits will be sufficient to permit significant aqueous attack of the WF. An 1100 year time for 25%
of the pits to penetrate the pour canister was calculated using a stainless steel bulk corrosion rate of
0.1 pm/yr together with a pitting rate enhancement factor of 4, and an estimate of the standard
deviation of the distribution of pitting rates equal to 50% of the mean pitting rate. This estimate is
somewhat arbitrary, but most of the cases considered in this study involve earliest time to criticality
of more than 40,000 years, which wﬂl be fmrly insensitive to uncertamty in start times of a few
thousand years

Making thc conservativé assumption that the filler glass provides no protcction', based on the fact
that it will be highly fractured (by a factor of 30), the mean time for first water penetration to the WF
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is 3500+1100 = 4600 years. It should be noted that although the filler glass may not provide direct
protection for the WF, the presence of the degrading filler glass is likely to keep the solution alkali
so that the solubility of Gd is low and Gd will precipitate as fast as it can be released, thereby
delaying the time to the start of Gd-free buildup of fissile material in the clayey precipitate. This is -
discussed further in Sections 7.3 and 7.3.1 (in connection with the discussion of Figure 7.3.1-4).

312 Separation of Neutron Absorber from Fissxle Material

For criticality to occur, nearly all the primary crmcahty control material, Gd, must be removed from
the vicinity of the fissile material. Even if all this primary absorber is removed, there could still be
enough of the secondary absorbers (particularly iron) to prevent criticality. For this reason,
calculations of k., will include reasonably conservative estimates of the amounts of all insoluble
neutron absorbers. There will be no credit taken for the boron in the filler borosilicate glass, because
boron is very soluble and would be one of the first species removed from the WP.

It is also possible to have a criticality by separating the fissile species (Pu and/or uranium (U)) from
the Gd while both remain in the WP. The potential for such segregation is unknown at this time;
however, EQ3/6 calculations suggest it may be possible to have selective precipitation (adsorption)
of a significant fraction of the Pu or U oxide on a metal surface, while virtually all Gd goes into the
clay which has resulted from the filler glass dissolution. This would require essentially complete
depletion of O, by reaction with the metal and the maintenance of such a micro environment on and
adjacent to the metal surface. The criticality potential of such selectnvc precipitation is limited by
two considerations:

* The precxpltated layer of fissile oxide on a metal surface wnll be very thin (unfavorable
cnncahty geometry)

» Any layer of fissile oxide on a metal surface will be likely to re-dissolve with exposure to
water with higher oxygen content. -

Both Pu and Gd can precipitate as oxides or hydroxides. Other phases are possible, depending on
the water chemistry. EQ3/6 modeling indicates that Gd will most likely precipitate as the hydroxy
carbonate, phosphate, and/or fluoride. These EQ3/6 studies also indicate that the largest amounts
‘of the 3 species of primary interest will be associated with specific minerals as follows: Pu in PuO,;
U in haiweeite (Na.UO,(CO,),) or soddyite [(UO,),S!,O,-GH,O], and Gd in GdOHCO, or
GdPO,,-Hzo _

3.13 Sufi‘ cient Moderator

There are three possxble matenals available in the reposnory that could be moderators for criticality
of Z°Pu or 2*U if present in sufficient quantity: water, carbonates, or silica. Preliminary evaluations
of the configurations which can arise from the fissile material of a single WP, have indicated that
water has the dominant moderating effect. For this reason all the configurations likely to become
critical must have a mechanism for retaining water in the package, or absorbing fissile material into
highly saturated clay (which is one possible configuration of the altered glass WF as explained in
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Section 5.1) or similar mineral. Insufficient amounts of carbonates are present to provide significant
moderation on their own. Silica is a less efficient moderator than hydrogen or carbon, and thus
requires greater masses of fissile material spread over a larger volume with a low amount of neutron
absorbers. This tends to make silica more of a concern for external far-field criticality, which will
be the subject of a future evaluation. In addition, for internal criticality to occur, water must be
present in any case to remove the neutron absorber. However, both silica and carbonates will be
considered in the sense that they are part of the clay mixture for internal criticality.

314 Sufficient kq (Criticality Threshold)

Results are presented in terms of a calculated k_; and in terms of WF design parameters relating the
possibility of occurrence of configurations having k., above some threshold value defining
criticality. The physical definition of criticality is k., > 1.0. However, the present NRC licensing
requirement applicable to repository criticality is that the calculated k., be < 1.0 minds a 5%
administrative (safety) margin and a further decrement for uncertainty and bias. For commercial
spent nuclear fuel, this translates into k. <0.91 including a bias and uncertainty associated with
applicable criticality safety benchmark calculations, and uncertainty associated with the spent fuel
isotopic compositions. However, for immobilized weapons-grade Pu in which all of the Pu is
assumed to be Z°Pu (or #°U with time), no burnup credit (or associated uncertainty) is used, leading
to an approximate limit of k 4 <0.93. This is based on an assumed 2% bias and uncertainty inferred
from applicable criticality safety benchmark evaluations (approximately twice the worst case as
calculated using MCNP) primarily composed of U and Pu nitrate solutions (Evaluated Benchmark
Experiment Descriptions from Reference 42).

There is some possibility that the NRC will permit a risk-based criticality evaluation methodology,
for which the 5% margin is not relevant. For this reason, this study presents results for two
thresholds, k., > 0.93 and k_; 20.98 (1 minus bias and uncertainty). Most of the comparisons are
presented with respect to the hnghcr threshold bascd on the anticipated NRC rulc-changc

3.2 ANALYSIS STRATEGYIMETHODOLOGY

The following are the prmc1pal componcnts of the strategy to achieve the objective of tlus
evaluation:

A. Generate scenarios from the possible environmental input parameters and the possible WP
and WF performance parameters with respect to various environmentally initiated
degradation processes; this modeling predxcts pH increase and decrease accompamed by
a large increase in total dissolved species in a closed system; .

B. Verification of solubilities of solids containing fissile isotopes and those with neutron
absorbers at pH values predicted in a., but with dilute water (unaltered J13); these
~ calculations also confirm what solids are most stable;

C. Screen configurations of fissile and absorber material resulting from these processes
according to threshold values relating to separation of absorber and fissile and relating to
the amount of moderator;
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D. Use MCNP to compute k4 for those configuratxons for whxch the screening offers some
possxblhty of criticality. :

The first component of this strategy, generation of scenarios and resulting configurations is
accomplished by the solution of a set of mass balance equations, which are described in
Section 3.2.1. The solubility inputs for these calculations are found from experimental data and from
theoretical calculations of chemical equilibria using the program EQ3/6, as' described in
Section 3.2.2.

The analysis considers internal criticality only within one WP at a time. It also considers the
possibility of external criticality in the near field, but with fissile mass no more than is available from
a single WP. To achieve an 80-100 MTU/acre repository thermal loading, and not exceed other
repository thermal goals such as peak spent nuclear fuel cladding and drift wall temperature limits,
the WPs will be placed far enough apart (at least 16 m) that neutronic coupling between fissile
material in, or from, different packages is virtually impossible.

3.2.1 Mass Balance Calculations

The configurations of WP contents are determined by the use of a simple mass balance computer
code for the simultaneous evaluation of the dissolution of the WF and separation of fissile material
from the neutron absorbers.. The WF is assumed to dissolve congruently, which means that each
component goes into solution at a rate which is proportional to its initial percentage in the WF." As
the WF is dissolved, the species go into solution, but any excess concentrations (above the solubility
limit) are immediately precipitated. In the case of the glass WF, these species will typically be
incorporated directly into the altered phase which is formed from the umnedlate precipitation of most
of the non-soluble components of the glass.

The intention is ulumately to model] the potetmal for separauon of neutron absorber from fissile
material in the WP. However, the present simple mode] bookkeeping lumps all the dissolution
products remaining in the WP (at any given time) together into what is called the dissolution product
mixture. This dissolution product mixture also includes a relatively small fraction which is actually
in solution and thereby available for removal from the WP by water transport. Except for the
relatively small fraction which is actually in solution, the dissolution product mixture serves as a
surrogate for the several precipitated phases, and is considered to be available for inclusion in these
precipitated phases as part of the sample configurations described in Section 6. The amount of each
dissolution product species actually in solution is approximated by the solubility limit of that species.
This approximation is accurate to within 10%, since, for the WFs used in tlus study, the dxssoluuon
rate is more than 10 times faster than the removal rate. '

The mass balance equations model the following processes:
» Decay of 2*Pu to U

» Dissolution of the WF, penmttmg the fissile and ncutron absorbmg species to go into
- solution
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« Dissolution of stainless steel (SS), releasing chromium (Cr) oxidized to chromate which
lowers the pH and increases the Gd solublllty

¢ Removal of the solunon contammg (at various conccntranons) thc species of interest.

The governing mass balance equations are listed below. In the following equations, the WF is
designated as glass, but the equations can be applied equally to the ceramic WF. The dissolution
product mixture remaining in the WP is designated by dpm. This dpm is described as a clayey
material in Section 5.3, and the specific compositions assumed for this study are given in Sections
5.4.5 and 5.5.2, Tables 5.4.5-1 and 5.5.2-1 for the glass and ceramic WFs, respectively. The
quantities max U, max Pu, and max Gd are the solubility limit maximums which approximate the
amounts actually in solution as dcscnbed in the previous paragraph

-

d(U in dpm)/(dt) =4 (U fracnon in glass)x(glass dissolution rate) +.693 (Pu in dpm)/24100
- (volumetnc flow rate)x(max U) :

dUin glasé)/(dt) =+.693 (Puin glass)l24100 - (U fraction in glass)x(glass dissolution rate)

d(Pu m dpm)/(dt) =+ (Pu fraction‘ in glass)x(glass dissolution rate) - .693 (Pu in dpm)/24100
- (volumctnc flow rate)x(max Pu)

d(Pu in glass)/(dt) - =-.693 (Pu in glass)/24100 - (Pu fractmn in glass)x(glass dissolution rate)

d{(Gd in dpm)/(dt)‘ ‘ = (Gd fraction in glass)x(glass dissolution rate)
g x - (volumetric flow rate)x(max Gd),

d(Gd in glass)/(dt) = - (Gd fraction in glass)x(glass dissolution rate)
d(Cr in SS)/(dt) = - (Exposed SS surface area)x(SS corrosion rate per unit area) .
d(Cr in solution)/(dt) = -d(Cr in SS)/(dt) - (volumetric flow rate)x(Cr in solution)

The computer code to iniplcmcnt these differential equations in finite difference algorithms is given
in Appendix B. In the present approximation the dissolution rate is adjusted for the decmasmg
surface area as the initial WF is degraded. :

The initial quantity of “*U is taken to be zero, and the initial quantity of *°Pu is taken to be 93% of
the total weapons grade Pu contained in the WF. However, the program does set a time for the start
of WF dissolution which is at least several thousand years to account for the time required to breach
the WP and the stainless steel canister and can contaxmng the WF. During this time a significant
fraction of the ©°Pu will decay into U, and this conversion is counted in the calculation.
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3.2.2 Chemistry Calculations (EQ3/6) in Support of Mass Balance

The following types of analyses are used in support of the scenario generatxon mass balance
calculations: .

* A succession of quasi-equilibrium states, or reaction path modeling, using EQ3/6, tracing
the degradatxonldtssolutxon of the WF and other components of the WP -

. Venﬁcatxon of solubilities by EQ3/6 equilibrium calculatxons focused ona lumted number
of species that scoping computations indicate to be present in sngmﬁcant quantxty overa
- range of pH conditions. :

To overcome various limitations of the computer code and its associated database, simple theoretical
plots of solubility against pH were made and compared to EQ3/6 computer calculations at 3elected
pH values. These calculations were performed where possible for low total concentrations of total
dissolved species from the point of view that, after an initial period of high concentrations resulting
from the relatively rapid degradation of DHLW filler glass, the WP and its contents will be largely
flushed of highly soluble salts. This is because most of the filler glass degrades before the WP can
be completely flushed by the slow groundwater infiltration.

The primary purpose of the chemistry calculations is to determine whether conditions for high Gd
solubility and low U and Pu solubility can exist for a sufficient amount of time, while the WF glass
or ceramic is degrading, to permit the precipitation of U and Pu (presumably in a clayey mass at the
bottom of the WP) while the Gd is flushed away. Such a clayey mass without significant neutron
absorber would be the most likely configuration to cause criticality. The results of the chemical
" analyses described in Section 5, indicate that such conditions can occur if the WF degrades faster
than the stainless steel, and the infiltration rate is within the likely range of 0.1 to 10 mm/yr.

3.3 REPOSITORY ENVIRONMENT AND OTHER PARAMETERS

It is assumed that the geologic repository is an unsaturated site, in an arid climate, exposed to an
oxidizing atmosphere. The available repository environmental parameters from the site
characterization efforts at Yucca Mountain are used. The principal parameters are given in
Appendix A. Values of parameters of repository environment and WF perfonnance used to generate
. the specific scenarios of this document are given in Section 5.
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4. INPUT DATA VALUES

The tables in thls section pmvxde a possible range of input parameter values This range is based on
data available in the literature and the results of some experimental efforts currently underway.
Because specific data for Pu loaded glass and ceramic matrices under repository environmental
conditions is not available, this range represents a basis for sensitivity analysis. The dissolution rates
are applicable to the either glass or ceramic WFs, as indicated. The other parameters are applicable
to both the glass and ceramic WFs.

A more detailed description of all the environmental parameters is given in Appendix A.
4.1 DISSOLUTION RATES

The WF glass dissolution rates are based on lumted Performance Conﬁrmatlon Testing performed
by Bates, primarily on ATS glass (Reference 13). Preliminary test results on Loeffler glass, which
is representative of three possible glass dissolution stages, indicate that the glass remains in the stage
with the slowest dissolution rate for at least a year, which leads to the low end of the range of
dissolution rates in Table 4.1-1. The Pu and Gd appear to remain in the reacted (altered) glass layer,
without apparent segregation. Only a thin clay layer is expected to form durmg the test. However,
the layer may thicken with time. . ,

Table '4.71 -i. bissolution Rates

Materlal Max (g/m¥day) : Min (g/m*/day)
'DHLW glass (filler)* ' 3.7x10° (at 66°C) 1.5x10* (at 26°C)
ATS ** : | | 13x108 - - | ext0%
Ceramic (Synroc-C)t ‘ 10* | 107

* From formula developed by Bourcier and reported in TSPA-85 (Relerence 3), evaluated at pH=7. Review of
experimental data by M.J. Plodinec has suggested a range of 0.1 to 0.0001 (Reference 14). However, this
“reference suggests that the high end of this range may be too conservative because it is based on a 28 day test
which included a significant amount of the high dissolution rate stage | (which typically lasts only 7 days).

* Inferred from Bates {Reterence 13); the range of values is expected to cover the La-BS glass, for which the actual
experimental data should be available by 9/87.

1 [Reference 4, reviewed by R. Van Konynenburg

The actual dlssolutxon rates, in mass per unit tlme are determined by mumplymg the appropriate
dissolution rate per unit area, from the above table, by the WF surface area. For this purpose, it
should be noted that both ceramic and glass have their surface area enhanced by extensive internal
fracturing. In glass this fracturing arises directly from differential stresses acquired during the
cooling from the melt. In ceramic the fracturing arises over 1000 years from the differential
radiation induced expansion, principally between the major crystal type, zirconolite, and the minor
types pyrochlore and hollandite. The present ceramic optimization effort on behalf of this program
will include the minimization of the amount of pyrochlore and/or minimizing the grain size to
minimize this effect. The range of values used are given in Table 4.1-2.
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- Table 4.1-2. Surface Area Multiplication Factor for Internal Fracturing

Material type : : Max ' Min
DHLW glass (filler) ’ : 100 , 30
ATS, La-borosilicate " 30 ' : 8
Ceramic (Synroc-C) 15,000 - oo 1

*Represents extrema metamictization.

The outer glass surface area for each can is approximately 0.194 m? (a cylinder with length equal
to 85% of the can inside length, and diameter equal to the inner diameter of the can). For the WF
sizes and WP loading specified in this document, the external surface area is approxlmately 15.5m?

~ per WP, so the total surface area exposed to dxssolutxon is 1550 m .

It should be noted that need for the dxssolvmg water to traverse the filler glass may have some
retarding effect on the dissolution rate of the Pu glass. However, it is expected that the filler glass
will dissolve at least 10 times faster than the Pu-glass so any such protection could only delay the
Pu-glass dissolution by less than 10%. Furthermore, the internal fracturing of the DHLW glass
permits rapid penetration by water. For these reasons, and for conservatism, the relatively minor
delay due to the protection provided by filler glass is neglected. '

Information on the dissolution rate of 304L stainless stee] and Alloy 625 is also necessary for
purposes of later estimating the amount of Cr in solution as a result of the corrosion of the canisters
and the WP inner barrier. Several researchers have investigated the general corrosion rates of 304L
stainless steel in a J-13 well water environment at various temperatures and test durations. Table
4.1-3 below summarizes the results of these corrosion tests covering the expected temperature range
at the time of WP breach. Considering the fact that these are very short term tests compared with
the time scales considered in this analysis, and that the general corrosion rate of stainless steel
typically decreases with time due to formation of a protective passive film, a general corrosion rate
of 0.1-0.2 um/yr should provide conservanve results for the dxssolutxon of the stainless
steel canisters.

Table 4.1-3. 304L Stainless Steei General Corrosion Rates in J-13 Well Water

Corrosion Rate (pmlyr)

PREDECISIONAL DOCUMENT -

Test Duration (hours) Test Temp(s) (°C) Reference
10-11k 50-100 0.07-0.13 16,p. 24
355k - 50-100 . 0.03-023 - "~ 15,p. 64
- . 8.8k 28 © 0.08-0.28 15,p. 28
ik 100 0.25 15,p. 26
' 0-1k 90 0.08-0.37 17, p. 108
1-2k 90 0.04-0.07 . 17,p. 108
0-2k 90 0.02-0.14 18,p. 35
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As Alloy 625 has only recently been adopted as the inner barrier material for the WP, corrosion data
in repository representative environments is not yet available. However, data is available for
corrosion of Alloy 625 in sea water, which is a more corrosive environment than J-13 well water.
Reference 19 (p.12) indicates that a sample with a surface area of 671 cm? lost only 20 mg during
a 365 day immersion in quiet sea water. Using the Alloy 625 density of 8.44 g/cm’ this translates
to a corrosion rate of only 0.0035 um/yr. ‘In comparison, Reference 20 indicates that 304L stainless
steel had a corrosion rate of 13.5 um/yr during a comparable exposure to sea water, which is at least
2 orders of magnitude higher than its corrosion rate in J-13 well water. Assuming that this difference
applies equally to Alloy 625, and considering the fact that the inner barrier surface area exposed is
much less than that of the stainless steel, it appears that Alloy 625 corrosion will supply a negligible
amount of Cr compared to the stainless steel.

4.2 SOLUBILITY

The following solubility limits (see Table 4.2-1) have been derived from a number of sources, as
indicated in the notes. In particular, some of them have been inferred from the extrapolanon of time
dependent expcnmental data, as indicated in the notes.

Table 4.2-1. Solubility

‘ Specles Max (ppm, or g/m®) Min (ppm, or g/m°®)
Pu® 24 2.4x10°
um ) 2400® 2.4x10°
Gd? 16® 0.01
Eu® 157 015
B 10* unknown
Fe 450 45

(1) References 3 and 10.
(2) Inferred from Bates' reports of experimental observations, at neutral pH (Reference 13). it should be noted that
récent, but limited, data from ASTO (Reference 3) Indicates that Gd appears to dissolve about two orders of

magnitude fasteg than Pu, although these rates are very low. This may be related to the locations of the Gd and Pu
within the ceramiC phases. This should be studied as part of the ceramic evaluation effort at ANL.

(3) Reference 10.
(4) ULiterature review.

(5) For pH<5, very low oxygen, and assuming that the precipitation of Pu s kinetically Inhibited; & more representative
maximum would be 0.024 ppm.

(6) For very low silica only; a more representative maximum would be 2.4 ppm.
(7) For pH<5 only, & more representative maximum would be 0.15 ppm.

(8) Since this value is for neutral pH, it is much smaller than the upper limit of the range of values estimated for pH=5.5
discussed in Section 5.3.4, and Indicated in Table 5.3.4-1.
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4.3 ENVIRONMENTAL PARAMETERS

Table 4.3-1 is a summary of the range of the environmental parameters whxch are directly used in
the EQ3/6 calculations and the mass balance calculations. These ranges are typical of those which
would be expected in a nuclear repository containing 63,000 MTU of commercial spent nuclear fuel
situated in an environment like Yucca Mountain. The numbers are consistent with those used in
TSPA-95 (Rcference 3). Detmls are glven in Appendix A, and in TSPA-95

Table 4 3-1 Environmental Parameters

Parameter Max "Min
Temperature (°C) 66 (5,000 yrs) 26 (100,000 yrs)
Infiltration (mm/yr) 10 0.1
pH 74 8.9
Partial Pressure CO, 108 bar 10** bar .
Dissolved O, (mg/liter) 57 2 (uncertain)
Silica (mg/iiter) 64.3 57
A00000000-01717-5705-00014 REV 01 4-4 February 1997
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5. SCENARIO CONCEPTS FOR WF DEGRADATION AND SUBSEQUENT PROCESSES

A systemic view of the processes that can lead to potentially ‘critical configurations for Pu
immobilized in glass is given in Figure 5-1. The individual processes are represented by boxes,
which also represent yes/no points with respect to the outcomes of the processes. The processes and
outcomes are arranged in horizontal layers by process type, with a brief identification of each type
at the left side of the chart. This horizontal layering roughly corresponds to the flow of time from
top to bottom of the chart. Each box is numbered, to serve as reference for the individual scenarios
described below. The paths leading to the bottom of the chart represent scenarios which have the
potential for criticality, while paths leading to the right of the chart represent scenarios which can
not produce any criticality. It should be noted that boxes 13, 15, and 17 deal with the possibility of
unmoderated criticality. These possibilities have not yet been analyzed; it is expected that the
probability of collecting the necessary critical mass will be very small, and the risk of unmoderated
criticality will be much smaller than the risk of moderated criticality.

The system perspective of Figure 5-1 is used to ensure that all credible possibilities have been
considered and to identify the most likely of these to be characterized by the sequence of physical
- and chemical processes. These perspectives are shown in Figures 5-2 and 5-3 for the physical and
chemical processes, respectively. The details of these processes are described below.

5.1 PHYSICAL SCENARIOS FOR GLASS WF DEGRADATION

The physical processes involved in the dcgradatlon of glass WFs and subsequent material
movements are shown in Figure 5-2. In this chart time flow is generally from the top down. All
scenarios begin with infiltration of water incident on the WP followed by water penetration of the
barriers, water penetration of the stainless steel canister containing the waste cans, water penetrating
the filler glass, water penetrating the can directly containing the WF, and water contacting the
surfaces of the WF beginning the WF alteration process. This wetting of the interior surfaces
immediately following the breach of the surrounding barrier is a conservative assumption, because

the fractures defining many of these surfaces will have such narrow apertures that fresh water cannot
access them sufficiently fast to maintain the dissolution rate.

These processes are indicated by the first five blocks on Figure 5-2. Followmg these initial
degradation processes the WP and its contents can be represented by the sketch in Figure 5.1-1. The
~ short line segments in the ﬂller glass represent fractures whxch can provide rapid penetration paths
to the interior of the WF. :

Following th&se imtial degradation steps, any wetted surfaces of the glass will continue to degrade.
The scenarios then proceed along three parallel paths, as shown in Figure 5-3. These scenarios are
characterized by differing locations of holes in the WP and resulting differing flow regimes within
the WP. Glass degradation proceeds through two alteration layers:

= A thin inner "gel" layer containing insoluble species from the degraded glass waste
¢ An outer, "altered," layer containing precipitated clays and similar minerals.

" The altered layer may serve as a focus for re-precipitation, particularly at the bottom of the package.
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Figure 5.1-1. Degraded Barriers, Degraded Canisters, Glass Fractures

The following explanatxons will be helpful in understanding the phys1cal processes represented by
Figure 5-2:

The three boxes having text starting with, "Dissolution of WF," deal with the method of exchange
which transfers oxygen and carbon dioxide from the air to the degrading surface of the WF. These
exchange methods are of two types: : .

« Exchange of oxygen and carbon dioxide from the free surface, which results when the water
 is standing to some depth in the WP. The free surface (upper) of the water is the only
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boundary through which oxygen and carbon dioxide can pass, and these gases are
transported to the dissolving surface by circulation, which is driven by the buoyant
convection of the water heated by the still radioactive WF.

» Exchange of oxygen and carbon dioxide from a film surface, which results when the water
is flowing through the WP and reacts with the WF as a thin film. The dissolved gases are
transferred from the outer film surface to the WF surface by diffusion. Although the
circulation exchange from the free surface is a more efficient process, the diffusion through
the film can be very effective because of the short distance involved.

The three boxes having text starting with, "Flush dissolved Gd," deal with the method of removing
Gd from the WP. These removal mechanisms are of two types:

. Flow-through flushing in which the removal rate of a species is the product of the flow rate
multiplied by the maximum concentration of the species in solution (solubility limit). This
mechanism assumes that there is sufficient penetration in the lower portion of the waste
package that the water flows through the package. It further assumes that all the water
flowing through the WP is sufficiently mixed that it carries the maximum concentration of
each species dissolved from the WF.

o Exchange flushing of dissolved material occurs when the lower portion of the package is
not penetrated, so that most of the package is filled with water, and a major fraction of the
water incident on the WP will flow around the package only picking up dissolved species
by physical mixing across the free surface boundary. In this situation the removal rate of
all the species is reduced (in comparison with the flow-through flushing) by an exchange
factor representing this mixing.

The three scenarios in Figure 5-2 lead to four final configurations, indicated by the four boxes at the
bottom. These four configurations are described as follows:

« Fissile material trapped in the altered form with the altéred form in its initial geometry; it
is expected that this final configuration can be reached only from the breached-top-only
scenario because it requires very slow removal rates. This configuration can only arise if
the canisters and cans retain their structural mtegnty, while degmdmg sufficiently to permit
extensive water infiltration.

« Fissile material trapped in the altered form with the altered form slumped to the bottom of
the WP in an cylinder segment geometry. It is expected that this configuration can be
reached from any scenario, except the bottom breach.

» Fissile material precipitated on a metal surface (WP wall or stainless steel canister fragment)
with a very thin slab or disk geometry. It is expected that this configuration can be reached
from any scenario, except the bottom breach. There is experimental evidence for more
precipitation of analogs of Pu than precipitation of Gd on metal test vessel walls in PCT
dissolution tests. Typically, the concentration of Gd in the acidic solution which leaches
from the vessel walls will be up to 2 times larger than the concentration in the solution
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within the vessel. In contrast, the concentration of an analog of Pu, like cerium, will be 10
times larger in the acidic wall leach than in the solution within the vessel. As discussed in -
Section 3.1.2, the criticality potential of such selectivé precipitation is lumted by low

- thickness and potential for re-dissolution. '

¢ Fissile material trapped in the invert. A possible mechanism leading to UO, precipitation
in the invert could be a reduction in the amount of dissolved oxygen, and this less oxidizing
environment would cause the U to reduce from the hexavalent to the quadrivalent state, and
consequently precipitate. In contrast, the Pu will simply precipitate as soon as it can, so
there is more likelihood of precipitation of Pu in the WP before it can reach the invert.
-Another factor enhancing the rapid precipitation of Pu in the invert is the fact that the
colloidal concentration of Pu is likely to be much greater than the Pu which is truly in
solution. Pu colloids would likely be filtered out of the water by crushed rock in the invert,
or by narrow fractures in the rock below. Yet another possible mechanism for concentration
of fissile material in the invert is adsorption onto either zeolites in tuff or degraded concrete
.or Fe,O, which could come from the corrosion/oxidation of iron containing metal in the WP
barrier or from the corrosion of iron containing WP basked metal.

5.1.1 Breached-Top-Only Scenario,'Circulation Flushing Only
Basis | |

In this scenario only the top of the WP is breached, and the bottom remains unbreached for some
long period of time, so that the package remains filled with water (to provide moderation for the
criticality) while the WF slowly degrades. Simple flow calculations show that this slow circulation
flushing can be supported by infiltration rate between 1 mm/yr and 10 mm/yr. This scenario is
possible because of the strong temperature dependence which is expected for the corrosion rate of
Alloy 825 or 625 (provided by expert elicitation). The implication of this strong temperature
dependence is that there may be some significant probability of penetration of the inner barrier while -
the WP surface temperature remains above 70°C, but after 10,000 years the WP will have cooled
sufficiently that the WP surface temperature will have dropped below 50°C, and the corrosion rate
becomes very slow. Calculations with typical parameter values in this model indicate that following
initial penetration of the top, penctratxon of thc bottom could take up to 1 million years

Alteration of WF Process

As long as the WEF retains enough decay heat there will be circulation of the water within the WP
with cycle times less than a day. Therefore, the dissolving surfaces will be contacted by the water
containing sufficient oxygen to maintain the dissolution process (which includes the oxidation of any
U decay product of the Pu) of the glass WF.- Maintenance of this oxygen in solution may be partly
supported by capturing oxygen at the free air-water interface. Oxygen supply (or some other electron
acceptor) is important for converting quadnvalent U to hexavalent form, which makes it much
more soluble.
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FlusblRemoval Process

The rate of removal of fissile material and neutron absorbers is primarily determmed by the flow rate
incident upon the WP, the internal circulation of the water within the WP, the water chemistry
(including pH, thermodynamic equilibrium constants, and dissolution rate parameters) which
determine the glass alteration rate and solubility of the neutron absorber material, and the exchange
of internal and external flows through the holes in the top of the WP.

Final Conﬁguration' Wall Precipxtatlon

Fissﬂe material and the neutron absorbers may be dissolved and re-precnpltated on the WP walls as
thin mineral deposits. A criticality might occur if much of the fissile material re-precipitates inside
the WP while nearly all the neutron absorber remains in solution long enough to be flushed out.
Whether such a separation occurs will depend on the basic chemistry and thermodynamic
parameters for the fissile and neutron absorbing materials, particularly as expressed in the ratio of
solubilities of the neutron absorbers to the solubility of the fissile material. The absolute values of
these solubilities are important for determining how much Pu might be left in the WP when the
separation occurs. These solubilities are estimated from EQ3/6 calculation results, as described in
Section 5.3 and Appendix C. As discussed in Sections 3.1.2, and 5.1, the criticality potential of
such selective precipitation is limited by low thickness and potential for re-dissolution.

The quantity of Pu likely to be precipitated may be increased by any pure PuO, inclusions in the
original WF glass, as is discussed in Section 2. l 2. This conﬁgurat:on is reached by the sequence
1-2-3-4-5-9-12 in Fxgure 5-1

Final Confi guration. Altered WF in the Initial Geometry

This conﬁgurauon is expected to have such low probablhty as to be insignificant. It is discussed
briefly here; for the sake of completeness. Furthermore, prior calculations (Reference 2) of k4 have -
shown this configuration to be the most reactive with respect to cntlcalxty, so it may be considered
as the worst case.

In this configuration most of the completely altered WF retains its initial geometry. If it is to be
critical nearly all the Gd would have to be dissolved and eventually flushed out of the WP; EQ3/6
calculations have indicated that, at pH<4.5 Gd will have significantly higher solubility than U or Pu,
but that the solubility is still so low that the Gd cannot be removed from the package in less than
300,000 years. ~ : ~

This configuration is reached by the sequence 1-2-3-4-7-12in Figure 5-1. If this configuration exists -
at all, it is expected to be unique to the very low flushing rate of the breached top only scenario.

Final Configuration

.Altered WF in Collapsed (Cylinder Segment) Geometry—Fissile material and the neutron

absorbers may be dissolved and re-precipitated as part of a pile of altered glass at the bottom of the
WP. This configuration is reached by the sequence 1-2-3-4-7-8-12 in Figure 5-1. The collapsed
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mass at the bottom of the WP would be expected to have something like an hemicylinder (cylinder
segment) shape. The material will be a clay-like mass of silica/silicate and water with some
concentration of the fissile and neutron absorber oxides. Because the package is filled with water,
the water concentration in the collapsed mass could be as high as 60%, with the remaining 40%
being silica and other species (the composition of which will be determined by EQ3/6 calculations).

As a final generalization on the contents of the collapsed altered form, it should be noted that as glass
reacts, Pu tends to precipitate as PuO, or an hydroxide phase and is retained in the smectite clay
phase, likely as colloids, or on metal surfaces. Gd also appears to associate itself with the clay phase. -
The degree of Pu and Gd segregauon outsxde of the clay phase is unknown.. -

5.1.2 Breached-Top-and-Side Scenarlo, Both Flow-Through and Circu]auon Flushing

Basis

For this scenario the WP will fill only partly, because the water can flow out the holes in the side.
Such outflowing holes will establish a water level within the WP, and it is likely that some of the
WF canisters will be above and some canisters will be below the water level. Although the holes
in the top may be the most likely (because they are the most strongly gravity driven), holes in the side
are the next most likely, because the outside will receive most of the film of water from dripping on
to the top of the package, while the inside is exposed to a rising and lowering the level of water
(resulting from variations in the infiltration rate; e.g., seasonal cycling) trapped inside the package.
Intermittent wetting and drying is known to be the most stressing aqueous corrosion condition.
Whether the intermittent drying actually occurs will depend on whether the dryout time is long
enough and the humidity is low enough to fully dry the temporarily exposed surface.

In this scenario, the exchange between the solution inside the WP and the outside dripping flow will
be more rapid than for the breached-top-only scenario, because there is larger surface area for
penetration by the fresh infiltrating water. The consequence is that there will be more rapid removal
of solubility limited species, as is explained further below.

Alteration of WF

The WFs (camsters) whlch are below the water lcvcl will be altered at a rate similar to that in the
breached-top-only scenario. The WFs above the water level are altered by a film of water which is
continuously moving and continuously re-supplied with oxygen, so the alteration process may be
faster than for the breached-top-only scenario.

Flush/Removal

The WFs which are below the water level in the WP will be flushed by circulation and exchange at
a rate similar to that for the breached-top-only scenario. The WFs above the water level will be
flushed by a film of water which is continuously moving so the removal process will be much faster
than for the breached-top-only scenario. Those WFs above the water level cannot contribute to any
criticality so the possibility of criticality in the initial geometry becomes remote. However, the
accelerated alteration of the WFs above the water level will increase the probability of achieving one
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of the other potentially critical final configurations (altered collapsed, prec1p1tated on wall of metal -
surface, precipitated/trapped in the invert). :

F inal' Configuration

Altered WF Collapsed Geometry—As with the collapsed geometry configuration discussed in
Section 5.1.1, this configuration is reached by the sequence 1-2-3-4-7-8-12 in Figure 5-1. This is
the most likely configuration resulting from the general scenario of this section; it is characterized
by the glass WFs collapsed, or re-precipitated at the bottom of the WP. Such a configuration would
be expected to have an ellipsoidal shape, 20% water (less than the breached-top-only scenario
because the package can be only partly filled with water since there are holes in the side of the
package), 80% silica/silicate.

Final Configuration

Precipitation of Fissile Material on Metal Surface: (Thin Slab Geometry)—As with the metal
surface precipitation geometry configuration discussed in Section 5.1.1, this configuration is reached
by the sequence 1-2-3-4-5-9-12 in Figure 5-1. Since the exchange with the outside fluid is much
faster than the breached-top-only scenario, it is possible that much of the glass silica can be removed
from the WP, leaving a significant amount of U precipitating on the package wall, more in the form
of a metal or oxide deposit, rather than embedded in silicates. The likelihood of this alternative is
determined by the chemical/thermodynamic parameters which reflect partitioning among -
degraded/precipitated phases. In addition, as shown above, the pitting corrosion of the WP inner -
barrier may supply a significant amount of iron, as in the breached-top-only scenario. The resultmg ‘
geometric configuration could be a thin slab, 50% water. :

Final Configuration

Fissile Material Trapped in the Invert: (Near-field External Criticality)—This configuration
is reached by both the sequences 1-2-3-4-5-10-14 or 1-2-3-4-5-6-10-14 in Figure 5-1.. The external
criticality for the breached-top—and-sxde scenario will be somewhat more likely than for the
breached-top-only scenario, since the removal of fissile material is significantly faster. However,
the near-field criticality will still be dormnated by the breached bottom scenario, and will therefore

be described below. ‘

513 Breached-Top-and-Bottom Scenario, Flushing by Flow-through
Basis

This scenario would have a volumetric flow through the WP at rates up to a maximum of 40 liters
per year (corresponding to an infiltration rate=10 mm/yr). This is estimated by multiplying the 0.001
meters per year infiltration rate by the inside cross-section area of the package along the axis, 4
square meters. This volumetric flow could be increased by groundwater focusing due to fractures
- or other means of permeability enhancement, which could produce up to 4000 liters per year from
a focusing factor of 100. No concentration factor is uséd in this study because a very conservative -
assumption has already been made with regard to effectiveness of water in removing WF dissolution
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products: all the water flowing through the WP will contact the dissolving surfaces, or will mix
completely with water that has such contact. This assumption is realistic for a WP partly filled with
water, but it is very conservative for this much more rapid flushing by flow-through. - :

Alteration of WF

In this scenario all the WFs are altered by a film of water which is continuously moving and
continuously re-supplied with oxygen. In general, this film will move faster and have more
dissolved oxygen than either of the other (first two) scenarios. The metal corrosion rate is
proportional to the dissolved oxygen concentration over some range of this concentration so this
parameter may be important for determining the rate of penetration of the steel canister and can. The
glass dissolution rate is relatively independent of oxygen concentration in the solution.

Flﬁsh/Reinoval

The water film is also the primary flushing agent; since it is continuously moving, the removal
process will be much faster than for the breached-top-only scenario. This is because the other two
scenarios will have most, or much, of the water flowing by the WP without contacting the WFs.

Final Configuration, Altered WF in Coﬂapsed (Ellipsoidal) Geometry

Internal criticality is less likely with a breached top and bottom because any dissolved fissile species
would be more likely to be flushed out of the WP. :Ordinarily, the absence of a distinct pool of water
(such as is contained for the other two' scenarios) will preclude the possibility of criticality.
However, criticality in this configuration is a possibility if the altered form slumps to the WP bottom
as a moist clay. Since the clay can act as & sponge, it may retain a considerable water concentration,
even though water continues to flow out of the WP through the holes in the bottom. If this
configuration did occur, it would resemble the internal criticality configurations for the previous two
degradation scenario alternatives. Because of its expected low probability, this conﬁguranon is not
reached by any of the scenarios in enthcr anure 5-1 or Figure 5-2.

Fmal Conﬁguratxon, Fissile Trapped in Invert

(External Criticality, Near-Field)—If the breached bottom scenario ends with the ﬁssﬂe material
flowing out of the WP in solution, and if the U is re-concentrated by precipitating out of the resulting
groundwater stream, a criticality could occur. A precipitation of fissile material could occur in the
form of silicates or alkali silicates as the fissile bearing solution flows out of the WP and encounters
a less moist environment and leaves an evaporative type deposit. EQ3/6 analysis indicates that the
most likely minerals are soddyite or haiweeite. This configuration is reached by either of the
sequences 1-2-3-4-5-6-10-14 or 1-2-3-4-5-6-10-14 in Figure 5-1.

If sufficient fissile material and very little neutron absorber were to precipitate in the invert, it would
be likely to have a lower water concentration than the internal criticality configurations because of
a lack of natural confinement for water, and lack of a clay formation to act as a sponge for water.
For this reason this configuration is expected to have a very low probability, and has been assigned
a low priority with respect to immediate analysis. It will, however, be evaluated in the near future.

~ A00000000-01717-5705-00014 REV 01 5-11 February 1997

PREDECISIONAL DOCUMENT



PREDECISIONAL DOCUMENT"

Corrosion of the barrier steel could inhibit criticality in the near-field (invert) because significant
amounts of low solubility Fe would precipitate in the same places as would be likely for U
precipitation (if any). On the other hand, the presence of iron in solution could increase the
precipitation of U, leaving the iron and U separated, which is the opposite of co-precipitation. Still
another possibility is that the iron be present as Fe++ (possible if the oxygen concentration is very -
low), which has a strong reducing capability, thereby facnhtatmg the co-precnpltatxon of Pu. EQ3/6
calculatxons indicate that this will be unlikely.

5.2 PHYSICAL SCENARIOS FOR CERAMIC WASTE FORM DEGRADATION

The data on the performance of ceramic WFs is very lmuted A research and development program
is currently underway at Lawrence Livermore National Laboratory (LLNL) to develop the physical
characteristics and chemical constituents of the ceramic WF to meet the requirements for production,
Pu loading, and long-term criticality. However, some information of interest exists in the literature
on those ceramics which are candidates for nuclear waste immobilization. This information is
summarized below, and serves as the basis of the degradation scenarios developed thus far.

Ceramic materials, especially oxides, are resistant to corrosive attack under a wide range of chemical
environments. Pu can be accommodated in zirconolite, pyrochlore, monazite, and zircon. Most of
the recent investigations have focused on the Synroc-C family of ceramics, which are a mixture of
zirconolite, hollandite, and rutile. Pyrochlore may also be present. Pu releases from zirconolite are
about 1x10°* g/m¥/day at 70°C to 90°C in deionized water at pH 7. However, zirconolite and other
ceramics are susceptible to metamictization as a result of radiation damage. This damage can result.
in complete amorphization, microcracking, swelling, and decrepitation. The presence of pyrochlore
and large grain size appears to enhance this process in Synroc-C. Leach rates can be enhanced by
about 10-15 times due only to metamictization with essentially no change in surface area. However,
if microcracking, swelling (up to about 6 volume percent) and decrepitation occur, the surface area
can be enhanced by 15,000 times the original geometric surface area. These processes can be
reduced by reducing the grain size and pyrochlore content. Zircon and monazite are also affected
by radiation damage. The dissolution of natural zircon in bicarbonate solution at 87°C increased as
a result of alpha damage amorphization by 100 times from 102 to 10" weight percent. Natural
monazite suffers radiation damage as well, with leach rate increases of up to ten times. However,
natural monazite is almost always found in the crystalline state because of its low temperature of
recovery from radiation damage

Metarmct radxatxon damage transformatxon could occur on the order of a few thousand years
following ceramic WF fabrication; this damage is primarily from atoms significantly displaced by
recoiling nuclei from the 2°Pu alpha decay to*U. It should be noted that a similar radiation damage
also occurs in glass, but is less significant in enhancing dissolution rate, because glass does not have
a regular crystal structure to begin with, and the interior is already fractured from the initial .
fabrication process. The likelihood and extent of the metamict transformation from radiation
damage in Synroc-C are proportional to the amount of pyrochlore contained in the ceramic and the
fraction of the ceramic which contains large grains. The expected refinements in the ceramic
technology may reduce the amount of pyrochlore and large grams to the pomt where the metamict
transformation is msxgmficant : . :
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Synroc-C ceramics dissolution products tend to form a very thin altered layer (much thinner than for
glass dissolution). The composition of this thin layer has not been completely characterized with
respect to the individual components, and this composition is likely to vary with water chemistry.
The layer is probably depleted in CaO, leaving primarily Ti and Zr oxides. The Ti oxide layer is
believed to be primarily responsible for the low dissolution rates characteristic of the Synroc-C
family of ceramics. Since the ceramic WF dissolution goes through only this thin altered phase,
there will be no analog for the two final glass WF configurations which contain primarily glass
altered form. Otherwise, the ceramic scenarios resemble those for the glass WFs, except that the
dissolution rate is expected to be much smaller, and its dependence on dissolved components (such
as silica or H*) might bc quite different. : .

The ceramic scenarios are based on the use of Gd as the long-term criticality control material.
Recent test data by Jostens, et. al. (Reference 4) suggest that the Gd within the ceramic (Synroc-C)
has a combined dissolution rate and/or solubility about one order of magnitude higher than the rest
of the ceramic matrix and Pu, so it may be appropriate to use a less soluble material such as Hf as
the principal criticality control neutron absorber. However, Hf is much more expensive than Gd, and
Gd is a more efficient neutron absorber (particularly at thermal energies) so until more data are
available, Gd remains the nominal choice. It is expected, however, that there will be some
evaluation of the possibility of utilizing the Hf which is present in natural Zr (approximately 2% to
4.5%), thereby reducing the cost of Zr required for the zirconolite whxch is thc major component of
Synroc-C.

As with the glass WF scenarios, the ceramic WF scenarios begin with water incident on the WP
followed by breach of the WP barriers and the canister containing the WF to permit the water to
attack the ceramic surfaces (beginning at least 5000 years after emplacement). EQ3/6 analysis of
the glass WF has indicated that the dissolution of the filler glass surrounding the ceramic cans inside
the DHLW type canisters within the WPs will control the pH for the first few thousand years ata -
value which may be as high as 9 or 10, depending on rates of reaction of filler glass and Cr alloys.
Under these conditions, the Pu dissolving from the Synroc-C would remain in solution owing to the
formation of carbonate complexes. The solubility of the neutron poison materials under these
conditions is likely to be low. However, the amount of Pu in solution is still vcry low and little Pu
would be lost by ﬂushmg the system during this period of time.

| After the first few thousand years, the DHLW filler glass in the canisters will be converted mostly

to clay phases or silicates and the pH will begin to decrease toward neutrality (i.e., the pH would
approach that of the original J-13 water as the high pH water is flushed out). The pH may be
lowered further to about 4 to 4.5 over many thousands of years by the buildup of oxidation products
of Pu, molybdenum (Mo) and niobium (chromic, dichromic, molybdic and niobic acids) from these
elements present in the nickel-base inner barrier materials. (If only limited oxidation of these metals
to form metal oxides, not acids, occurs, the pH will remain slightly, to moderately, alkaline.) Under
the acidic conditions, Pu is not soluble and PuO, or other stable precipitates will form. The Gd, Hf,
and other rare earth elements (RREs), are also likely to be insoluble under these conditions. In fact,
the EQ3/6 analysis of the glass WF has indicated that, although the low pH (below 4.5) may raise
the solubility of Gd above that of U or Pu, it is still small enough to assure that enough Gd will
remain in the WP to prevent internal criticality for at least 500,000 years.

A00000000-01717-5705-00014 REV 01 5-13 ‘ S February 1997
g PREDECISIONAL DOCUMENT



PREDECISIONAL DOCUMENT

However, over this period of time, Pu will be converted to U, and U may be soluble under acidic
(low pH) conditions as was indicated by the EQ3/6 calculations for glass, and is corroborated by
preliminary EQ3/6 calculations for ceramic. Over time, the bulk ceramic material will degrade by
a combination of grain boundary dissolution and metamictization as a result of radiation damage.
However, due to the low solubility of the ceramic grains, the amount of fissile material in solution -
will likely be small. Thus the ceramic scenarios which could lead to criticality then have to have
nearly complete dnssolutlon of the WF matnx : :

Thus, from these studles. two cases for geochenucal and cnucahty analyses of Synroc-C can be
deduced. The first considers that the ceramic material is in a metamict state with no increase in
surface area. The release rate of Pu can be assumed to increase 10-15 times. The fissile material is
assumed to precipitate on the available surfaces as a thin film. It is further assumed that the pH is
lowered to less than 5 and remains there so that some fissile and a larger fraction of neutron absorber
material are flushed from WP because of the increased solubility of the neutron absorber. The
second case is for a complete decrepitation where the release rate is enhanced and the surface area
is also enhanced by a factor of 15,000 times. In this latter case, it is assumed that the ceramic rubble
will be distributed onto a bed of clays and silicates. The two f'mal configuratxons are then idenufied
for cntxcahty analysxs as follows: ‘

Altered WF in the Initial Geometry——ln this configuratlon most of the completely altered

(metamict) WF retains its initial geometry. The release rate of Pu is assumed to be 10-15 times the

unaltered rate. The stainless steel container material will corrode at a rate proportional to the

dissolved oxygen concentration, driving the pH down. The pH will decrease to less than five over

time. The neutron absorber and, at a slower rate, the Pu and U, are slowly removed from the system.
The rate of Gd removal is stxll very low but could cause cnucahty to occur at very long times.

Altered WF in the Collapsed Geometry—-ln this configurauon most of the completely altered
(metamict) WF loses its geometry and collapses as particulate onto a bed of clayey materials and
silicates. The exposed surface area is assumed to be enhanced by a factor of 15,000 times. The
neutron absorbers (Gd and iron) are assumed to be leached at rates dependent on the pH of the
system which is controlled by the infiltration rate and the dissolution rate of the stainless steel
container material. Criticality could occur earlier than from the initial geometry since sufficient Gd
could have been ﬂushed from the system.

Deta.lled chemical scenarios for the ceramic WF are descnbed in Sectxon 5.5. These scenarios are
similar to those described for the glass WFs. Criticality calculations have béen performed for a range
of possible conditions for the configurations identified for glass. Hence, only a restricted set of -
possxble scenarios has been run for the ceramic WF. This i is given in Section 7.

The EQ3/6 calculatlons wluch form the basis of this dlscussmn are summanzed in Appendlx C
Table C~4 ‘

5.3 CHEMICAL ANALYSIS METHODOLOGY AND GENERAL RESULTS

The precedmg two sections (5 1 and 5.2) prov1de a physxcal description of the possible degradatxon
scenarios and resulting final configurations. This section describes the methodology for developing

A00000000-01717-5705-00014 REV 01 5-14 February 1997
PREDECISIONAL DOCUMENT



PREDECISIONAL DOCUMENT

a chemical description, particularly for estimating the amounts of the principal neutronically
significant species (U, Pu, and Gd) in the several phases (i.e., liquid, and various solids) of the
configurations, as a function of time. The specific estimates for these amounts are given in the
configuration descriptions in Sections 6.1 and 6.2, and they serve as inputs to the criticality
calculations of Section 7. :

The material in this section generally applies to both the glass and ceramic WFs, except as otherwise
noted. Chemical analyses specific to the glass and ceramic WFs will be described in Sections 5.4
and 5.5, respectively.

53.1 EQ3/6 and Mass Balance Considerations

The geochemical computer codes EQ3NR and EQ6 were used to provide a general overview of the
nature of chemical reactions to be expected and of the degradation products likely to result from
corrosion of the WFs and containers. EQG6 can be used only to a limited extent in addressing this
problem because it lacks a flow through option. Also lacking are thermodynamic data' for highly
concentrated solutions for some constituents (Pu, U, Gd, Si, Al). These deficiencies placed severe
limitations on the extent to which the computations could provxdc reliable results. :

To overcome these limitations the followmg mcthodology was adoptcd First, EQ3/6 was used to
identify the pH and species present when the alkali glass has degraded completely. Second, high
concentrations are avoided by assuming adequate flushing. Third, equilibrium calculations with
EQ3/6 were used to determine the solubilities of U, Pu, and Gd at specific values of pH during the
degradation period of the La-BS glass WF after the removal of the soluble products of the DHLW
glass. These results were plotted on graphs that summarize changes in solubility with pH. The
graphs also show simple hand-calculated solubility curves applicable to very low concentrations,
using the dissolved chemical species indicated by EQ3NR or EQ6 as being important, according to
the value of pH. These results are shown in Figure C-1 for Gd, C-2 for Pu, and C-3 for U, whxch
are discussed more fully in Appendix C.

The initial EQ6 runs showed a substantial increase in pH; owing to the dissolution of alkalis from
the degradation of DHLW filler glass, accompanied by a correspondingly large increase in
concentrations of dissolved constituents. These increases cannot be modeled accurately owing to
the lack of an adequate database. The pH was modeled as rising to a maximum of about 10, if CO,
from the atmosphere had free access to all portions of the WP thereby neutralizing to a large extent
the released alkali. The dissolution rate depends strongly on pH. For the EQ6 modeling a rate
corresponding to that at pH 10 was used. Together with data on surface area and mass of glass this
resulted in an estimate of complete degradation of the glass in about 250 years. The dissolution rate
for pH 7 is about one tenth as fast, which gives complete DHLW glass degradation in about 2500
years. In the absence of CO, the pH would rise much more, perhaps to 12 or 13. In fact the pH in
some glass reaction experiments has risen to a little over 12 (Reference 22). The concentrations of
dissolved alkali metal ions, Na and K, would reach a combined total molality of about 4 at the time
that all the DHLW had reacted in the absence of dilution by through flowing additional water. The
maxima for pH and concentrations of alkalis, borate, and other soluble components of the DHLW

! Thc code could handle the calculations were the data available, specifically Pitzer's parameters.
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glass will depend upon the relative corrosion rates of the metals in the containers and the glass WFs,
as well as on the infiltration rate of water. As is explained in Section 5.4.1, the corrosion of the
metals may produce acid (specifically, chromic acid for pH > 7.2; dichromic for pH < 7.2; and
molybdic). This acid would neutralize an equivalent amount of the alkali being released from the -
DHLW glass. The degradation rates of 304L and Alloy 625 are discussed in Section 4.1.
Uncertainty exists as to the long-term degradation rate of both DHLW and La-BS glass WF. For use
in the EQ6 modeling a normalized rate, based on the release of boron from a representative glass
formulation of 6 g/m? in the course of 215 days was taken from Table 1 of Bates (Reference 23) for |
the degradation rate of the DHLW glass. Alkali is produced by this degradation faster than is acid -
from the corrosion of the metals. Consequently the pH rises until all the glass has corroded.
Thereafter, the pH drops as more acid is added from continuing corrosion of the metals. The greater
the degree of fracturing of the DHLW glass, the higher the surface area, the greater the rate of alkali
production, and the higher the maximum pH. EQ6 runs used a range of degree of fracturing.

The infiltration rate, or more accurately the rate of flow through the WP, will determine how long
the dissolved components of the glass and metals will remain within the (degraded) WP. Ata
sufficiently high rate of flow the initially high concentrations of Na, K., and borate will be flushed
out of the system while the fraction of La-BS glass that has degraded is still very small.
Approximate calculations taking into account only the overall dissolution and infiltration rates in
conjunction with the composition of the glass indicate that at an infiltration rate of 1mm/yr. the
concentrations of Na and B will decline to values close to those in J-13 water within several hundred
years. In that case EQ3/6 can be applied to calculating solubilities at all later times. This can be
done because specific pH values can be chosen, rather than times, and the flushing will have reduced
the concentrations to the range that can be handled by the available database. Results from these
calculations are shown in Tables C-3 and C-4 and Figures C-1 through C-3 in Appendix C. The
required mass balances as a function of time were incorporated into the criticality calculations, using
solubility as a function of pH. In this way both of the deficiencies noted above can be avoided.
Therefore, the calculation of graphs applicable to low concentrations coupled with computations of
solubilities in J-13 well water at specific pH values provides suitable data for criticality evaluations.

53.2 Thermodynamic Data and Static Mass Balance Relationships for Gd

The solubility of a specific element at a given temperature and pressure is determined by solids
which exist in the system and by the components in the solution. For this purpose data were taken -
from Reference 24 and incorporated into the EQ3/6 database. On this basis the most insoluble Gd -
solids over the pH range of interest (4 to 10) are GdOHCO,, GdPO,xH,0, and GdF;-0.5H,0.
Whereas Spahiu and Bruno (Reference 24) do not include data for GdOHCO;, they do for
NdOHCO,. Comparison of data for other compounds and aqueous species of Gd and Nd shows that
for analogous substances the thermodynamic data are nearly identical. Consequently, the Nd datum
for NdOHCO, was used for GAOHCO,. The Gd data selected by Spahiu and Bruno (Reference 24)
during their literature review and incorporated into the EQ3/6 database are reproduced in Table F-1
in Appendix F. The value of x in GdPO,-xH,0 was not specified. However, the X-ray diffraction
pattern for the solid actually used to determine the solubility product shows diffraction lines
corresponding to rhabdophane, (Ce, Y, La, Di)POH,0 (Reference 24, p. 515; the elements enclosed
in parentheses, as well as other REEs, substitute freely for each other in the crystal structure; Di is .
an old symbol for didymium, which was later recognized as being a mixture of neodymium and
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praseodymiumy); on this basis x was assigned a value of 12, Throughout the pH range 4 to 10, both
the phosphate and the fluoride are less soluble in J-13 water than is the hydroxycarbonate. However,
examination of the amounts of phosphate and fluoride available from the WFs and from J-13 water
show that there is only enough of these constituents to precipitate a small fraction of the Gd that
could be released from La-BS glass. Consequently, the single most important Gd solid is
GdOHCO,.

Experiments show that Gd is insoluble under neutral to alkaline conditions and that under acid
conditions it goes into solution (Reference 26). The perspective taken in this report is that over very
long time frames equilibrium conditions will be attained. - This means that glasses will have been
converted to an assemblage of thermodynamically stable solids and that nearly all of the system
inventory of chemical components that constitute a significant proportion of the mass, such as Gd,
will occur in well characterized solids rather than adsorbed onto other minerals, if these components
are still present in the system. To confirm the expectations of the effect of solid solutions (i.e., solids
of variable composition as explained above for rhabdophane), ideal solid solution parameters for
REE solids were incorporated into the EQ3/6 database. Initial calculations did confirm that the
presence of REEs in addition to Gd does indeed decrease the solubility of Gd. However, no data
were available to indicate how readily these solid solutions would form, in contrast to separate pure
phases for each REE, and a higher solubility of Gd is more conservative (i.e., it would be removed
sooner from the vicinity of fissile material). Consequently, solid solutions were not included in the
final calculations. :

The SKB and EQ3/6 thermodynamic databases contain no data on other potentially insoluble Gd
compounds. The only other likely candidates are silicates, inasmuch as the limited data in Reference
27 indicate that REE salts of other anions present in the system, specifically, chromate, dichromate,
bromide, chloride, and nitrate are moderately to highly soluble. Because no solubility data for Gd
silicates apparently exist, but such compounds are expected to be quite insoluble (Reference 28 and
Reference 29), experiments should be conducted to obtain data. If such silicates should prove to be
insoluble under acid conditions in the pH range 4 to 7, the Gd would remain thh the fissile materials
in this pH range as well as at higher pH .
The first step for evaluatmg the solubility of Gd sxhcates is a detailed literature search. If this search
reveals no data, a simple set of experimental investigations is suggested as the next step. Rare earth
silicates have been synthesized at high temperatures and their crystallographic structures determined
(Reference 38). Thus, a variety of different Gd silicates could be produced and experiments run to
determine solubilities. However, this would not determine whether they would actually form at the
low temperatures which would exist in a repository. Multiple approaches may be required because
the situation is likely to be complex, reactions may be slow, and perhaps only metastable conditions
may bc achxevab!e in the short term.

2 The actual value of x is of minor importance to the calculations used. No range is given either in Reference 24 nor
in the original source paper (Reference 30) The dissolution reaction is, GIPO,xH,0 » Gd*** + PO,~ + x H,0. The
corresponding equilibrium constant is K = (Gd**)(PO,™ }(H,0)", where quantities in parentheses refer to
thermodynamic concentrations, or activities. In dilute solutions the activity of water is close to one. Thus, except
for minor corrections, the last term in the equilibrium constant is essentially one to the power of x (i.c., 1).
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A. The first alternative involves the addition of some dilute sodium silicate solution or silica
sol to a Gd chloride solution and allowing the solution to age. Perhaps there will be an
immediate precipitate, or one may develop on standing. It would not be surprising if a-
silica gel developed, which might well contain Gd. If so, and with an excess of silica over
Gd, this might provide an upper limit on the solubility of a Gd silicate.

B. The sécond alternative would be to synthesize some Gd silicate hydrothermally at
temperatures up to perhaps 200° C and use this as input to dissolution experiments at
lower temperature. Analysis of the high temperature solution, if feasible, would provide
an upper solubility limit. Hopefully, this approach would produce a crystalline solid.

C. A third alternative is to use a Gd-citrate solution, in which the Gd will be complexed by
the citrate to prevent it from simply adsorbing onto silica surfaces, together with a silica. -
sol as above. In this way if an association is found between Gd and silica it will be known
that a reaction that formed a chemical compound occurred, not ]ust an adsorptlon
phenomenon

The objectlve of each of these alternatives is to produce a Gd silicatev then characterize it (e.g., by '
X-ray dnffractlon), and finally measure its solubihty in such a way that the solubility product can be
determined. . .

It is also recommended that determinations be made for GdJOHCO, in the same way as done for
NdOHCO, (Reference 30). This would remove the reliance on Nd as a surrogate for Gd and reduce
the uncertamty of the calculatmns '

533 Alkalimty of J-13 Well Water

Harrar, etal. (Reference 31) have provnded a summary of analytical data for J-13 well water The
report points out that this water has been analyzed for many years with high consistency in the
results. Thus, it seems unlikely that further analyses will differ in any significant respect for the
principal constituents, although considerable uncertainty exists in respect to minor and trace ones.
In particular, average values for, respectively, pH, alkalinity as bicarbonate, and chloride are 7.41,
128.9 mg/L, and 7.14 mg/L.. Analyses of J-13 well water show that most of the measured alkalinity
must be due to bicarbonate because the concentrations of other species, such as borate, are
inadequate to account for the alkaluuty and measurements of evolved CO, from the water are more
 than enough to account for the alkalinity by acid titration. Whereas this average analysis is close to
being electrically neutral, thermodynamic (EQ3/6) calculations indicate that it is far from equilibrium.
with atmospheric CO,. Adjustments to the average concentrations of major constituents, e.g., Na*
and alkalinity, within the range of their standard deviations (S.D.) do permit the identification of
compositions consistent with the average measured pH and a partial pressure of CO, within the range
recommended in Reference 3. For example, EQ3 input of sodium ion (S.D. 2.29 mg/L) as 44.2 mg/L
and alkalinity (S.D. 86mgIL)as 133.2 mg/L, leads to pH 7.41 and log P¢o, = -2.32 (4.64E-03 bar). -
This partial pressure of CO, is about 15 times atmospheric and lies only a little outside the
logarithmic range of -2.6 to -4.6 used in TSPA-95 (Reference 3). If instead of averaging pH directly,
as was done in Harrar, et al. (Reference 31), the corresponding concentrations of hydroxide are
averaged (which is appropriate to estimating the pOH of a mixture of waters of differing
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composition, aside from taking account of acid-base reactions that would occur upon mixing) and
that average converted to pH, the average pH becomes 7.64. An example of adjustments that lead
to this pH is sodium ion at 45.8 mg/L and alkalinity of 133.0 mig/L; this yields log Pg, = -2.54,
about nine times atmospheric and within the range used in TSPA-95 (Reference 3). By comparison,
it is interesting to note that measurements by Yang, et al. (Reference 43) of the partial pressure of
CO, in borehole USW UZ-5 at depths below 100 meters range from 0.08% (log Ppg, =-3.10) at 153
and 189 m depth to 0.36% (log Pco, = -2.44) at 368 m (the deepest reported). All of the EQ3
calculations used to make these adjustments assumed a temperature of 25°C. Adjustments at the
actual temperature of J-13 water, 31°C, would differ only slightly.

Because these parameters apply only to the pHs and partial pressures of the CO, stated, but for the
most part different values of the parameters are of interest, other adjustments were made as needed
while preserving the essential chemical charactenshcs of the water. The nature of these adjustments
is made in other sections, as appropnate

A. Ifone spcciﬁcs the pH and bicarbonate as input to EQ3NR, the code calculates a partial
pressure of CO, of 4.62E-03 atm., which is about 15 times higher than in air, and, to
achieve electrical neutrality between positive and negative ions, a chloride concentration
of 11.97mg/L; this alternative will be designated as high alkalinity (HA).

B. An alternative choice of pH 7.41 and atmospheric CO, leads to a bicarbonate
concentration of only 8.83 mg/L, but chloride at 76.7 mg/L; this alternative will be
designated equilibrium alkalinity (EA). The increase in the chloride content results from
the necessity of maintaining electrical neutrality. In this system the chlonde undergoes
little mtcrachon with other components.

C. One might also consider spccnfymg the use of H" to achieve electrical neutrality, in spite
of the probabllxty that slight analytical imbalance in respect to electrical neutrality is
likely to give an erroneous answer. Doing so, however, by way of using the analytical
bicarbonate and chloride concentrations, yields a calculated pH of 7.938 and a partial
pressure of CO, of 1.43E-03.

5.3. 4 Solubillties of Gd, Pu, and U under Acidic Conditions

- As acid concentrations are increased, it is to be expected that the solublhty of GdOHCO, will
mcreasc in accordance wnth the reachon, '

' GdOI-ICO, +3H'= Gd*“ + 2 H0+ co2 (g)

For a chosen fixed partial pressure of CO, the logarithm of the dissolved Gd*** can be plotted as a
straight line against pH, making use of the equilibrium constant for this reaction, as shown in
Figure C-1. (See Appendix C for more detail on the linear equation and how it is derived.) EQ3
calculations for J-13 water composition brought to low pH by addition of dichromic acid,

specifically at pHs 5.5, 6, and 6.5, show that indeed Gd*** constitutes most of the dissolved Gd and
that the least soluble Gd solids are GdOHCO, and GdPOH,0. A subsequent EQ6 run brought the
output from the EQ3 calculation to equilibrium with these solids, as well as with Pu and U solids,
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PuO, and soddyite, respecuvely These results are plotted on Flgures C-l through C-3in
Appendix C.: . ,

The specific solubllxty values from the EQ6 runs are glven in Tables C-3 and C-4 for the hlgh
alkalinity and equilibrium alkalinity assumptions, respectively. The analyses in this study are based
on the application of an exponential fit to these Gd solubility data. The relevant points are
summarized in Table 5.3.4-1; these values are extracted from the specific cases indicated by * in -
those tables. ‘

Table 5.3.4-1. Bounding Values of Gd Solubility from EQ8 Runs

Alkallnity assumption pH=5.5 - pH=8.5 log-log slope*®
Equilibrium_(Table C-3) 44,100 ppm 3ppm | 417
High (Table C-4) 145 ppm .3 ppm -2.68

*Slope of the line of log Gd molality as a function of pH, connecting the indicatéd two points;

The analysis of this section shows that the plot of log Gd molality vs pH should be a straight line for
pH below 6.5. This analysis (particularly the chemical balance equation for Gd***, above) also gives
an idealized value of -3 for this slope. Consistent with these data the followmg formula will be used
for the pH dependence of Gd solubility:

max Gd (ppm) = 3 x 10°#59, or 95 x 107640

This is a mixture of the equilibrium alkalinity assumption with the idealized slope. The equilibrium
alkalinity assumption is conservative with respect to the multiplicative factor 3, since this is the
larger of the two values in Table 5.3.4-1 at pH 6.5. The exponential factor of 3 is not conservative
since it is of lower magnitude than the EA value, and consequently gnves a much lower upper limit
of Gd solubility (at pH 5.5). It is appropriate, however, because it is more consistent with the
measured value of alkalinity as bicarbonate, which is supported by the weight of specific
measurements. In the present state of knowledge on the subject, it is not appropriate to rely solely
on the measured value because it is at only one pH, and because it is not supported by a generally
recognized mechanism for producing the super-saturanon in carbon dioxide which appears to occur.

At lugher pH the dommant dissolved Gd species changes. ﬁrst to GdCO*, over the approxxmate pH
range from 7.2 to 7.7, and to Gd(CO,),, for pH higher than 8.5. At pHs intermediate to these ranges
the solubility corresponds to the sum of the two most important species. Other species considered
are GAOH™ Gd(OH),’, Gd(OH) (aq), and Gd(OH),. These reactions and equations for the
corresponding lines are given in Appendix C. ,

Sirrﬁla'rly,vthe plot for Pu and U uses reactions between the appropriate solids and each of the more
important dissolved species. These reactions and comresponding equatxons are also included in-
Appendix C. -

A00000000-01717-5705-00014 REV 01- ' 520 : February 1997
: PREDECISIONAL DOCUMENT



PREDECISIONAL DOCUMENT

53.5 Compositions of Solid Phases Resulting from Degradation of WP Components

The approach used for obtaining a representative composition for the degradation products consisted,
first, of taking results from EQ6 runs at the time that the model predicted that all of the DHLW filler
glass had reacted, and, second, modifying that composition to a small extent on the basis of static
mass balance considerations that would affect this composition under neutral to somewhat acidic
conditions. Because of the long time frames, the modeling assumed that the phases formed would
be in equilibrium with the solution. Thus, quartz, rather than chalcedony, was assumed. Similarly,
clay minerals, rather than a degraded leached glass (“gel"), were assumed. Some solids were,
however, suppressed as being unlikely to form at low temperatures, even though the thermodynamics
would predict their occurrence; garnet, biotite, and pyroxene, among others, were suppressed.
Chalcedony is less thermodynamically stable than quartz, but frequently forms at low temperature.
Once formed it persists for geologically long times. The metastable equilibrium between a solution
and chalcedony does result in a higher aqueous silica concentration, but both forms of silica are very
insoluble. The assumption that quartz forms, which may occur in the time frames involved, means
that the lower aqueous silica will result in a higher calculated soddylte solubxhty, which is more
conservative.

By the time the model predicts complete reaction of DHLW filler glass the calculated aqueous
concentration has already exceeded the limits ordinarily accepted for.use of the type of data presently
available. Because of the electrical charges on aqueous ions and various kinds of ionic interactions,
such as the formation of complexes and ion pairs, it is necessary to apply corrections to the
concentrations of dissolved species in order to utilize thermodynamic data properly. At very low
concentrations the relationships are well known and can be calculated with considerable accuracy.
As concentrations increase, it is possible to apply approximate additional correction terms, but at
very high strengths relations become very complicated. Because some of the data needed for the
high concentrations likely to be encountered in the present case are unavailable, some of these
additional corrections cannot be applied. Nevertheless, a considerable degree of correction can be,
and has been, used in the EQ6 modeling. Appendix D provides a brief discussion of the nature of
these corrections and a comparison of the factors calculated by EQ6 using the same correction option -
utilized during the modeling, with experimentally measured factors (i.e., activity coefficients) at
concentrations resembling those expected at this stage of reaction progress. This comparison seems
adequate to conclude that, qualitatively, the general character of the reactions has been determined
by. EQ6 Further rationale for this conclusxon appears in Appcndlces CandE.

The rationale presented in the preceding paragraph does not mean that the calculated aqueous
concentrations can be relied upon. However, the solids predicted are in keeping with expectations
based on well recognized chemical principles and on static mass balance considerations.
- Specifically, it is expected that all except traces of the Al, Si, Fe, Mn, Ni, and Zr will be present in
the solids. Morcover, under alkaline conditions Ca and Mg should be distributed between clay and
carbonate minerals with only small amounts in solution. This also applies to that portion of the
alkalis, Na and K, not otherwise associated with borate, carbonate, or bicarbonate. (See Appendix E
for a more detailed discussion of mass balance relationships.) Boron should be in solution, or
perhaps as a precipitated borate mineral. These chemical expectanons are in keeping with the
model results.
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In other sections of this report the mixture of solid products is referred to as "clay” or as "clayey
material” because much of it consists of clay minerals (i.e., nontronite and celadonite) and all of i lt
is expected to be fine gramed (i.e., to consist of clay size parucles)

The rate of glass degradation is related to the mix of products as noted above Some discussion of
this topic appears in Appendlx C, Section C.2. :

54 CHEMICAL SCENARIOS FOR GLASS WASTE FORM DEGRADATION

The scenario perspecuves shown in Flgure 5-3 identify the chemical parametcrs which determine
the possible separations of the fissile material from the neutron absorbers. The alternatives shown
in this chart serve as planning guidelines for the EQ3/6 calculations which were performed. These
parameters were used in the mass balance equations to determine which species will be removed
from the WP as a function of time; they are also used to determine the partmonmg among different
prec1p1tatmg spccles

5.4.1 Unlimited Access of Air with Alkali Glass Composition

Initially, as noted above, the degradation of DHLW filler glass in the presence of an unlimited supply
of air will dominate the chemical evolution. This degradation will result in a substantial increase
in pH. This can be viewed simplistically as resulting from the dissolution of a sodium or potassium
silicate component of the glass according to:

Na,SiO, + H,0~2Na" + 2 OH + Si0,

The silica would precipitate in some insoluble form, such as quartz or chalcedony. However, with
unrestricted entry of air into all parts of the WP the hydroxide would be promptly neutralized by
atmospheric CO, to form bicarbonate ion. This water would still be atkaline, and would attain a high
alkalinity (i.e., would require a large amount of acid to bnng it to a neutral pH) but the CO2 would -
limit the pH toa maximum of about 10 ’

At the same time atmosphenc oxygen would keep oxidation states of U and Pu relatlvely hxgh The
U should oxidize to the +6 state, if it is not already at that valence in the waste, and remain in that -
state both in solution and in precipitated solids. The Pu is less readily oxidized and, except in the
presence of large concentrations of carbonate and/or bicarbonate, would be mostly in the +5 state
in solunon, but in the +4 state, as PuO,, as a prec1p1tate

The effect of metal corrosion on pH needs to be taken into account. The net reaction of many metals
consists simply of a gain oxygen from the air; e.g.,

2 Fe + 1.5 0, = Fe,0,, or Fe +0.75 0, + 0.5 H,0 — FeOOH,

witin 1o net effecton H" or pH. On the other hand the corrosion of stainless steels and other
corrosion resistant metals may entail substantial effect. Specifically, Cr may oxidize to chromate
or dichromate, and Mo to molybdate: :

A00000000-01717-5705-00014 REV 01 5-22 o February 1997
PREDECISIONAL DOCUMENT :



PREDECISIONAL DOCUMENT

Cr+1.50,+H,0 = CrO,” +2 H*
2Cr+30,+H,0= Cr,0; +2H*
Mo + 1.5 O, + H,0 = MoO,” + 2 H*.

It is known that conditions as acidic as pH 4 to S develop in pits and crevices during corrosion of
these metals. It remains unknown, however, whether such reactions will occur on a sufficiently
broad scale, or rapidly enough, to lower the pH of an initially strongly alkaline solution to such low
pHs. For example, the mineral, eskolaite, Cr,0,, is known to occur "as a major constituent of black
pebbles in the bed of the Merume River, Guyana." (Reference 25, p. 197), thus demonstrating that
Cr oxide may survive for long times without converting to the higher oxidation state necessary to
support acid conditions. This assumption is conservative with respect to criticality (based on the
above reasoning that such conditions may arise within the WP) because the result is removal of Gd
while leaving fissile material behind. :

Experimental measurements of acid production from corrosion of corrosion resistant alloys over long
time spans, as might be achieved by suitable accelerated testing, would be very helpful in evaluating
the potential for this mechanism to lower pH, and thereby increase Gd solubility. For the potential
oxidation of Cr it is recommended that a set of simple tests be conducted Possibilities for such
expenments are:

A.  Agitate finely divided Cr,0, and CrO,, in separate experiments, in water or an aqueous
solution resembling J-13 well water at about 90° C to enhance the reaction rate, for an
extended period of time. Air should be bubbled through the mixture continuously. ‘From
time to time samples of the solution should be taken for analysis of dissolved Cr. It is
to be hoped that sufficient Cr will enter solution that the oxidation state can be
determined, perhaps spectroscopically, inasmuch as the color of Cr“” ion is dxstmctly
different from that of either chromate or dichromate ion.

B. Asimilar experiment, but at room temperature, using a rather stfong solution of hydrogen
peroxide. Bubbling air through the system is probably not desirable, as it may remove
oxygen as it breaks down from the peroxide.

C. Other similar experiments using strong oxidizing agents to enhance reaction rates.
Perhaps bubbling ozone through the solution at elevated temperature would produce a
mcasurable reaction.

D. It seems llkely that at sufﬁcxently low pH the oxidation to chromate will procecd
Accordingly, this could be tested, and, if chromate is produced, the rate could be
measured as a function of pH with the objective or projecting this to higher pHs of
interest for application to’ producnon of chromic acld under anticipated repository
conditions. -»

Options to accelerate the reaction (e.g., uitrasobnd. catalyst, CI" in solution) or concentrate the
reactant (geometry) may be required to obtain the required data in a reasonable time.
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Counter to the potential acid production is the likely continuing influx of J-13 water with its
associated alkalinity.

54.2 Restricted Access of Air with Alkali Glass Compositlon

If entry of air into the interior of the WP is severely restncted the evolutlon of the system would be
entirely different. Scoping calculations with EQ6 indicate that very high pH could be achieved (over
13) and very low oxidation potentials (Eh). These results are in keeping with simple static mass -
balance considerations. Under such circumstances Gd should be insoluble as Gd(OH); and Pu and
U as the dioxides. Thus, no nuclear criticality seems possible, masmuch as all three elements should
rermain in close proximity to each other

5.4.3 Unlilmted CO, and 0, with No Alkali in the Glass

This case rcsembles that descnbed in Section 5.4.1, except that the WF glass would have to be the
nominal La-borosilicate (not the ATS glass), and the filler would be some non-alkali glass instead
of the nominal DHLW filler glass. In this case the early large increase in pH, and consequent
accompanying increase in CO, absorption from the air to form bicarbonate, would be absent. This
would result in a less neutralizing effect for any acid produced by oxidation of Cr and Mo and,
therefore, a somewhat lower final pH. Modeling of this scenario, including only La-BS glass and
the metals, did not result in early attainment of high concentrations, but did predict acidic pH toward
the end of the run. There is a small initial increase in pH, by about 0.01 pH units, owing to the small
content of Sr in the glass. Because EQ6 does not implement a flow through option, this case had to
be modeled as a closed system. As a consequence, at pHs below about 5.2 the concentrations exceed
the limits of reliability as dichromate and molybdate increase in the solution. At this stage of
reaction progress the Gd concentration was predicted to have reached over 8000 ppm, but the Pu
concentration was only about 2E-05 ppm and U only about 2E-09 ppm. In other words all of the Gd
released from the waste, except for a very small proportion incorporated into Gd phosphate, would
be in solution. In reality the concentrations seem unlikely to get this high for the dichromate and Gd
because of the flushing action of infiltrating water. ‘In all other respects the chemistry for this case
parallels that described in more detail for unlimited access of CO, and O, and alkali glass. For this
case the use of figures C-1 through C-3 in Appendix C is appropriate since they still reprcsent
solubility conditions at low pH with adequate accuracy.:

544 Limited CO;and O, wnth No Alkali in the Glass

The mults dxscussed above and stralghtfonavard chemical consnderatlons make it clear that under
these conditions there will be no large increase in pH as a consequence of dissolution of WFs.
Moreover, in this case there will be insufficient O, to produce acids from Cr or Mo. Consequently,
the pH will never reach strongly acidic conditions. Instead the pH would remain essentially at its
initial value with perhaps a small increase in response to the dissolution of Sr from La-BS glass,
depletion of dissolved CO, and O,, etc. The depletion of the initial complement of O, will lead to
highly reducing conditions and immobilization of both Pu and U as the dioxides. The Gd will
remain insoluble in some form, such as GAOHCO,. An EQ6 run for this case produced results in
keeping with the expectations. These conditions are not conducive to producing a criticality.
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54.5 Composition of Solid Degradatioﬂ Products From Glass.

As discussed in Section 5.3.5, EQ6 was used to provide a representative composition for the
combined degraded DHLW glass and the Pu immobilization glass. The modeled solid product
mixture from EQG6 consists of nontronite, Ca-Mg carbonate, quartz, microcline, celadonite,
pyrolusite, nickel silicate, gaylussite (a Na-Ca carbonate), and minor amounts of other compounds,
as well as insoluble Gd, Pu, and U phases. These results are consistent with those expected, as
described in the preceding paragraph. Ca and Mg are shown to occur mostly in carbonates and
celadonite. Na appears in the nontronite, but much remains in solution. K is shown in nontronite,
microcline, and solution. Al and Si are constituents of nontronite, celadonite, microcline, and (Si
only) quartz. Fe is a major component of the nontronite, and Zr is insoluble as zircon. The modeling
for the maximum amount fracturing of the DHLW filler glass, namely, 100 times the surface area,
shows a rather large amount of borax, but, if it in fact does form, it is expected to dissolve as more
J-13 water infiltrates through the WP. For the expected amount of fracturing, 30 times the surface
area, borax does not form, because with the reduced surface area the release rate of sodium and
borate into the solution is less, until much more metal has corroded, thereby making the pH
substantially lower and changing other aspects of the chemistry. Nevertheless, the minerals formed
are nearly the same (similar compositions), although the compositions of the solid solutions differ
somewhat. Thus, the principal uncertainty lies in the distribution of the alkalis between solution and
solid. Accordingly, the modeled mixture of solids was assumed to be reasonably representative in
respect to the elemental content (as distinguished from the mix of minerals), except for the soluble
salt, borax. For criticality calculations the boron was conservatively assumed to have been removed.
At sufficiently low pH, the alkalis® and alkaline earths® in the silicate and carbonate minerals should
be leached out, but this modification to the composition was not made. It would have only minor
impact on the criticality calculations. :

The clemental components of the solids makmg up the degraded glass clayey material from the
EQ3/6 calculation are shown in Table 5.4. 5-1

Table 5.4.5-1. Elementa! Compone_nts of the Clayey Mass from Degraded Filler Glass
_and Pu Immobilization Glass

- Element Moles In Solid
H : 3.273E+1
C -8.935E-1
o ’ 6.808E+1
Na ' 3.821E+0
Mg : 5.954E-1
Al 1.689E+0
Si . 1.378E+1 -
K 1.249E+0
Ca ' 2.901E-1

3 The alkali metals include Li, Na, K, Rb, Cs, and Fr. The alkaline earth metals include Be, Mg, Ca, Sr, Ba, and Ra.
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Table 5.4.5-1. Elemental Components of the Clayey Mass from Degraded Filler Glass -
and Pu Immobilization Glass (Continued)

Element Moles In Solld
Mn ‘ ‘ 5.400E-1
Fe 3.746E+0
Cu 4.218E-2
r . 7.866E-3
© - Hf(2wt% 2Zr) : 8.123E-5
U . .+ 1.405E-1
! Pu . 2.967E-2

5.5 - CHEMICAL SCENARIOS FOR CERAMIC WASTE FORM DEGRADATION

Section 5.2 provides a physical description of the general ceramic degradation process. EQ6
calculations indicate that the chemical evolution of a system incorporating a ceramic WF instead of -
La-BS glass will again be dominated in early time frames by the DHLW filler glass degradation.
Thereafter, the pH would decrease ina very similar manner to that for the La-BS glass case, if Cr-
and Mo oxidize to form acids. :

55.1 Modelmg of Ceramic WF Degradation

Modeling for the ceramic WF used the recommended fracture factor of 30 for DHLW filler glass in
all cases. The ceramic was in one instance treated as if it were a homogeneous phase of constant
composition, analogous to a glass, and in other cases, one with a fracture factor of 10 and another 4
with 15,000, as a mixture of zirconolite, pyrochlore, Ba-hollandite, and Zr rich rutile. These
computer runs all hit the reliability limit as a consequence of the large releases of alkalis and borate
from the DHLW glass. Whereas the differences due to the various WFs are small they are sufficient
to make noticeable differences in the solubilities at this stage of reaction progress. These differences
appear to arise from the slight alkalinity caused by dissolution of La-BS compared to nearly none
by ceramic, silica dissolving from the glass, etc. This gives rise to small differences in the carbonate
concentration, which, because it is raised to third power in calculating the concentration of U species

- in this pH range, makes a large difference in the U solubility. For similar reasons GAQOHCO, appears
as one of the insoluble Gd phases for the glass model at this point, but not for the ceramic. However,
none of these makes any significant difference to criticality issues because all three elements are still
dominantly retained in the initial Pu WF while the pH is high.
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- The only important difference in respect to vcriticality is the rate of degradation of the WF. This is

much smaller than for glass with a fracture factor of 10. Interestingly, the release rate of Pu from
the WF, per WP, is still less for the ceramic by a factor of about 40 even for a fracture factor of
15,000. : '

5.5.2 Composition of Solid Degradation Products From Ceramic

In a somewhat similar manner as was used for the degradation of La-BS glass, a point in reaction
progress was chosen at about the stage at which all of the DHLW filler glass had degraded to obtain
a representative composition for solid products. In this case a local minimum of pH, 6.36, during
the evolution of the fluid composition was chosen, even though the solution concentration was too
high to provide reliable results for the composition of the water. The combination of solid products
was compatible with expectations for the same reasons as explained previously in Section 5.3.5. The

. proportions of the minerals and their compositions resemble those for the glass case, although they

differ in detail. Although slightly acid, no appreciable amount of alkalis had yet been leached from
the clays. ' ' ' '

The elemental components of the solids making up the clayey material from the EQ3/6 calculation
are shown in Table 5.5.2-1. As noted in Table 5.5.2-1, 2 wt% of the Zr is assumed to be Hf. Most
zircon minerals contain 1 to 5% Hf (Reference 27, p. B-19).

Table 5.5.2-1. Elemental Components of the Clayey Mass from Degraded Filler Glass
and Pu Immobilization Ceramic

Element Moles In Solld
H : 2.175E+1
c 1.152E-1
o} 7.572E+1
Na Lo 1.710E+0
Mg ‘ 4.964E-1
Al : \ 1.859E40
si " 1.210E+1
K : 1.088E+0
Ca ' 4,547E-1
Ti 2.064E+0
Cr - 8.051E-1
Mn 6.738E-1
Fe . ' 9.782E+0°
N ' 3.703E+0
Zr : 3.285E-1
Gd 1.189E-1
Hf (2 wt% Zr) 3.392E-3
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Table 5.5.2-1. Elemental Components of the Clayey Mass from Degraded Filler Glass
and Pu Immobilization Ceramic (Contmued)

Element Moles In Solid
U 1.701E-1
~ Pu 3.090E-1

56 FISSILE MATERIAL TRAPPED IN THE INVERT

25 and remaining undecayed quantities of *’Pu are released into solution from the degrading WFs. -
Most of the fissile material is precipitated immediately after release, but some remains‘in solution
and is flushed from the degraded WP. Eventually the precipitated fissile material will be re-
dissolved and flushed from the WP. Although the removal process could take more than one million
years, the accumulation of a critical mass by re-concentrating the fissile material in the invert from
the solution flowing (or dripping) from the WP is conceptually possible. Thus, the actual possibility
of criticalities must be evaluated. Fissile material could be trapped in the invert in several ways:
adsorption on or ion exchange into zeolitic materials present in the tuff and the degraded concrete,
precipitation due to a reduction in dissolved oxygen, adsorption onto corrosion products of carbon
steel, particularly iron oxy-hydroxide, or by take up in microbial species present on these materials.

Tuff contains a variety of zeolites, such as clinoptilolite, with the amount dependent upon its location
within the various rock strata. The repository horizon itself contains little zeolitic material.
However, large amounts exist between the repository horizon and the water table. These are largely
in vitric tuffs in which the glassy phase was converted to the zeolites clinoptilolite, heulandite, and
mordenite by hydrothermal reactions. Thus, the potential for adsorption onto tuff in the invert
depends on the source of the material. If it comes from the crushed (repository horizon) tuff, it will
be low in zeolites, but if it comes from material near the surface, such as the Calico Hills member,
it will be high in zeolites. The limited available data on U sorption on zeolitic materials was recently
summarized in LANL report (Reference 21). For zeolitic tuffs, sorption coefficients determined in
laboratory studies are near zero at pH of 9, but increase as pH decreases to about 6. Experimental
in situ work (Reference 41) has shown that the adsorption of U of up to 1 weight percent, from
U-bearing groundwater, onto zeolitic material is possible in the range of pH from about 4 to 8.5,
based on the heulandite-clinoptilolite group as the active zeolite. In the time frame required to
accumulate kilograms of fissile material any *°Pu adsorbed would likely be decayed to 2*U and *°Pu
is less likely to adsorb to zeolites than 2°U.

An important source of zeolites is the concrete which may degrade to form zeolites directly, along
with hydrogarnet, or by its interaction with the glass dissolution products which have been flushed
from the WP by the modified J-13 water. One simulation case was run using EQ3/6 with J-13 at pH
12 with gibbsite, diaspore, and many of the calcium silicate hydrates in cement; this computation
showed that zeolites may form stably under these conditions. In addition, zeolitic cements can be
produced from conventional cement by the addition of alkali and fly ash, a source of alumina and
silica. A list of potential calcium-rich zeolitic minerals that could form as a result of these reactions
is given in Table 5.6-1. Sodium-rich zeolites are also possible.
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Another possible mechanism leading to UO, precipitation in the invert could be the reduction in the
amount of dissolved oxygen. This less oxidizing environment could cause the U to be reduced from
the hexavalent to the quadrivalent state, and subsequently precipitate. However, this requires a
dramatic decrease in oxygen content. Since it is anticipated that the oxygen content outside of the
package will be more rather than less oxidizing due to the additional free surfaces, this will not likely
lead to U precipitation. (See Section 3.1.2.) In contrast with U, the Pu in solution will simply
precipitate as soon as it can, so there is more likelihood of precipitation of Pu in the WP before it can
reach the invert. The colloidal Pu concentration, which is likely to be much greater than the Pu
which is truly in solution, would likely be trapped in the clayey phase and not leave the WPs prior
to conversion to U. Thus, this mechanism is not expected to lead to the precipitation of fissile
material in the invert.

Conflicting data are available in the literature regarding the adsorption of U onto pure iron-
containing mineral phases such goethite (iron oxy-hydroxide) and hematite (iron oxide)
(Reference 21). One set of data indicates that the corrosion products readily adsorb U while the
other does not. Thus, the corrosion products, which will fall onto and become part of the invert,
could potentially adsorb U present in the effluent water from the WPs. However, the presence of
iron will reduce the potential for a criticality. In addition, microbial action can lead to the formation
of complexes that can adsorb radionuclides. Adsorption has been demonstrated for heavy metals,
but little work has been conducted with radionuclides. Further work is needed in order to include
these mechanisms in the criticality calculations. Thus, it is currently assumed that the adsorption
onto zeolites, formed from concrete degradation or reaction, is the most likely mechanism for the
presence of fissile material in the invert.

Table 5.6-1 Representative List of Calcium-Rich Zeolites Which Could Result from Concrete Degradation

Zeolite Name Zeolite Formula
Epistilbite CaA1,8i,0,, * 5(H,0)
Chabazite CaA1,81,0,, * 5(H,0)
Dachlardite (Ca, Na,, K;)gA110S15;04s - 25(H,0)
Gismondine CaA1,81,0, - 4(H,0)
Heutandite* (Na, Ca), jA14(Al, S1),5i,;0, - 12(H,0)
Laumeontite CaA1,5,0,, - 4(H,0)
Clinoptilolite* (Na, K, Ca), Al (Al, SI1),Si;30, - 12(H,0)
Cowlesite CaALSI0,, « 5-6(H,0)
Garronite Na,Ca,Al,,Si,,0,, - 27(H,0)
Levyne (CaNa,,K,),ALSi, 0, - 18(H,0)
Mordenite (Ca, Na,,K,)AlL,Si,,0,, - 7(H,0)
Scolecite CaAlSi;0,, - 3(H,0)
Stellerite CaALSi,0,, - 7(H;0)
Stilbite | NaCa,Al,8i,40,, - 14H,0)
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Table 5.6-1 Representative Lisi of Calcium-Rich Zeolites Which Could Result from Concrete Degradation

(Continued)
Svetlozarite ‘ (Ca, K,, Na,)ALSI, ;0,4 * 6(H.0)
Thomsonite , NaCaALSi,0, - 6(H0)
Wairakite o . CaAl,SI,0,, - 2(H,0)
Yugawaralte CaALS},0,s * 4H,0)

* Same formula, but slightly different structures, and usually different ratios among Na, K, Ca.
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6. REPRESENTATIVE WASTE FORM DEGRADATION CONFIGURATIONS

The final configurations described in this section are representative of the range of potential
criticalities which can occur. Section 6.1 discusses the degraded configurations to be further
evaluated for the glass WF, and Section 6.2 provides the same discussion for the ceramic WF.

6.1 TYPICAL CONFIGURATIONS FROM GLASS WASTE FORM DEGRADATION

‘The WF degradation scenarios discussed in Section 5.1 identified two classes of configurations of
_ the degraded glass WF which must be evaluated for criticality. These configurations are:

¢ The degraded WF slumped into a mass of clayey material forming a hemicylinder at the
bottom of the WP (internal criticality)

¢ The accumulation of fissile material in the invert (external, near-field criticality).

Section 6.1.1 and 6.1.2 will provide further detail on the typical variations of above two classes of
configurations. These configurations are modeled and analyzed using MCNP4A as discussed in
Section 7. Section 6.1.3 will provide details of scenarios which do not lead to credible critical
configurations.

The scenarios leading to these configurations are discussed in Section 5.4 and the input data applied
to the scenarios is provided in Section 4. .

6.1.1 Altered WF Slumped to Bottom of WP

As discussed in Section 5.1, degradation of both the DHLW glass and the Pu immobilization glass
WF by water, occurs in two general stages: formation of a "gel-like" alteration layer at the degrading
glass surface, followed by reprecipitation of clays and minerals both near the initial alteration point
and elsewhere within the package. The majority of the DHLW glass would be expected to have
degraded prior to the degradation of the Pu glass because it is exposed first and has a degradation
rate that is potentially an order of magnitude higher (Section 4.1) than that of the Pu glass.

During the period that the WF is degrading, insoluble fissile isotopes will precipitate into the clayey
-material. If the Gd is also insoluble, it will precipitate into the clayey material together with the :
fissile isotopes and prevent criticality. However, during the period of stainless steel corrosion, the
pH may be lowered sufficiently that Gd is relatively soluble as shown in Sections 5.3 and 5.4. Under -
these conditions the Gd will not accumulate in the clayey material. For this reason, the clayey -

material is considered the most likely location for a criticality within the waste package. The -
criticality calculations are based on 2 uniform distribution of neutronically significant species (U,
Pu, Gd) within the clay, according to amounts determined as a function of time from the mass
balance calculations described in Section 3.2.1. Figure 6.1.1-1 shows the physical geometry used
for the criticality calculations, which encompasses a range of concentrations of the neutronically
significant species, as described in Section 7.1. Figure 6.1.1-1 does not show any undegraded WF
as a distinct entity; the alternatives for the location of this material are described in subsections
6.1.1.1 and 6.1.1.2. : o w — ’
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Water

WP Barriers

Water

Clay

Figure 8.1.1-1. WP Model for Homogenized Clayey Material Slumped to Bottom ’

A representative composition of the elements in the clayey solids is determined by the mineral -

species remaining at the end of typical EQ3/6 runs modeling the chemical reaction over time of the - -
glass with water and the other components in the WP (particularly the steel of the canisters and
cans). These runs are described in Section 5.4. This clayéy composition is assumed to be
representative of the range which could occur under credible degradation scenarios. The elemental
components of the solids making up the clay are shown in Table 5.4.5-1. Typically, a clay would
have a density of approximately 2.3 g/cm’ (Reference 25) and this value is assumed appropnate for
the degraded glass clayey material. : '

Although the DHLW glass contains a sxgmﬁcant amount of depleted U, it degrades much faster than
the Pu glass and an indeterminate fraction is transported outside the WP before significant amounts
of U are released from the Pu glass. EQ3/6 cannot differentiate between isotopes or original sources
for elements and, therefore, cannot distinguish the fraction of U that is 2°U or #*U. For this reason,
the depleted U is not included in the clayey composmon _

The height of the cylmder segment of homogemzed clayey material will depend on the amount of
clay remaining and the amount of water trapped in the clay. Because material has been transported
into and out of the WP, the actual volume of clay remaining is unknown. - For this evaluation, it was -
assumed that the volume of the clay is equivalent to that displaced by the original four glass pour
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canisters within the WP. Clays contain water in two forms: a fixed amount of hydrogen (bound as
H,0 or OH) and a variable amount of free water. The bound H for the degraded glass clayey
material has the same atom density as H in 33.7 volume percent free water and is already represented
in Table 5.4.5-1. The volume fraction of free water in the clayey material is dependent on many
conditions and, therefore, is variable. '

Several less likely variations of the final configuration are also considered. These are concentration
of all Py, U, and Gd in the top of the clay; concentration of all Pu, U, and Gd in the bottom of the
clay; and concentration of all Pu, U, and Gd at one end of the WP. The first variation could
conceivably occur if a large amount of the DHLW glass were to degrade and slump to, or precipitate
at, the bottom of the WP before the structure of the pour canisters have collapsed. When collapse
of the pour canisters does occur, this will leave the Pu glass canisters and any non-slumped DHLW
glass clay, on top of the clayey material. This would result in a final configuration with an upper
layer of Pu/U/Gd bearing clay and a bottom layer of clay containing little or no Pu/U/Gd. Figure
6.1.1-2 shows the stratified clay layers for these configurations. The latter two cases appear less
likely as they would require a mechanism for physically shifting the degrading Pu glass canisters to
one end of the package after the DHLW glass clay has slumped, or cause them to settle to the bottom
of a high water fraction DHLW glass clay. Tilting of the package due to a support failure could
cause the cans to shift to one end of the package, but the clay would also be shifted. Settling of the
Pu glass canisters to the bottom of the clay could result while they are still relatively intact in high
water fraction clay, or as a result of shaking during a seismic event. However, this would make it
difficult to remove the Gd as it would be trapped under a protective layer of non-Pu/U/Gd clayey
material. Stratification of the heavier clayey components from the lighter ones once complete
alteration of both glasses has occurred is not supported by natural analogs. A scenario involving
flushing of a large fraction of the clay components by flowing water, leaving a reduced volume of
clayey material with concentrated Pu/U/Gd would result in a similar configuration. A flushed clay
scenario is unlikely since the bulk of the clayey materials is relatively unreactive. The geometries
for concentration of Pu/U/Gd in a bottom layer of the clay are identical to those shown in Figure
6.1.1-2, except that the concentration occurs in the bottom layer. Figure 6.1.1-3 shows the geometry -
modeled with all of the Pu/U/Gd clayey material in one half of the package.-

6.1.1.1 Undissolved WF separated from the clayey material

It is most conservative to assume that the undissolved WF remains outside the clayey material.
[Note that the term "undissolved" is used rather than "undegraded” to reflect the fact that the WF can
degrade to the extent of fragmenting while still retaining its initial chemical composition so that the
Gd is not separated from the fissile isotopes.] Detailed modeling of the physical degradation process
is beyond the scope of this study, so this conservative assumption is taken as the nominal case and
serves as the basis for most of the calculations in Section 7.

6.1.1.2 Undissolved WF distributed uniformly within the clayey material

It is likely that much of the WF will fragment before it dissolves. Under such circumstances a
significant fraction of the fragments could be distributed in the clayey material where they would
ultimately dissolve at a later time. The extreme manifestation of this process is to have all the
undissolved WF fragments uniformly distributed throughout the clayey mass. In this case, the clay
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Pu/U/Gd Clay

Figure 6.1.1-2. WP Model for Concentration of all PwU/Gd in Top Layer of Clay

Outer Barrier

Pw/U/Gd Clay

i

Figure 6.1.1-3. WP Model for Concentration of PwU/Gd on One End of WP
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mass depicted in Figure 6.1.1-1 would contain the chemical components of all the undissolved WF
in addition to the clay elements and the neutronically significant species (U, Pu, and Gd) precipitated
after being released from the already dissolved WF. The amourit of undissolved WF components
and neutronically significant species in the clay will, obviously, vary during the time when the WF
is dissolving. This variation is determined from the mass balance equations given in Section 3.2.1.

6.1.2 Invert Accumulation

Fissile and neutron absorber material which has been flushed out of the degraded WP must pass
through the invert material. As discussed in Section 5.6, the invert material will likely be a mixture
of wff and degraded concrete, as well as degradation products of the WP, particularly the carbon
steel outer container. Fissile material could be trapped in the invert in several ways: adsorption on
zeolitic materials present in the tuff and the degraded concrete, precipitation due to a change in
dissolved oxygen, adsorption onto corrosion products of carbon steel (particularly iron oxy-
hydroxide), or by take up in microbial species present on these materials. The U could then
concentrate in this mixture at some level dcpendmg on the amount that could potentnally be adsorbed
on these materials. ‘ ‘ :

The analysis in Section 5.6 indicated that the most likely mechanism for fissile material
accumulation in the invert will be from adsorption and ion exchange with calcium-rich zeolites like
those listed in Table 5.6-1. A representative configuration which could result involves concrete
degradation to a representative calcium-rich zeolite, chabazite CaAl,Si,0,,°6(H,0), and its base
aggregate. The aggregate is assumed to be crushed, welded tuff (no zeolite) from the repository with
a porosity of 0.139 (Reference 39 p.7-11, Reference 40, p. 16). Chabazite, CaAl,Si,0,,°6(H,0), is
a representative calcium-rich zeolite with a high hydrate content which could form from the reaction-
of the glass reaction products present in effluent water and the degraded concrete as discussed in
Section 5.6. Chabazite will be assumed to represent the mix of zeolites which might be present in
the invert. The chabazite (or similar zeolite) could adsorb up to 1 weight percent U based on the
results from laboratory experiments (Reference 41). The invert has a cylinder segment geometry
similar to the clayey material configuration inside the WP, and the accumulanon of U would likely
conform to roughly this geometry. ,

Othcr mechanisms such as the adsorption onto existing zeolitic matcnal in the wff invert and the
precipitation of U as a result of reduction in dissolved oxygen were not considered likely or have
lower accumulation concentrations. The adsorption onto steel corrosion products and the
interactions with microbes may be possible, but it will be necessary to obtain data and/or models for
these processes before these mechanisms can be evaluated.

6.1.3 Other Configurations

Two other configurations discussed in Section 5.1 will not be further considered as part of this
analysis: fissile precipitation on container walls, and degraded forms in configurations similar to the
initial configuration. The latter is considered similar to the initial WF configuration previously
evaluated in Reference 2 and need not be further evaluated as a degraded WF from a criticality
standpoint. As discussed previously in Section 3.1.2, the criticality potential of the former
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configuratxon is limited by the low thickness of the precipitate (high leakage geometries) and the
potential for re-dissolution. Thus it will not be further considered.

6.2 TYPICAL CONFIGURATIONS FROM CERAMIC WASTE FORM DEGRADATION :
The configurations that could lead tov a potential criticality for the ceramic WFs include the slumped
to bottom case, for internal criticality, and invert accumulation for external criticality. Other
conﬁgurations are possible, but these are unlikely to lead to significant potential for criticality.
6.2.1 Slumped to Bottom

If the altered WF dlsmtegrates complctely asa mult of metamictization, the resulting mass will

slump (collapse) to the bottom of the WP onto any remaining clayey material and silicates. This '

material could presenta cntxcahty concern if the Gd is removed as a result of the decrease in pH of
thc system : '

The model for the homogemzed clayey matena] that could slump to the bottom was shown in
Figure 6.1.1.-1. The configuration for the ceramic is assumed to be that described for the Pu glass
and the generation scenario is also assumed to be the same. The majority of the DHLW glass would -
be expected to have degraded prior to the degradation of the ceramic material due to the fact that it
is exposed first and has a degradation rate significantly higher than that of the Pu ceramic material.
The DHLW glass will have degraded into clayey material and other minerals which have slumped
to the bottom of the package, along with any remaining pieces of the DHLW glass canisters and the
degraded ceramic canisters and WFs. It has been assumed that the ceramic material at this point in
time will have undergone considerable metamictization and disintegrated into small particles which
are dispersed into the clayey material. Both the bulk, early in time, and the particulate ceramic
material, later in time, will be slowly dissolving. The Pu, U and Gd released into solution will either
precipitate as other mineral phases or remain in solution, depending on the system pH and chemistry. -
These mineral phases will precipitate back onto the particles or onto the clayey material. The
composition of the clayey material was defined in Section 5.5.2 and listed in Table 5.5.2-1. The
clayey material has density of 3.0 g/cm® which is calculated as the mass ratio of the clemental
components from Table 5.5.2-1 to those in Table 5.4.5-1 times the density used for the degraded
glass clayey material (2.3 g/cm®). The geometry of the dispersion of thc ceramic WF into the claycy
material would be smnlar to that shown in Flgure 6.1.1-1. .

Several less hkcly variations of the final configuration were discussed in Sectxon 6.1.1. These .
variations were not analyzed for the ceramic case since the volume of the clayey materials will be
lower and the amount of contained water will be considerably less than that for glass, reducing the
effect on k., of these variations.

6. 2.2 Invert Accumulation

The accumulatxon of fissile material outside the WP is &sscntla.lly independent of the original WF,
with only the time range of the accumulation being affected. Therefore, the discussion in Section
6.1.2 is equally applicable to the degraded ceramic WF.
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6.2.3 Other Configurations

Other configurations for internal criticalities which are possible include precipitation on the walls,
and slow dissolution of the ceramic in a degraded but initial shape. The amount of material that
could precipitate and collect on the walls has been calculated to be very small and would not result
in a critical state. Slow dissolution of an altered WF which retains its shape, even though its has
transformed to a metamict state, would result in both the fissile and neutron absorber materials being
slowly flushed from the system. Thus, this configuration does not present a criticality concern.
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7. CRITICALITY CALCULATIONS (K.

The criticality potential of Pu immobilized in glass and ceramic for intact configurations has been
previously analyzed (Reference 2). It was shown that as long as the neutron absorbing species (Gd)
remains with the fissile species (U, Pu), a criticality is not possible (even with the presence of an
optimum amount of water to serve as moderator). Some simple generic configurations resulting
from the degradation of the glass and ceramic WFs were also analyzed. Criticality of these degraded
WFs was shown to require both significant separation of the absorber material from fissile material
and significant intermixing with moderator material (water).

This study has extended the initial analyses to evaluate the variety of configurations represented by
the material compositions and geometries identified in Sections 4 and 6. The criticality potential of :
a variety of compositions (of the principal neutronically significant species) in degraded

. configurations within a WP was evaluated by calculating the effective multiplication factor, k.,

using the Monte-Carlo neutron transport code, MCNP4A. The criticality potential of accumulations
of #5U transported outside the WP into the invert was also evaluated. A multi-variate regression fit
was then made to the data for configurations inside the WP to predict k. as a function of Pu, U, and
Gd mass. The regression equations are programmed into the mass balance program (described in
Section 3.2.1 and listed in Appendix B) and are used to determine when sufficient fissile material
has been separated from the Gd, or intact WF for k., thresholds to have been reached.

This general methodology is described further in Seéﬁons 7.1 and 7.2. A summary of the coupled
mass balance/criticality results is given in Section 7.3. Section 7.4 gives comparisons of four Pu
canisters per WP versus one Pu canister per WP and can-m-can glass versus can-in-can ceramic.

7.1 BASIC CALCULATIONS WITH MCNP

The calculations described in this section are performed to indicate the minimum amount of Gd'
required to keep the k., below thresholds of 0.98 and 0.93 for combinations of different *°Pu and
25U masses covering the credible range from the degraded WFs inside the WP. In addition,
calculations to determine the minimum mass of #*U which must be accumulated in the invert to
exceed these same thresholds are performcd : :

7.1.1 Clayey Conﬁguration from Degradauon of DHLW Glass and Pu
Immobilization Glass |

Based on the scenario and conﬁgurat:on analyscs descnbed in Sectlons 5.1 and 6.1, the primary
criticality analysis is focused on a clayey material containing the fissile species dissolved from the
glass and (possibly) some of the Gd dissolved from the glass in a cylinder segment (hemicylinder)
geometry. The cylinder segment represents an accumulation of material in the WP shell and is
similar to a hemicylinder but is more than 50% of the WP volume. Figure 6.1.1-1 shows a typical
cross-sectional view of the model configuration. The inner dimensions of a degraded WP are
approximated in the model inner radius of the shell as 78.25 cm and the inner length as 304 cm.
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A representative composition of the elements in the clayey solids is determined by the mineral
species remaining at the end of typical EQ3/6 runs modeling the chemical reaction over time of the
glass with water and the other components in the WP (particularly the steel of the canisters and
cans). These runs are described in Section 5.3.5. This clayey composition is assumed to be
representative of the range which could occur under credible degradation scenarios as discussed in
Section 6.1.1." The elemental components of the solids making up the clay are shown in
Table 5.4.5-1 and the unneralslcompounds composing the solids are discussed in Section 5.4.5.

DI-lLW glass contains a significant amount of depleted U. However, DHLW glass degrades much
faster than the Pu glass so a significant fraction may be transported outside the WP during a period
of alkalinity before significant amounts of U are released from the Pu glass. EQ3/6 cannot
differentiate between isotopes or original sources for elements. For this reason, no depleted U is
included in the base calculations. However, there is an estimate of the sensitivity of k,,, to include
various amounts of Z*U in the clayey mixture as discussed in Section 7.5.4.

Clays contam water in two forms: a fixed amount of hydrogen (bound as -HzO or OH) and a variable
amount of free water. The bound H for the degraded glass clayey material has the same atom density
as Hin 33.7 volume percent free water. The volume fraction of free water in the clayey material is
unknown and is varied to find the highest k ; value for Gd, U, and Pu mass combinations. The H-
in water or in the clayey compounds moderates (slows down) the neutrons from fission so that they
can more effectively be absorbed to cause fissions. As the neutrons are moderated, they can also be
more effectively absorbed by materials that don’t fission. An optimum amount of H can be found'
which maximizes the ratio of fissions to absorptions (optimum moderatmn)

A number of Pu and ®*U mass combinations covering the credible range from the degraded WFs
inside the WP were identified based on preliminary mass balance calculations. The free water
fraction and the Gd mass for these #°Pu and *U combinations were varied to find the maximum
amount of Gd required to meet the k., threshold values of 0.93 and 0.98. For all of the *°Pu and U
mass combinations the highest required mass of Gd was found at zero water fraction (no free water
but including all the H in bound water). Furthermore, it was found that, generally, the ®°Pu was
~ worth significantly more in k., than the equivalent mass of 25U because of the 2**Pu resonance
neutron absorption (with subsequent fission) centered at approximately 0.25 eV. This resonance -
becomes very important in the presence of Gd because the high thermal absorption of Gd leads to
a skewed neutron energy distribution with a reduced neutron flux in the thermal region and relatively
high flux in the higher energy regions which expose the neutrons to the #°Pu resonance. In the
absence of Gd, the °Pu is still worth more (in terms of kd,) than 23’U but the difference in worth
is not nearly so significant.

To establish the methodology for identifying accumulations of material where criticality could occur -
(screening configurations), calculations were performed for various amounts of Gd to provide cases
with kq values ranging from 0.9 to 1.0 for given combinations of 25U and ®°Pu. Details of these
cases are shown in Appendix G and a dtscussxon of cntxcahty k) thresholds is given in
Section 3.1.4.
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The discussion of clay composmon used for input to the MCNP calculations can be summanzed as
follows: A

A. The static (time independent) components of the clay are those given in Table 5.4.5-1;
: except for U and Pu, these components reflect contributions from both the filler glass and
the WF glass, as filtered through EQ3/6, which reflects their individual solubilities.

‘B. The concentrations of U and Pu are determined as a function of time from the dynamic
mass balance equations, reflecting only the fractions of those elements that have been
released by WF dissolution up to the time of calculation. These mass balance equations

- utilize solubilities determined by analyses using EQ3/6 and the appropriate
thermodynamic equilibrium coefficients. The concentratxon of Gd is varied to provide
a distribution of resulting k . values.

C. The specific set of U, Pu, and Gd concentrations actually used in MCNP calculations are
taken to be representative of the range of values determined by the mass balance
equatnons for times up to 100,000 years. o

D. This nommal case is equxvalent to assuming, With respect to U, Pu, and Gd, that the
undissolved WF is outside the clay. This is the conﬁguratxon described in Section
6.1.1.1.

The nominal configuration described in the previous paragraph is the extreme conservative case, in
which none of the Gd remaining in the undissolved WF is available for criticality control. The
opposite extreme is for all the undissolved WF to be uniformly distributed throughout the clay, so
that the remaining undissolved Gd can have the maximum criticality control effect. Since this
configuration represents the extreme of non-conservatism with respect to the parameter of Gd
concentration in the potentially critical mass (the clay), it has not been used as the nominal
configuration. Criticality calculations have, however, been made for this configuration, and it was
found that the general conclusions of the study were not affected. Although the criticality potential
was reduced by comparison with the nominal configuration, it still remains significant. The
companson of results for these two opposnte conﬁguranons is given in section 7.3.3

7.1.2 Clayey Confi guration from Degradation of DHLW Glass and Pu Immobilization
Ceramic

Because the major component of both a waste glass and waste ceramic is the DHLW filler glass, the
examination of the degradation process into a clayey configuration will be similar for the two WFs,
and this discussion will be similar to that in Section 7.1.1.

A representative composition of the clayey solids for the degraded DHLW glass/ceramic is taken
from an EQ3/6 run modeling the chemical reaction over time of the DHLW glass and Pu
immobilization ceramic with water and the other components in the WP. As with the glass WF,, this
clayey composition is assumed to be representative of the range which could occur under credible
degradation scenarios as discussed in Section 6.2.1. This clayey composition would also represent
chunks of partly degraded ceramic in a glass clay. The elemental components of the solids making
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up the clayey material are shown in Table 5.5.2-1. As noted in Table 5.5.2-1, 2 wt% of the Zr is
assumed to be Hf. The effect of varying the wt% of Hf is discussed in Section 7.5.5.

It should be noted that, with both the glass and ceramic WFs, most of the clayey material comes from
the filler glass which is essentially the same for both cases. There are however differences in clayey
composition due to the quite different chemical compositions of the WFs and the much longer time
to degradation for the ceramic WF. The most important of these differences neutronically is the
much higher Hf (a major neutron absorber) concentration due to the greater zirconium concentration
in the ceramic WF. These different WFs also result in somewhat different mineral inventories for
the clayey mass as output by the EQ3/6 runs. Of these ancillary differences, the one of greatest
importance is the lower water of hydration in the clayey mass from the ceramic WF: equivalent of
20.7 volume percent water as contrasted with 33% for glass. This difference in water of hydration
is manifested by the lower H amount in Table 5.5.2-1 as compared with Table 5.4.5-1.

A number of ®Pu and ®*U mass combinations were run for the glass WF. For combinations of **Pu
and U requiring more than about 2.5 kg Gd to fall below a k.o of 0.98, the highest value of k 4 was
found at zero water fraction (no free water but including bound H). For combination of 2°Pu and
B5U requiring less than about 2.5 kg Gd, the highest value of k., was found at 0.10 or greater water
fraction. Because of the approximately 0.25 ev resonance in the ZPu fission cross-section, the 2°Pu
was worth significantly more than the equivalent mass of #°U in the presence of Gd. In the absence
of Gd, the 2°Pu i still worth more than U, but the difference in worth is not nearly so significant.
Note that the degraded ceramic waste clayey composition contains only about two-thirds of the H
as the degraded glass waste clayey composition. The lower water fraction, coupled with the Hf from
the ceramic (with lower required mass of Gd), cause the peaking at a higher free-water fraction than
the correspondmg degraded glass cases.

Just as for the glass WF, calculat:ons were performed for various amounts of Gd to provide cases
with k., values ranging from 0.9 to 1.0 for gnven combinations of 235U and 23"Pu Details of thcse
cases are shown in Appendlx G. :

This discussion of clay composmon can be summarized in the same manner as was done for the
glass WF in the last two paragraphs of Section 7.1.1, except that the WF is now ceramic, and the
static compositions are found in Table 5.5. 2-1 which, unlike Table 5.4.5-1, also contains a typical
value for Gd.

7.1.3 Accumulations of 2*U Outside the WP In or On the Invert

Scenarios for accumulating fissile material outside the WP in or on the invert are discussed in
Section 5.6. The accumulation of fissile material outside the WP is essentially independent of the
original WF, with only the time range of the accumulation being affected. No credible mechanism
for precipitating U compounds out of solution was identified in the geochemical analysis discussed -
in Section 6.1.3 and 6.2.3. Adsorption by zeolites in the tuff or ferrous oxides is possible but is
limited to relatively low concentrations. In the time frame required to accumulate kilograms of
fissile material any 2°Pu adsorbed would likely be decayed to ®°U. Therefore, this analysis focuses -
on accumulations of ?*U alone. Since the fractions of absorbers transported from the WP is
uncertain and variable with conditions (pH), no credit for absorbers or other material from the WP
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is taken in this analysis. The results in this section are equally apphcable for either the glass or
ceramic Pu immobilization WFs

As discussed in Section 6.1.2, the concrete has been assumed to degrade to a representative calcium-
rich zeolite, chabazite CaAlSi,0,,°6H,0, and its base aggregate as discussed in Section 6.1.2. The
aggregate is assumed to be crushed, welded tuff from the repository with a porosity of 0.139 (0.10
volume fraction filled with water). The chabazite is assumed to adsorb approximately 1 weight
percent U based on the results from laboratory experiments (Reference 41). In the model the invert
depth is 0.75 m and the drift is 5.5 m which is consistent with current scoping designs. Calculations
were performed for a cylinder segment geometry similar to the clayey configuration in the WP. The
length of the accurnulation was varied as well as the hydrogen content (100%, 90%, and 80%) to find
optimum moderation. The chabazite has the highest water fraction of a group of calcium-rich -
zeolites and the 0.10 volume fraction filling by water of the aggregate porosity is high, therefore
justifying the investigation of the effect of reduction in hydrogen content to cover other
compositions. The lengths run are 150 cm, 300 cm, and infinity. The 150 cm length and 300 cm
length correspond to roughly 25 kg and 50 kg of *°U, respectively. The results of the calculations
are shown in Table 7.1.3-1. Note that none of the cases exceed the 0.98 criticality threshold. The
90% of base hydrogen loading cases are closest to optimum moderation (k. peak) and do exceed
a 0.93 criticality threshold for about 204 cm or 34kg (mtexpolatmg) of 25U.

Table 7.1 3-1 Aocumulatlons of 1 wt% #*U in Chabazite (40%) and Aggregate (60%) from Degraded
Concrete in a 75 cm Deep Cylinder Segment ‘

Hydrogen Fraction In o '

Chabazite/Aggregate 150 cm/ 25 kg 5 300 cm /50 kg *=U = length
100% H 0.9178 + .0020 0.9459 + .0018 0.9544 + .0019
90% H i ©0.9201 £.0023 0.9469 £ .0043 0.9616 + .0023
80% H ‘ - S . ' 1 0.9589 x.0026

72 MULTI-VARIATE REGRESSIONS FOR DEGRADED GLASS AND CERAMIC
WASTE FORMS

Using the results of the MCNP4A runs discussed in Sections 7.1.1 and 7.1.2, multi-variate
regressions were developed for both the degraded glass and ceramic WFs. This will allow k., to be
computed as a function of the mass (in kg) of Pu, U, and Gd in the hemicylinder of clayey material.

For each WF, multiple regressnons were required to generate a good fit to the wide range of Pu, U
and Gd contents. These regressions are only applicable for predicting Pu/U/Gd combinations which
yield k values from 0.9 to 1.0, as the majority of the MCNP4A data (given in Attachment G) was
within this range. In most cases, a linear regression in the form of '

kg = ¢ +c,PurcU+rc Gd D
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was sufficicnt to provide a good fit to the MCNP4A data. For larger amounts of Pu and U in the -
clayey material, the amounts of Gd required to produce k., values in the above range became non-
linear, and the following equation provided a better fit than Equation 1:

keﬂ, = ¢ +c'2Pu+c3U+c4ln(Gd) ' ‘('2)' ,

For each WF, Table 7. 2-1 provxdes the constants for Equatxons lor2 (as applicable), their ranges
of applicability, and the R? value indicating the goodness-of-ﬁt

Table 7.2-1. Coefficients for Glass and Ceramlc WF Regressmns

Waste Form | Eq. | Applicable Rango S & ' ) :é. Rt
Glass 9 'Gd=0kg 053431 | 001514 | 0.00819 0 0.991
Glass 1 | okg<Gdsikg | 072902 | 0.00803 | 000397 | -0.26981 | 0.953
Glass 1 1kg < Gd < 4kg 072562 | 0.00532 | 000233 | -0.09609 | 0.945
Glass 2 Gd2:4kg 0.82278 | 000342 | 0.00146 | -0.17762 | 0.984
Ceramic 1 Gds02ky | 044828 | 001012 | 000483 | -0.36997 | 0978
Ceramic 1 | 02kg<Gds<i1kg | 062516 | 000858 | 000301 | -0.17972 | 0.981
Ceramic 1 | 1kg<Gd<25kg | 067725 | 000478 | 000205 | -0.08524 | o978
Ceramic 2 |  ad>25kg 075870 | 0.00208 | 0.00135 | -0.11954 | 0.981

All of the above regressions were performed in Microsoft Excel version 5.0 spreadsheets, the results
from which are provided in Appendix G. Since the percentage of water in the clayey material was
not to be considered in the mass-balance the above regressions utilized the water fractions which
yielded the peak k_, values for conservatism. As discussed in Sections 7.1.1 and 7.1.2, this peak was
at the zero water fraction for most cases, with the exception being Gd < 2.5 kg in the ceramic cases,
for which a water fraction of 0.1, or greater, yxcldcd the highest k., values,

7.3 COUPLED MASS BALANCE/CRITICALITY EVALUATIONS AND RESULTS

The mass balance equations of Sectlon 3.2.1 were used to compute thc amounts of Pu, U, and Gd
in the clayey precipitate as a function of time, using the three programs listed in Appcndlx B. These
programs incorporate the formula for Gd solubility from 5.3.4, and the regression for k.4 as a
function of Pu, U, and Gd concentration for both glass and ceramic WFs, as developed in
Section 7.2. The first two of the programs in Appendix B reflect the two modes of analysis:

* Screening for the values of Pu, U, and Gd concentration in the claycy material at which a
criticality first occurs (pugdcr.c)

 Listing the time history of k.4 (pugdkeff.c).
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The initial WF dissolution rate is reduced with time so that it is proportional to the remaining WF
surface area, which is assumed to be proportional to the 2/3 power of the remaining WF mass. The
third program (critload.c) is used to search for the limiting values of dissolution rate multiplied by
fracture factor, referred to as the dissolution product factor (DPF), particularly as a funcuon of Pu
loading, as described in Section 7.4.1.

The oxidized Cr, which is responsible for the acidification of the solution in the WP, is assumed to
come from corrosion of the stainless steel only (canister and WF containing cans). Since the
stainless steel is mostly in sheet form, the surface area, and consequently the dissolution rate, is
constant until most of the steel has degraded, so in this approximation the dissolution rate has been
left constant. The basic input parameters for these analyses are in the ranges listed in Table 7.3-1.

Table 7.3-1. Summary of Input Parameters for Criticality Evaluations

. Parameter S High value Low value
pH® L ' b 75 ‘ , 55
Gd solubility (ppm)® S - 3000 0.02
Pu solubility (ppm)® 6x10° 1
U solubility (ppm)™® 1 , . A 20 ‘ 1
Glass WF DPF (g/m%/day)™ IR 20x10° 5x10°
Ceramic WF DPF (g/m¥/day)® = ’ : 20x10° 5x10°
Stainless Steel corrosion rate (pm/1000yr)® 0.15 0.05
Infiltration rate (mmlyr)“’ 10 0.1

- This limited range is appropriate after the dissolution of most of the filler glass. when the released alkali ions have

been removed by from the WP by flushing.

@ The high value of Gd solubllity is determined by the formula In Section 5.3.4; the low value is taken from the pH=7.5
value in Table C-4. Note that the high value of Gd solubllity corresponds to the low value of pH, and vice-versa.

®  These ranges fall within the larger range of possibilities gwen in Table 4.2-1.

“  These are typical of the mid-range of the products of the dissolution rate values in Table 4.1-1 with the fracture factor
values in Table 4.1-2. It should be noted that the same range has been used for both the ceramic and glass WFs.
This represents an assumption of an unlikely high degree of metamictization made for purposes of comparability
only.

®  This range is conslstent with the values given in Table 413,
®  This range is the same as given in Table 4.3-1.

The primary scenario for reaching a critical configuration in these evaluations is the removal of Gd
from the WP by flushing as quickly as it is released from the degrading WF, as long as the pH is low
which means that the Gd solubility is high. A variation on this scenario is the accumulation of Gd
precipitate while the Gd release rate from the WF is faster than the Gd removal rate. The criticality
is then delayed until the Gd release rate is slowed sufficiently that the removal rate can catch up and
reduce the Gd in the precipitate to the point where there is sufficient fissile material for criticality.
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The programs listed in Appendix B begin the corrosion of stainless steel immediately after the
breach of the WP barriers, which is taken to be 3500 years, as discussed in Section 3.1.1. These
programs begin the buildup of fissile material in the clayey precipitate 2500 years later, which is the
additional time for most of the filler glass to degrade (at a fracture factor of 30 and a DHLW glass
dissolution rate of 10? g/m%day) and the alkali components to be flushed from the WP, so that the
corroding stainless steel can reduce the pH to the point where the Gd solubility is so large, that
almost all of the Gd can be flushed from the WP as fast as it is released from the WF. In this total
6000 years, 22% of the *°Pu will have decayed into ?*U, so the programs begin the buildup with this
ratio. It should be noted that this time to start of buildup is shorter than the 8000 year estimate given
in Section 7.3.1 in connection with Figure 7.3.1-4. The shorter estimate given here means that less .
2%Pu will have decayed to 2*U which is conservative, since the 2*Pu is more reactive with respect
to criticality than the 2°U as is shown by the actual k. calculations summarized in Appendix G.

. In the time between the breach of the WP and the onset of acid conditions following degradation of
the filler glass, some of the WF could also be degraded and release some fissile material. If the pH
is high enough (above 9) to make the U and Pu very soluble, a significant fraction of the amounts
released from the WF could be removed from the WP during this short time. Since it is not certain
that the alkali from the dissolving filler glass will drive the pH sufficiently high, particularly with
the presence of the acidifying chromate from the corroding stainless steel, it has been assumed that
. all of the U and Pu released from the WF will be retained in the clayey precipitate. It is further
assumed that any Gd released during this interim time will be re-dissolved and removed from the
WP when the filler glass has fully degraded and the solution becomes acidic from the corroding’
stainless steel. The algorithms used do account for the loss of Cr which is released during this time, . -
thereby reducing the period when the package solution can be acidic, which, in turn, reduces the
potential for crmcahty

The stainless steel eontanmng Cr is used for both the canisters and the WF cans. The WF cans, being
only 3/8 as thick as the canisters, will corrode completely long before the canisters, so they will not
affect the duration of acid conditions. The corroding WF cans will increase the steady state Cr in
solution, but only by their fraction of the canister mass, 25%. Furthermore, this increased Cr in
solution will only last as long as the cans are corroding. Therefore, in keeping with the
approximations used in this study, the Cr in the WF cans has been omitted.

7.3.1 Glass WF Results

The nominal criticality behavior for the WPs with degraded Pu glass WFs is summarized by
Figures 7.3.1-1 through 7.3.1-7. These are explained by the following paragraphs.

Figure 7.3.1-1 gives k., as a function of time after the start of WF dissolution, for the nominal
stainless steel corrosion rate of 0.1 pm/yr, and for a family of values of the DPF (WF dissolution rate
in g/m¥day multiplied by the fracture factor). All times in this study are measured from the start of
WF dissolution, approximately 5,000 years (Section 3.1. 1). The values chosen for the DPF are
typical of the mid-range given in Table 4.3-2. For these typical values, the analysis results in
sufficient chromate in solution to lower the pH to between 5 and 6 so that the Gd goes into solution -
as quickly as it is released by the WF dissolution, and is flushed from the WP so that it cannot collect
in the prec1p1tate (clayey matenal) As the fissile matenal is released from the WF and accumulates
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with time in the clayey material, k., shows a steady increase. Under the assumed dissolution rate
for the stainless steel, all of the steel has degraded by approximately 99,000 years, after which the
chromate in solution declines as it is flushed from the WP so that the pH rises and Gd precipitates
with the result that k., drops to an insignificant value within the next 2000 years. Comparison of
the curves for the three values of DPF shows a strong dependence on this parameter. This is because
the model determines the peak k., by the amount of fissile material which is released from the WF
to precipitate in the clayey mass while the pH is low (before all the stainless steel has corroded). The
higher the DPF, the more fissile mass can accumulate before Gd starts precipitating to lower the k.
It should be noted that the values of k., greater than 1.0 and lower than .9 are for comparison
purposes only; their absolute values are not meaningful, since the regression is only tested for the
limited range 0.9 to 1.0.

Figure 7.3.1-2 gives the peak k.4 over time as a function of the infiltration rate for a family of WF
DPFs. In general, increasing the infiltration rate from 0.1 to 10 mm/yr results in higher amounts of
U being removed from the package, thus reducing the concentration of U in the clayey material and
lowering k4. Increasing the infiltration rate from 0.1 to 10 mm/yr will also reduce the chromate
concentration in solution, thereby increasing the pH, which in turn lowers the Gd solubility so that
some can precipitate into the clayey material and lower k4. Decreasing the infiltration rate from 0.1
mm/yr to 0.05 mm/yr has little effect on k.4 because the Gd solubility is so high that the Gd can be
removed from the WP much faster than it is released from the WF dissolution. The Gd solubility
is presumed to saturate at some point; if it occurs at 15,000 ppm, then an infiltration rate below 0.05
mm/yr will be too slow to remove the Gd as fast as it is released from the WF (for the range of DPF
indicated in this Figure 7.3.1-2) so some Gd will precipitate in the clayey material and the package
cannot become critical.

Figure 7.3.1-3 gives peak k., over time as a function of infiltration rate for a family of stainless steel
corrosion rates (0.05 to 0.15 pm/yr). The k., generally increases as the corrosion rate decreases,
because the length of time with low pH is increased allowing for higher buildup of fissile material -
in the clayey precipitate. (Although the concentration of chromate, and hence the Gd solubility,
decreases with decreasing stainless steel corrosion rate, the Gd solubility still remains high enough
for the prompt removal of any Gd released by WF degradation.) Further reduction of the corrosion
rate will further increase the fissile buildup period. This fissile buildup trend is reversed when the
corrosion rate falls below 2x10® um/yr because the resulting chromate concentration is too low to
maintain a sufficiently low pH to sustain the necessary Gd solubility against the alkalinity of the
incoming water. The behavior with infiltration rate is similar to that shown in Figure 7.3.1-2. The
only exception to these two observations is for the highest infiltration rate with the lowest corrosion
rate. In this case the Gd solubility is so low that the Gd cannot be removed as fast as it is released.
The overall degradation rate of the WFs is a function of dissolution rate (function of chemistry),
fracture factor, and flow rate. The dissolution rate multlplled by the WF fracture factor is defined
as the DPF

Figure 7.3.1-4 gives the earliest possxble time to crmcahty as a function of WF DPF for infiltration
rates of 10.0 and 1.0 mm/yr. To illustrate the effect of precipitation and re-dissolution of Gd, the
minimum value of pH possible has been raised from 5.5 (the value used in most of the other cases
of this study) to 5.8, which has the effect of lowering the maximum Gd solubility from 3000 ppm
to 378 ppm. For this artificial limitation of solubility, there is no criticality for infiltration rate equal
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to 0.1 mm/yr because the Gd removal rate never catches up with the Gd release rate from the
degrading WF.

The results in Figure 7.3.1-4 generally show the earliest possible time decreasing with increasing
DPF because the increasing rate of buildup of fissile material in the clayey mass means that a critical
mass will be reached sooner, except for the DPF’s above 4 for the 1.0 mm/year infiltration rate cases.
In this situation the Gd is released from the WF at a faster rate than it can be removed (even with the
enhanced Gd solubility). In this somewhat anomalous situation the higher DPF means that more Gd
will precipitate before the removal rate can catch up with the release rate and begin to remove some
of the previously precipitated Gd. This larger mass of Gd precipitate will require a longer time to
re-dissolve and remove with the result that the higher DPF will be associated with a longer time to
earliest possible criticality. There are no points for DPF below 4x107?, because this value is only
slightly above the DPF limit of between 2 and 3x107 (as is seen in Figure 7.3.1-5). It should be
noted that infiltration rate of 0.1 mm/yr does not give any criticality over the parameter range of
interest.

It should be noted that the times to earliest criticality in Figure 7.3.1-4 are measured from the time
at which all of the filler glass is degraded (when there is no longer a large supply of alkali to prevent
the low pH which can be produced by the chromate resulting from the stainless steel corrosion).
This time is expected to be no less than approximately 8000 years (3,500 years for the penetration
of the WP barriers plus 1100 years for penetration of the canister, as explained in Section 3.1.1,
followed by 3,000 years for the complete dissolution of the filler glass). This means that the total
time to earliest criticality in Figure 7.3.1-4 is actually 12,000 years (4,000 indicated in the figure for
a DPF of 0.020 g/m*/day plus the 8,000 to start). Furthermore, the figure shows that the earliest total
time to criticality, except for the range of DPF’s from 0.003 to 0.006 g/m?*day, will be greater than
40,000 years, as long as the infiltration rate is not much more than 1 mm/yr. It should be noted that
this approximately 8000 year starting point for measuring time to criticality is somewhat longer than
the 6000 year estimate in Section 7.3, to be more realistic.

Figures 7.3.1-5, 7.3.1-6, and 7.3.1-7 show the sensitivity of DPF limit to the change in regulatory
definitions of criticality. Figures 7.3.1-5 and 7.3.1-6 give thé DPF limit for criticality, where
criticality is defined as k., above 0.98 and 0.93, respectively. The rationale for each of these
alternatives is given in Section 3.1.4. If the DPF of the WF is above the indicated limit, the
criticality is considered to be possible. Naturally, the DPF limits for k,=0.93 (Figure 7.3.1-6) are
lower than the corresponding limits for k.=0.98 (Figure 7.3.1-5). Both figures show little change
of this DPF limit with infiltration rate; this is because the question of whether criticality can occur
is answered primarily by whether the period of low pH (corroding stainless steel) lasts long enough
for a critical mass of fissile material to accumulate in the clayey mass. Figure 7.3.1-7 gives a direct
comparison between the effects of the 0.98 and 0.93 thresholds, which is to increase the DPF limit
by approximately 10%. |

7.3.2 Ceramic WF Results

The nominal criticality behavior for the WPs with degraded Pu ceramic WFs is summarized by
Figures 7.3.2-1 through 7.3.2-7. These results are generally similar to the corresponding figures for
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the glass WF, except that the ceramic cases show lower kﬁﬂr and higher WF DPF limits than for the
glass WFs. More specific discussion is given in the following paragraphs.

In Figure 7.3.2-1 the drop off beyond the peak at 99,000 years looks more gradual for the
corresponding glass case, Figure 7.3.1-1. However, that is primarily an artifact of the larger range
of k.. in the glass case.

Figure 7.3.2-4 shows generally longer times to earliest criticality than the corresponding glass values
(Figure 7.3.14). The exception is for the anomalous situation in which the earliest criticality occurs
after most of the initially precipitated Gd has been re-dissolved and removed. For these cases the
earliest times for glass and ceramic are approximately the same, for the same values of DPF and
infiltration rate. This is because the earliest criticality occurs while there is still more than one
kilogram of Gd remaining in the precipitate (for both glass and ceramic WFs), and this much Gd
overwhelms the effect of the small amount of Hf which distinguishes the ceramic from the glass.

It should also be noted that glass case extends down to a DPF equal to 0.002 while the ceramic case
only extends down to 0.004. This is consistent with the ceramic DPF limit being more than twice
that of the glass, as is shown in Figure 7.4.3-1.

733 Undissolved WF distributed in clay

The alternative configuration with the undissolved WF fragmented and distributed uniformly in the
clay has been analyzed to yield results similar to those given in the previous sections (7.3.1 and
7.3.2). Since this alternative configuration is understood to be non-conservative, the results will not
be presented in detail; only the general behavior will be described, and the principal differences
between the nominal and alternative configurations will be presented in tabular form.

For the alternative configuration there can be no criticality until most of the WF has dissolved to
release the Gd, which can then be removed from the clay (which, in the present approximation, is
equivalent to removing the Gd from the waste package, which will occur if the pH remains low
enough to keep the Gd soluble). Even with major Gd removal from the waste package, there will
still be enough Gd in the clay that, generally, criticality cannot occur unless at least 90% of the
original fissile inventory remains in the clay. This requirement (for criticality), that the fissile
isotopes remain within the waste package until most of the WF has dissolved, is not a significant
constraint, since the U and Pu will be quite insoluble except at high pH, which can only occur
during, approximately, the first 10,000 years. This time period corresponds to the time period of
filler glass dissolution (during which there is major release of alkali ions, and/or the time period of
degradation of any concrete liner of the emplacement drift). -

The major difference in the criticality behavior between the nominal and the alternate configurations
is in the DPF threshold (limit), as can be seen from the comparison in Table 7.3.3-1. As shown in
the comparison provided in Table 7.3.3-1, the alternative configuration (WF fragments in the clay)
requires much higher DPF than does the nominal conﬁgufanon (WF outside the clay); in other
words, this case has a much higher DPF threshold (at least 0.0082 g/m?/day). For the WF in clay
there is little difference between glass and ceramic WFs, because there is always a significant amount
of Gd in the clay when criticality occurs, so the small amount of Hf naturally present in the ceramic
is of little benefit.
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Table 7.3.3-1. Comparison of DPF thresholds (SS crrsn rate = 0,10 pymAyr, Infiltration rate = 1 mmAyr),
for indicated Pu loading, in units of 0.001 g/m?/day .

Pu loading WF outside clay WF fragments In clay
Glass WF, full Pu 14 83
Ceramic WF, full Pu 2.5 8.5
Glass WF, 0.55 Pu - 2.3 8.7
Ceramic WF, 0.55 Pu 7.5 9.8

Table 7.3.3-1 shows, for the alternative configuration (WF fragments in the clay), only a small
increase in DPF threshold with decrease in Pu loading (to 0.55 of the nominal 205 kg/waste
package). This is because the stainless steel lifetime (which is assumed to be the time period during
which Gd has a high solubility so that significant quantities of it can be removed from the waste
package) is approximately 100,000 years for the nominal corrosion rate of 0.1pm/yr. Increasing the
WF dissolution rate (as reflected in the DPF) so that the WF lifetime is significantly less than the
stainless steel corrosion lifetime does not significantly increase the potential for criticality. If the
stainless steel corrosion rate were higher than 0.1pm/yr, the threshold DPF for alternative
configuration (WF in clay) would be correspondingly higher than the values shown in Table 7.3.3-1.

The lowest threshold DPF (0.0082 g/m?day) for the alternative configuration corresponds to a WF
dissolution in approximately 110,000 years. This is consistent with the times to earliest possible
criticality occurrence shown in Table 7.3.3-2, for a slightly higher DPF.

Table 7.3.3-2. Time to eatliest criticality (x1000 yrs*) At DPF=10 (x0.001 ¢/m?/day)

Inflitration rate WFoutsideclay | WF fragmentsin clay
Glass WF 1 mmiyr : - 88 ‘79
__Ceramic WF 1 mmiyr 88 ' 83
Glass WF 10 mmAyr _ 7 80
Ceramic WF 10mmAyr |- 18 84

* Measured from start of WF dissolution, approximately 5000 yrs

The DPF used in Table 7.3.3-2 corresponds to a WE dissolution time of approximately 90,000 years.
As would be expected, the alternative configuration (WF fragments in the clay) cases all correspond
to nearly complete dissolution of the WF. In contrast, the nominal configuration cases (WF outside
the clay) for 10 mm/yr infiltration rate have much lower earliest possible criticality, corresponding
to the possibility of criticality with only small amounts of fissile species, because there is absolutely .
no Gd present. In contrast, the nominal cases with the infiltration rate only 1 mm/yr show an earliest
time to criticality of 88,000 years. With this slower infiltration rate, the Gd cannot be removed from
the waste package as fast as it is released from the WF. Consequently, it is available for criticality
control. With this slow infiltration rate, there can be no criticality until the release rate drops
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sufficiently (because of the smaller remaining WF surface area) to permit the Gd removal process
- to catch up.

74 WASTE FORM DESIGN CONSIDERATIONS
74.1 PuLoading Alternatives

The Pu loéding per WP can be reduced by reducing the wt% of Pu in the WF (below the nominal
design of 10%) and/or reducing the number of Pu waste containing canisters per WP. With respect
to-criticality, the effect of both these strategies is the same, as long as they have the same amount of
Pu per WP. '

Figure 7.4.1-1 shows reduction of Pu loading increases the DPF limit, thereby increasing the
likelihood that the actual DPF will be under the limit, and criticality will be avoided. For a reduction
of Pu to 50% of the nominal design value (5% of the WF instead of 10%, or 2 WF canisters per
package instead of 4) the increase in DPF limit is approximately linearly proportional to decrease
in Pu. For a reduction to 30% of the nominal design, the increase in DPF limit is more than linearly
proportional. This case has such a strong effect because criticality can only occur if enough fissile
has been released from the WF while the stainless steel is still corroding, and this very low Pu
loading brings the system close to the balance between the two. This contrast becomes even stronger
for the high infiltration rate (10 mm/yr) because it takes much less flushing action to keep up with
the smaller release rate of Gd.

It should be noted tha_t the curves in Figure 7.4.1-1 end for fraction loadings below 0.3. For the
scenarios considered in this study, criticality will not be possible below these loadings, so these
lowest fraction loadings could be considered as threshold Pu loadings. Consistent with explanation
of increase in DPF limit with increase in infiltration rate given in the previous paragraph, these
threshold loadings are seen to increase with increasing infiltration rate (noting that the threshold
loading for infiltration rates of 0.1 mm/yr and 1.0 mm/yr are close to resolve at this approximation).

Figure 7.4.1-2 shows the analogous results for the ceramic WF. The low end of the range of loading
factors presented in this figure corresponds to the threshold below which criticality will not be
possible for the ceramic WF. (The small increase with infiltration rate is not resolved at the
precision of this study.)

74.2 Gd:Pu Ratio Alternatives

The effectiveness of Gd in limiting the possibility of criticality is generally expected to be
proportional to the amount of Gd incorporated into the WF. However, for the low pH scenarios
which constitute the majority of the ones evaluated in this study, the critical configurations are
mostly Pu and U in the clayey precipitate which contains virtually no Gd (it having been flushed
away because of its high solubility under acidic conditions, as is explained in Section 5.3). Under
these conditions, reducing the Gd in the original WF has little effect, as long as it does not fall below
a few percent of the Pu, on a mole basis.
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The Gd:Pu ratio can have some effect, however, on the earliest time to criticality for those scenarios
in which the initial rate of Gd removal is not fast enough to remove all the Gd as it is released from
the degrading WF. In such cases, the Gd precipitates, but is re-dissolved if the stainless steel lasts
longer than the glass. The earliest time to criticality will be proportional to the amount of Gd
released from the WF. This effect is illustrated in Figure 7.4.2-1, which shows the earliest possible
time to criticality for Gd:Pu mole ratios 1:2 and 2:1, as well as the nominal design of 1:1. As would
be expected, increasing the amount of Gd in the waste-form is seen to increase the time to earliest
possible criticality. As long as all the Gd is flushed as fast as it is released from the WF, the exact
release rate (as manifested in the DPF) will not make much difference; this is the case for the
nominal WF design and for the half strength Gd loading. For the double Gd loading, the release rate
of Gd will overwhelm the flushing capability (for this particular set of conditions: Infiltration rate
=0.3 mm/yr and stainless steel corrosion rate =0.1 pm/yr), so the greater the DPF, the more Gd will
be released and the time to re-dissolve before criticality can occur.

743 Glass vs Ceramic

Figures 7.4.3-1 and 7.4.3-2 compare glass and ceramic DPF limits as a function of stainless steel
corrosion rate and infiltration rate, respectively. They show that the DPF limit for ceramic is more
than twice that for glass, and that both are relatively insensitive to infiltration rate. The higher DPF
limit for ceramic is a benefit of the Hf naturally present in the ceramic zirconolite.

7.5. ADDITIONAL RELEVANT RESULTS
7.5.1 [Effects of Non?Homogeneous Fissile Distribution

The probable configuration of the degraded glass clayey material is relatively homogeneous as
investigated in Section 7.1.1; while there may be localized heterogeneities, overall the clayey
material can best be represented as a homogeneous mixture. Even though the DHLW glass
potentially degrades orders of magnitude faster than the Pu immobilization glass, the Pu
immobilization glass will likely be distributed within the DHLW clay as it degrades. MCNP4A runs
were performed for three variations on the base geometry for the degraded glass WF (zero volume
% additional water) to investigate heterogeneous effects on k., by concentrating the Pw/U/Gd into
a smaller volume and including the bulk of the clayey material in a separate volume. As discussed
in Section 6.1.1, these variations are concentration of all Pu, U, and Gd in the bottom of the clay;
concentration of all Pu, U, and Gd in the top of the clay; and concentration of all Pu, U, and Gd at
~ oneend of the WP. Table 7.5.1-1 provides the k., results for the concentration of various amounts

of Pu, U and Gd in various volumes of clay at the bottom of the WP, as well as the k.4 results for
corresponding uniformly distributed cases.
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Table 7.5.1-1. Effect on kg, of PuJU/Gd Concentration in Bottom of Clay

Kg| Kg | Kg PWU/Gd In bottom | PWU/Gd in bottom | PwU/Gd In bottom
Pu| VU Gd | Uniformly Distributed 75% of clay 50% of clay 25% of clay
40 } 150 ]| 3.5 0.9548 + 0.0053 1.0044 = 0.0039 1.0375 2 0.0054 1.0529 = 0.0047
40 | 50 | 2.25 - - 0.9022 + 0.00244 -

40 | 50 | 25 - - 0.8807 = 0.0031 -

40 | 50 | 1.25 0.9344 + 0.0041 0.9774 = 0.0042 1.0132 £ 0.0050 - 1.00086 = 0.0060
25 ] 25 | 0.75 - - 0.8824 + 0.0044 -

251 25 | 025 0.9602 + 0.0047 1.0194+ 0.0040 1.0651 = 0.0044 1.0521 = 0.0052
10 | 65 | 0.875 - - 0.8836 = 0.0081 -

101 65| 05 0.9194 + 0.0041 0.9845+ 0.0044 1.0032 = 0.0049 0.9947 £ 0.0049

Table 7.5.1-2 provides similar information for a single amount of Pu, U and Gd, concentrated to
various degrees at the top of the clay hemicylinder. In this variation, extreme concentrations of
Pu/U/Gd in the top of the clay approach a higher leakage slab geometry and significantly reduce k4
over that of the uniformly distributed base case. Figure 7.5.1-1 below summarizes the overall effect
of uniform and non-uniform (top and bottom) Pu/U/Gd distributions on k. for the 25 kg Pu, 25 kg
U, and 0.25 kg Gd cases.

Table 7.5.1-2. Effect on k,, of Pu/U/Gd Concentration in Top of Clay

PuwU/Gd In top PwU/Gd In top PufJ/Gd in top
Pui U Gd | Uniformly Distributed 75% of clay 50% of clay 25% of clay
251 25} 25 0.9602 +.0047 0.99384 = 0.0049 0.9883 = 0.0062 0.8608 + 0.0052

In the final variation, various amounts of Pu, U, and Gd were concentrated at one end of the clay

hemicylinder. Table 7. 5 1-3 provides the results of this variation.

Table 7.5.1-3. Effect on k., of Concentrating Pu/U/Gd on One End of WP

Uniformly

Pu U Gd Distributed PwU/Gd all in right half of clay

40 150 35 0.95481 + .0053 1.1187 = 0.0052

40 50 225 - 0.9670 + 0.0038

40 50 25 - 0.9485 = 0.0057 N

40 50 1.25 0.93442 + .0041 1.0872 + 0.0050

25 25 0.7 - 0.9475 = 0.0043

25 25 0.25 0.9602 + .0047 1.1511 £ 0.0049

10 65 0.875 - 0.9561 = 0.0050

10 65 0.5 0.9194 +.0041 1.0798 = 0.00684
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Figure 7.5.1-1. Effects on k,, of PwU/Gd Distribution Within the Clay for the 25kg/25kg/0.25kg Case

These cases indicate that the value of k. can increase when the Pu/U/Gd are concentrated, and the
maximum increase generally occurs when concentration occurs in approximately 50% of the total
clayey material volume. The most significant increase occurs in the accumulation in one end cases,
but these are the least probable. The most likely mechanism for achieving this configuration is
flushing of a large fraction of the clay components which are more soluble than the U and Pu by
flowing water, leaving a reduced volume of clayey material with more concentrated Pu and U. This
concentration scenario could result in up to 2 4.5% increase in k_; over the results presented in
Section 7.1.1. However, this scenario is unlikely since the bulk of the clayey materials are no more
soluble than the Pu and U in the neutral pH regzon

The results of the cases described in this section also indicate that the density of U, Pu, and Gd in
the clayey material has a2 more significant affect on k. than geometry or volume except in extreme
variations. Four additional cases as listed in Table 7.5.1-4 were run to demonstrate the relatively
small affect of cutting the volume of the clayey accumulation in half (half the mass of all the clayey
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material components including U, Gd, and Pu). The model for these cases is the nominal cylinder
segment within the waste package with half the length as that used in the nominal cases. Forthe
cases listed in Table 7.5.1-4, k4 is reduced only from 1.5% to 2.0% as compared to the full
volume/length cases. '

Table 7.5.1-4. Effect on k,, of Half Volume on One End of WP (Same Concentration)

Half Volume
Right Half of Clay
Pu (kg) U (kg) Gd (kg) Full Volume {Same Concentration)
21 14 . 0. 0.9843 + 0.0028 0.9482 + 0.0048
25 25 0.25 - 0.9602 + 0.0047 0.9424 1 0.0055
50 75 20 . 0.9728 + 0.0049 0.9548 + 0.0049
140 30 8.0 0.9742 £ 0.0048 0.9594 = 0.0041

In summary, it can be concluded that although a graded distribution of fissile material within the
clayey precipitate can lead to an increased k., with respect to a uniform distribution, most such
graded distributions are relatively unlikely to occur. It can also be concluded that the composition
of the clayey material in terms of mass/volume of the principal neutronically significant species has
the primary affect on k.

752 Evaluation of Sm as Replacement Option for Gd

As discussed in Section 2.1.2, Sm has been suggested as an alternative for Gd. Four near-critical
glass cases were run to compare the worth of Sm with that for Gd. The case descriptions and results
for both Gd and Sm are listed in Table 7.5.2-1. In addition, four corresponding cases with neither
Gd or Sm were run. The Sm is shown to be only a fraction of the worth of Gd. Several additional
cases were run to determine the approximate mass of Sm required to replace the Gd (equivalent k).
A comparison of values in Table 7.5.2-1indicates that ratios from 2 up to 4 to 1 of Sm to Gd is
required in these degraded configurations.

Table 7.5.2-1. Comparison of Gd and Smin Degraded DHLW Glass/Pu Immobilization Glass

PREDECISIONAL DOCUMENT

. A Approximate Sm
‘ Mole Equivalent | Mass Required
Case Description Gd - ' Sm (kg) No Absorber
25 kg #°Pu, 25 kg =%, - 0.9602 x.0047 1.0611 +.0044 1.0 © 1.1008 +.0045
025kgGd ' '
10 kg #*Pu, 65 kg =*U, 0.9734 £.0043 1.0945 £ .0052 . 1.3 1.1610 2.0042 -
0.375 kg Gd . T ‘ :
50 kg #*%Pu, 75 kg U, 2 0.9728+.0049 | 1.1868x.0058 5.0 1.3954 £.0048
kg Gd : , o
140 kg 2Py, 30 kg 2V, 0.9742+.0048 | 1.13401.0052 180 i 1.4950 .0047
8kg Gd o ‘ ' ‘ ‘ ' '
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7.53 Investigation of Dryout in the Degraded Glass Clayey Configuration

Because the degraded glass configuration discussed in Section 7.1.1 showed a decrease in k4 as the
free water fraction was increased from zero, 3 cases were run to determine whether k. might
increase significantly if the clay were to dry out (losing some water of hydration) after starting at a
near critical configuration (i.e., find optimum moderation by H). Four combinations of Pu/U/Gd are
used with Gd masses ranging between 0. and 10. Kg. The first step of the dryout process is modeled
by the removal of the water reflector above the clayey configuration; the second step is reduction of
the bound H to 80 % of its initial value; the third step is reduction of H to 50% of its initial value;
the final step is reduction of H to 25% of its initial value. The results for these cases are shown in
Table 7.5.3-1. The point of optimum moderation and degree of peaking (or whether or not it occurs
at all) is a primarily a function of Gd (Pu) mass. As discussed in Section 7.1.1, the mass of Gd
required to meet k_,, thresholds is primarily a function of Pu mass. As the mass of Gd increases, the
water fraction at which peaking occurs and the degree of peaking increases. Note that the maximum
increase, which occurs at 50% the initial value of H, is about 5% in k., indicating that the potential
increase in k, following dryout could affect the Gd mass required to meet criticality thresholds for
the base calculations. The peak at 50% of the initial value of H for the 2 kg and 10kg of Gd cases
coincides with the optimum ratio of H and Pu/U/Gd presented in Section 7.5.1 for concentration

effects.

Table 7.5.3-1 . lnvesfigation of Dryout of Degraded Glass Configuration

Case Description Base No Reflector .80% H 50% H 25% H

21 kg ®*Pu/14 kg | 0.9643 £ 0.0028 | 0.9609 + .0028 | 0.9667 +.0037 | 0.9399 £.0045 | 0.8466 = .0052
50/ 0.0 kg Gd

25kg®™Pu/25kg | 0.8602 £ .0047 - 0.9571 £ .0053 | 0.9320 £.0044 | 0.8842 + .0058
507 0.25 kg Gd v '

50kg*™Pu/75kg | 0.9728 £.0049 | 0.9721+.0046 | 0.9756 +.0048 | 0.9824 +.0048 | 0.9447 £ .0076
=57 2.0 kg Gd
140 kg ®Pu/60 | 0.9738+.0030 | 0.9677 + .0042 | 0.9926 +.0047 | 1.0183 £.0050 | 0.9941 £ .0068

kg 25U/ 10.0 kg Gd

7.54 Effects of ”’U in Degraded Glass Clayey Composition

- " As discussed in Sectlon 7 1.1, the amount of 28 in the clayey composition is unknown and was,
therefore, not included in the base cases. Approximately 2 weight percent of the DHLW glass is
depleted U, initially providing over 100 kg of 28U in 2 WP containing 4 pour canisters. Three
different Pu/U/Gd mass combinations were run with 25, 50, and 100 kg of 2*U included in the
clayey composition. The results are shown in Table 7.5.4-1. Note that 100 kg of **U reduces k4
by about 2.6% to 3.4% (increasing worth with decreasing Pu).
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Table 7.5.4-1. Comparison of U in Degraded DHLW Glass/Pu Immobilization Glass

Pu/Gd Masses ‘

(kg) Okg®W .25kg 3 50 kg **'U 100 kg 2y
40/50/1 0.9795 £.0049 0.9768 = .0052 0.9613 £ .0031 © 0.9535 £.0055
21/14/0 0.9643 £.0028 0.9635 = .0040 0.9487 x .0039 0.9387 x.0045
10/65/0.375 0.9734 =.0043 0.9587 x.0043 0.9537 £.0037 0.9395 £.0044

The neglect of the effect of 2*U in the nominal analyses of this study is conservative. It may also
be realistic, since the high pH initial phase of filler glass degradation will likely result in the removal
of the *U present in the initial filler glass. This analysis is also an indication of the potential
criticality control benefits of adding depleted U to the waste package. However, the greatest benefit
from such a policy would be for external criticality.

7. 5.5 Variation of Hf Content in the Degraded Ceramic WF

The zirconium (Zr) in the ongmal ceramic was assumed to be composed of 2 wt% Hf as described
in Section 7.1.2. Zr ores can typically contain up to 5 wt% Hf (Reference 27). Several additional
cases were run to investigate the effect of varying the wt% of Hf in Zr from the original 2 wt%. The
results for these cases are shown in Table 7.5.5-1. These results indicate that high wt% of Hf in Zr
are required, but even low wt% of Hf does have a beneficial effect which will reduce the criticality
potential of marginal cases. In fact, the lower mass reqmrements for Gd in order to meet k4
thresholds of ceramic vs glass shown by the comparison in Section 7.4.2 is due to the Hf which is
incorporated into the natural Zr. The difference of Hf in each of the respective clayey materials can
be seen by companng the Hf concentration between Table 5.4.5-1 and Table 5.5.2-1.

Table 7.5.5-1. Variation of Hf Wt% in Zr for the Degraded Ceramic WF

PWU/Gd ' A
Masses (kg) 0 wi% Hf 2 wi% Ht awi%ht ~| 20wt%HP 100 wi% He*
25/30/0.5 0.9841 +.0038 | 0.9724+.0037 | 0.98122.0040 . .
101130/0.5 | 0.9976x.0044 | 0.9915+.0042 | 0.9827 +.0054 - .
50/10/0 1.0080 +.0035 | 0.9925.0039 | 0.98622.0044 | 0.91811.0038 | 0.7164 +.0039
50/75/1.2 0.9761£.0041 | . 0.9086 + .0047 .

*  These concentrations far beyend the typical naturally occurring fraction in Zr (2 to 4 wt%).-

An additional set of cases were run to determine the wi% of Hf required to replace 0.5 kg of Gd and
are shown in Table 7.5.5-2. Based on the assumed clayey material compositions and volumes, there
are approximately 1.7 kg of Hf in the waste package at 2 wt% Hf in Zr. Based on the cases run,
approximately 33 wt% of the Zr would be required to be Hf to equal the effect on k., of 0.5 kg of
Gd. This translates to approximately 28.05 kg Hf to equal 0.5 kg of Gd or a factor of 56 to 1.
Considering that there are about 135 kg of Gd in the 4-pack waste package (about 34 kg in single
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canister) in its intact form and that essentially no Hf is lost during the degradation process,

replacement of Gd by Hf could be a feasible option.
Table 7.5.5-2. Calculations to Determine Equivalent Hf Wi% in Zr to Replace 0.5 kg Gd
for the Degraded Ceramic WF
25 kg *Pu /90 kg U/ 0. kg Gd 10 kg **Pu/ 130 kg ®°U/ 0. kg Gd
4wit% Hi 1.0806 + .0035 1.1010 + .0044
10 wt% Hf 1.0558 £ .0052 1.0718 + 0062
20 wi% Ht 1.0110 £ .0042 1.0361 £ .0056
30 wt% Hf 0.9814 £ .0043 1.0041 + .0038
35 wit% Hi 0.9559 + .0046 0.9815 + .0048
40 wit%e Hi 0.9462 + .0041 0.9644 + .0040
45 wt% Hi - 0.9520 + .0046
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8. MAJOR FINDINGS AND RECOMMENDATIONS
8.1 DESIGN IMPLICATIONS

Analysis of a representative set of potentially critical configurations leads to the following findings
which directly impact WF design:

« A critical parameter for determining criticality risk is the DPF that is defined as the product
of the intrinsic material dissolution rate per unit surface area, multiplied by the ratio of total
WF surface area (outer surface area plus the generally much larger internal surface area
exposed by fracturing) to outer WF surface area (or inner surface area of the WF can).
Threshold (limiting) DPF values have been determined for the nominal WFs for both glass
and ceramic, using the principa! degradation modes considered in this study. Any WF that
has an actual DPF less than its corresponding threshold DPF cannot go critical.

¢ The DPF threshold for the nominal ceramic WF is approximately twice the value for the
‘nominal glass WF (for the nominal environmental conditions and dissolution rates). This
is primarily due to the Hf present in the ceramic, which serves as a backup neutron absorber
under those conditions in which the primary absorber, Gd, becomes soluble and is removed
from the WP. The Hf is present in the ceramic because it occurs naturally in small amounts
in the same ore as the zirconium, which is a principal component of the ceramic. If a
comparable concentration of Hf is incorporated in the glass form, the DPF threshold of the
glass WF would be comparable to that of the ceramic WF.

¢ The results of thlS study could not dlsnngmsh between the long term performance of the
cerannc and the glass WFs, because of a lack of definitive data on the following:

- Long-term dissolution rates of the WFs (per unit surface area)
- Effective surface area (enhanced by intemal fracturing).

- The degree to which Hf can be mcorporated into the glass WF matrix without limiting
the Pu carrying capability to less than the target 10%.

« For the WFs and degradation modes considered here, it is possible to preclude the
possibility of criticality by reducing the Pu loading from the nominal 205 kg per WP. For
the ceramic WF this loading should be reduced to 100 kg, and for the glass WF the value
should be 50 kg. This factor of 2 difference arises because of the presence of Hf in the
ceramic form as discussed above. As with the DPF threshold, this difference can be negated -

. by adding Hf to the glass WF. The required reduction in Pu loading can be achieved either
by using a co-disposal concept (mixing DHLW canisters with Pu canisters in a WP), or by
reducing the concentration of Pu in the WF.

¢« The potential for critjcality may be reduced by adding depleted uranium as WP filler
between the pour canisters. The addition of 200 kg depleted U will, typically, lower the k.,
of a nearly critical configuration by 0.05). If the depleted U is encapsulated in a matrix
chemically similar to that used for the Pu WF (either glass or ceramic), it will tend to be
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mobilized at the same rate as the U in the WF. Once mobilized, the depleted U will
transport with the chemically identified fissile #°U which is the decay product of the **Pu,
thereby significantly reducing the potential for external criticality (which will be evaluated
ina future report)

8.2 CONDITIONS THAT CAN LEADTO CRITICALITY

The type and quantity of neutron absorber included in the proposed immobilized Pu WFs are
sufficient to prevent criticality in intact configurations, even if the WP is filled with water (highest
possible concentration of moderator). For criticality to occur in, or near, a WP of immobilized Pu
WF, most of the neutron absorber has to be separated from the fissile material. The following
conditions could arise from the interaction of the WP materials and the environment, whxch could
result in sufficient separatlon of fissile matenal and neutron absorber.

* Alow pH (less than 6.0) may permit the principal added neutron absorber, Gd, to have at
least 1000 times the solubility of U or Pu. Under certain (possible) flow conditions, this
difference in solubility could result in so much of the Gd being removed from the WP, that
there is the potential for a criticalit'y event. ”

» The corrosion of the WP stainless steel (specifically the stainless steel of the pour canister)

- may result in the oxidation of Cr or Mo to a high enough valence state that the water
becomes acidic. The resulting pH of the water in the WP depends on the rate at which the
acid that is produced is flushed from the system; for the current range of estimated
infiltration rate from the environment into the drift (1 to 10 mm/yr), and standing water
contained in 10% of the WP volume, the pH could be lowered to a value of 5. Elimination
of most of the stainless steel components of the WP would obviously limit the potential for
acidification.

» If the above conditions hold during the time period of principal WF degradation, the
relatively insoluble fissile material being released from the degrading WF may precipitate
in a clay mass which could contain sufficient water to moderate a criticality.

» If all of the above conditions hold, the earliest time of criticality occurrence is typically
100,000 years; under certain "worst case"” condmons the earliest time to criticality could
be as low as 12,000 years.

8.3 CONDITIONS THAT CAN PRECLUDE THE PROCESSFS WHICH CANLEADTO
CRITICALITY

The following condmons will tend to prevent the occurrence of the condmons that can lead to
criticality (listed above):

» The acidity produccd by the corrodmg stainless steel may be neutralized by the alkalinity
ofthei incoming water (wlnch may be mamtamcd at a high pH by remnants of the concrete
drift liner).
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¢ Certain elements present in the WP may form precipitates of Gd that have not yet been
‘identified in the chemical literature. Such preclpxtates could limit the solubility of Gd, even
at low pH.

¢ Even if thcre are conditions that lead to high Gd solubility, there may be sufficient
penetration of the package bottom that the fissile material does not precipitate in a compact
cylinder sector at the bottom of the WP

8.4 SENSITIVITY CONSIDERATIONS

* The occurrence of criticality is relatively independent of the infiltration rate, except at rates
above 20 mm/yr (four times the present estimated value), which tend to shift the pH toward
neutrality, thereby limiting the potential for Gd removal and resulting criticality.

« Fora given amount of fissile material and neutron absorber collected in the clayey material
at the bottomn of the WP, an inhomogeneous distributions of fissile material may result in
a k. significantly larger than the homogeneous distribution. For example, if a cylinder
sector of homogeneous distribution has a k,=0.96, a concentration of the fissile material
and neutron absorber in the upper half would give a k_,=0.99 and concentration in the lower -
half would give k.,=1.07. These represent the optimum inhomogeneity with respect to
criticality enhancing horizontal stratification; further concentration to the upper and lower
25% results in k.4=0.86 and 1.05, respectively. Major horizontal stratification is relatively
unlikely, but there are a few physical mechanisms that could produce such distributions.
These possible variations do not affect the basic results of this study, but they do indicate
that there could be worse cases.

8.5 RECOMMENDATIONS

The analyses of this study revealed information gaps, particularly in the application of physical and
chemical models. The following items summarize these issues and the data collections/
investigations which will remedy these deficiencies. These recommendations are grouped together
'logically rather than by priority.

* Conduct simple experiments to quantitatively evaluate Cr and Mo oxidation states resulting
from the oxidation of corrosion resistant alloys. These should start with a solution of fine
particulates of Cr,0, and CrO,, and use one, or more, oxidation rate acceleration techniques.
The experiments should also be done at neutral pH to quantify the acidification initiation
process, and at low pH to determine whether the acidification process is sustained.

-« Conduct a thorough literature search for Gd solubility information, particularly to determine
the thermodynamic properties of any Gd silicates. These data need to be obtained for the
pH range of interest.
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» Conduct a simple set of experimental investigations to fill in data gaps determined by the
- literature search. The objective of each of these experiments should be to produce a Gd
silicate, then characterize it (e.g., by X-ray diffraction), and finally measure its solubility in
such a way that the solublhty product can be determined. The followmg are some specific
alternatives: .

‘-' Addition of dilute sodium silicate solution or silica sol to aGd chlol'ide solution .and
allowing the solution to age.

— Synthesis of Gd silicate hydrothermally at temperatures up to 200°C and utilization of
this Gd silicate as input to dissolution experiments at lower temperature. Analysis of the
high temperature solution, if feasible, would provide an upper solubility limit.
Hopefully, this approach would produce a crystalline solid. '

- Examine the evolution of a Gd-citrate solution, in which the Gd will be complexed by
the citrate to prevent it from simply adsorbing onto silica surfaces, together with a silica
sol as above. In this way if an association is found between Gd and silica it will be
known that a reaction that formed a chemical compound occurred, not just an adsorption
phenomenon

. Develop an upgraded version of EQ3/6, and/or AREST, with a practical method of
accounting for dilution of confined solutions by incoming water (flow-through), and with
.an improved thermodynamic database, reflecting recently gathered data such as the above
two items. .

* Tomore reliably validate findings from the thennodynamic models (e.g., EQ3/6) dissolution
tests need to be developed that simulate long-term leaching behavior in an environment that
provides unlimited air to the system (more accurately reflecting the actual environment
expected).

» Update analyses based on data expected from ongoing dissolution studies for the following:
— Stainless steel corrosion rates
- La-BS glass
— Ceramic (mcludlng appropriate degrees of metarmctxzamn)

Feed results of this analysis to the formulation teams to ensure a product speclﬁcauon that
meets repository disposal criteria (k. below threshold values for credible configurations).

» Conduct risk-based analysis, using on the most current performance data, to show
consequences of those scenarios that exhibit the potential for a criticality event.

» Evaluate the effect of incorporating large amounts of depleted U in the WF or WP.
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: APPENDIX A '
MATERIAL PROPERTIES AND REPOSITORY ENVIRONMENT PARAMETERS

This appendix provides parameters of the waste form and the repository environment; these
parameters are used as input for the detailed process codes such as EQ3/6.

Waste Form Composition
The La-BS glass composition listed in Table A-1 has been provided >by informal memo
(Reference 10). The fourth significant figure is for reference only, since the calculations in this study

are only considered to three significant figure resolution, and since the final composition is still
subject to some change.

Table A-1. La-BS Glass Waste Form Composition

Component ‘ | Wt%
Sio, 25.8
B.0, . 10.4
ALO, , 19.04
210, 1.15
Le,O, 11.01
Nd,0, 137
SO : . 222

- PuO, 11.39°
Gd,0, L 7.61**

* Equivalentto 10 Wi% Pu
** Equivalent to 6.6% Wt% Gd, which is a 1:1 mole ratio to Pu.

It should be noted that this glass composition has been optimized to eliminate the need for lead (Pb),
because of the current restriction against acceptance of materials regulated as hazardous under the
Resource Conservation and Recovery Act for disposal in the first repository.

Filler Glass Composition

The DHLW filler glass has not been finally specified; however, the blend composition given in
Reference 6, Table 3.3.8, should be close to the final composition. This is repeated in Table A-2.
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- Component wi%
ALO,. 3.98
B,0, 10.28
BaSO, 0.14

Ca,(PO.); 0.07
Ca0 0.85
CaSo, 0.08
Cr,0, 0.12
Cs,0 0.08
CuO 0.19
Fe,0, 7.04
FeO 3.12
K0 3.58
L0 3.18
Mgo 1.36
MnO 2.00
Na,0 11.00
Na,SO, 0.38
NaCi 0.19
NaF 0.07
NiO 0.93
PbS 0.07
Si0, 4557
" ThO, 0.21
TiO, 0.99
U,0, 220
Zeolite 1.87
200 0.08
Others 0.58
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Waste Package Metal Composition

The oompositions of the metals expected to be used for the WP barriers and the canisters and WF
cans are given in the Table A-3. These values are from standard metals handbooks; the specific
chain of authority for each is given in Reference 12.

Table A-3. Waste Package Metal Composition

Nominal Composiltion, % by Mass

Steel TypelUse si Cr Mn Fe NI Nb Mo
AS516/outer barrier 0.275 '1.03 - 987 .
625/inner barrier 215 659 | 365 8
304L/canister, cans .- 19 71 10

Thermal History

Figure 4.2-8 in Reference 3 provides thermal history at the WP top surface up to 10,000 years. This
can be idealized and extrapolated to 100,000 years as shown in Table A-4.

Table A-4. Thermal History

Time (yrs) Temperature (°C)
5000 €6.0
6000 595
7000 555
8000 §3.0
8000 51.0
10000 50.0
15000 451
20000 40.6
30000 343
40000 314
50000 29.7
60000 286 -
80000 273
100000 26.5
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For initial calculations, these values are used without any spatial temperature change into the invert
material. If the temperature variation into the invert is needed, or more detail is needed in the
thermal profile, thermohydrologxc modeling calculations should be done to address the specnﬁc '
scenarios. '

Water Compositions

The two water compositions to use as a starting point for calculations are the J-13 water composition -
(using J-13 average given below) and the 10xJ-13 composition also given in Table A-5. The
oxidation state of the system should be taken as oxidizing using the dissolved O, values analyzed
and reported in Table A-5. It should be noted that because the calcium, bicarbonate, and pH are
linked through the equilibria with calcite and CO, gas, the carbonate content of the concentrated case
should be calculated assuming equilibrium with calcite. The starting CO, gas concentration should
be taken as about 1200 ppm in the gas phase. Calculational assumptions regarding the accessibility '
of the gas phase to the aqueous phase will affect the equilibrium fluid composition evolution and
therefore both closed system and "atmospheric” buffered system behavior should be investigated.
In addition, because the ambient fluids are supersaturated with aqueous silica with respect to quartz
saturation, the concentrated case should use equilibrium with quartz at the starting temperature to
set the initial aqueous silica concentration.

Liquid Flux Scenarios

No flux (diffusion only)

Low flux: 0.1 mm/yr

Medium flux: 1.0 mm/yr (base case)
High flux: 10 mm/yr

It is suggested in TSPA-95 (Reference 3) that the liquid flux might cycle through these scenarios
with an approximately 100,000 year period based on the larger period of the Milankovitch
glacial cycle.

Transport processes mvesugated should cover a range of Peclet numbers from very low (diffusion
" dominated) to very high (advection dominated).
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Table A-5. Composition of Water Incident on the Waste Package

Water Na* K* Ca™ Mg* NO, HCO, cr F SO slo, 0,
Scenario mg/1 mg/ mg/t mg/t mg/ mg/t mg/ mg/1 mg/1 mg1 pH mg/1
J-13A' 42 5.0 12 21 NA 124 71 24 17 57 7.2 5.7
J-138" 45 5.3 115 1.76 10.1 NA 6.4 21 18.1 64.3 6.9 57
J-13avg” 458 5.04 13.0 201 8.78 1289 | 7.14 2.18 184 61.1 7.41 NR
Evaporated™ | 460 50 106 13.1 a87.5 29,7 764 6.0 184 6.1 7.90 8.4

I. J-13A analysis from Reference 7. Note that Li* and Sr**, which were measured at microg/! concentrations, have been left out of this report. NA stands for

“not analyzed®.

li. J-13B analysis from Reference 8. Note that LI, Fe, and Mn, which were measured at microg/l concentrations, have been left out of this report. NA stands for

“not analyzed®.

lil. J-13avg s set of values given in Table 3-2 of Reference 9. NR stands for *not reported®.

iv. The values in this line were generated by an EQS simulation of an evaporation of approximately 90 percent of the water, These vaiues were used to generate the

results reported in Table C-3 in Appendix C.
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PROGRAM TO TRACK WASTE PACKAGE DEGRADATION PARAMETERS
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APPENDIX B
PROGRAM TO TRACK WASTE PACKAGE DEGRADATION PARAMETERS

/* pugdcr.c Computes remaining Pu, Gd, U considering both waste form (WF) dissolution
and subsequent removal of these species from the waste package by flow through, and
by, the waste package. The basic timestep is 1000 years. To identify the time at
which criticality might occur, the program compares remaining U, Pu and Gd against the
regression of minimum G4 mass required to avoid criticality for the collapsed WF
configuration. This minimum Gd has been determined by a regression using over 100
points of keff as a function of Gd, U, and Pu. To get the best linear fit, the
results were grouped into three ranges of Gd concentration: below 1 kg, between 1 kg
and 4 kg, and above 4 kg. The resulting piecewise linear function is used for
screening purposes only; any potentially critical configuration is subject to an MCNP
calculation with the indicated masses of Pu, U, and Gd to verify criticality.

The bookkeeping of the Pu, U, and Gd considers that as these components are released
from the WF, they immediately go into solution to the extent of their solubility with
the remainder assumed to precipitate into some insoluble form. The insoluble forms
are collectively referred to as clay. The components of the clay are incremented as
these components are dissolved from the WF, except for the amounts which go into
solution and are flushed out. The amount of a species removed from the waste package
is simply computed as the product of the volumetric flow-through or exchange flushing
of the waste package, multiplied by the maximum concentration of the species
{solubility). At the present time exchange flushing is simply represented by a lower
volumetric rate. The program may be updated to incorporate a specific exchange factor
multiplying the basic infiltration rate. This exchange factor would be one for
flow-through, and something between .1 and .001 for exchange flushing. However, this
feature is not implemented in the present version.

This version also considers the amount of Cr in steel and in solution, so that the,
latter can determine pH, which, in turn determines the solubility of G4 (and possible
later application to U and Pu solubility, if we want detailed consideration of the
high pH time phase). For large ratio of flushing to steel dissolution rate, almost
all the released Cr will be flushed out at each time step, s0 the difference equation
for incrementing the dissolved Cr (cro) becomes unstable. For this reason the Cr in
solution is approximated by the steady state value: release rate from steel divided by
flushing rate. To assure that this steady state can be reached, there is a startup of
steel dissolution, with timestep reduced to 10 years to assure stability, preceding
the startup of waste form dissolution. The startup of steel dissolution will always
precede the startup of wasteform dissolution because the canister and cans must be
penetrated before the dissolution of the wasteform can begin. If some of the
wasteform were released before the pH dropped to the region relevant here (less than
7) there would be a question of whether the GA were only" temporatily sequestered in
GAdOHCO3 which would dissolve upon lowering of the pH (to 6 or lower), or whether,
instead, it was trapped in a highly inert clay.

This version can be adapted to evaluate the reduction of the Pu loading or of the
number of waste form canisters per package. To reduce the Pu loading of each waste
form canister, change the three statements marked *RdAcPct*. To reduce the number of
waste form canisters per package, :

change the three statements marked *RdcCnstrs*. It should be noted that these two
strategies give identical results for the same fractional reduction from full 10
percent loading of the 4 waste form canister package.

The effect of varying Gd:Pu mole ratio can be modeled by simply changing the amount of
Gd, specified by the statement marked *RdcGd*. It should be noted that such a change
has little effect, except for the cases in which Gd is released at such a high rate,
and faces a relatively low solubility, so that it precipitates for some time before
most of it can go back into

solution and be flushed from the package. */

#include <stdio.h>

#include <stdlib.h>
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#include <math.h>
#include <string.h>
#define PI 3.14159

void main()
{int i,3j.k.yr,outflag,
maxyrs=300, //Maximum time in 1000 yrs
printyr=10, //Interval for printout in 1000 yrs
critical=0, //Indicator of whether criticality has occurred on this case
printcase; //For printing first criticality year
float x,puclay,pugls,uclay,ugls, gdclay, gdgls, fclay, lam, maxgd0, fracfac,
fgls, £f1, ftotal,gdtotal,pudecayg, pudecays,glsrate, glsrateg, fracarea,
altnratet, tgls, totalwf, dpuclay, duclay, dgdclay, crs, cro, rc,ph, cxrom,

x0, //Stainless steel corrosion rate in microns/yr.
tswf=6.0, //Start of waste form dissolution (1000 yr)
tss=3.5, //start of stainless steel corrosion (1000 yr)

crs0=400, //Initial Cr in 4 canisters (neglecting Cr in cans)

puhalf=24.1/.693, //Half-life of Pu in 1000 yrs

pu00=205,//Initial Pu in 4 canister waste package *RdcPct*, *RdcCnatrs*
pul=pul0*exp (-tswf/puhalf),//Pu at start of waste form dissolution
ul0=pu00* (1-exp(-tswf/puhalf)),//U at start of waste form dissolution

pkgarea=4.8, //Horizontal cross sectional area inside waste pkg
pkgvoid= 3.5, //Vvoid volume inside waste package

keff=.98, //Threshold for criticality screening

hco3=0, //Bicarbonate in incoming J13 water, not used now
minph=5.8,

totalwf0=10*pul0; //Assume Pu is 10% of waste form *RdcPct*
float dsltnrate, inflrate, maxpu, maxgd, maxu;
char dummy[80],outs[10],glasscase;
FILE *fin, *fout,*ferr;
fin=fopen(“"pugdcr.in*,*zr");
fout=fopen("pugdcr.out®, "w*);
ferr=fopen("junk.out", "w*);
fgeta (durmy, 79, £in ); //Read through glass vs ceramic heading
fgets (dummy, 79, £in); //Read for glasscase
glasscase=tolower (dummy[0]);
if (glasscase=='y') fprintf(fout, "Glass\n\n");
else if(glasscase=z='n') fprintf(fout, "Ceramic\n\n"});
else
{printf (*Incorrect wasteform\n"):;
exit(0);)
fgets (dummy, 79, fin); //Read through column headings on input file
while(facanf(fin, *$f $£ 3£ 3£ $f $£ 3£ 3f°,//Input parameters for this case
&maxpu, &maxgd0, &maxu, &dsltnrate, &inflrate, kminph, &fracfac, &x0) ! =EOF)
{fprintf(fout, *maxPu=%6.2f maxU=38.2f maxGd=%5.2f mians%S 2£\
Frac fac=3%5.2f\n",maxpu,maxu,maxgd0,minph, fracfac);
cro=1le-10; //Initialize Cr corresponding to pH=12
crs=crsl;
outflag=0; //flag for non-acidic condition
fracarea=fracfac*15.5, //waste form srfc area per waste pkg
lam=inflrate; //lmm/yxr gives a 1000 yr turnover
pugls=pul; //Initialize Pu amount in WF
gdgls=gd0; //Initialize Gd amount in WF
ugls=ul; //Initialize U amount in WF
puclay=0; //Initialize Pu amount removed from WF and still in pkg
uclay=0; //Initialize U amount in solution (still in pkg)

gd0=134, //Initial Gd at mole per mole ratio with Pu *RdcPct*, *RdcGd, *Rchnstrs*
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gdclay=0; //Initialize Gd amount removed from WF and still in pkg
critical=0;//Initialize criticality indicator
printcase=0;//Initialize

fgls=pugls+ugls;//Initialize fissile in WF

fclay=0; //Initialize fissile in solution
totalwf=totalwf0;//Initialize waste form mass

ftotale=fgls+£fclay; //Initialize total fissile
gdtotal=gdgls+gdclay; //Initialize total Gd

yr=0; //Initialize time after start of waste form dissolution
glsrateg=dsltnrate*fracarea* //Dissolution rate times initial surface area
.001* //Convert gm to kg

365%*1000; //Convert days to 1000 years
//glsrateg/=4; [//For reducing the number of canisters/pkg *RdcCnstrs*
sltnratet=inflrate*pkgarea* //Volumetric flow incident on package

.001* //Convert mm/yr to meters/yr
.001* //Prepare to multiply by concentration in ppm (gm=>kg)
1000; //Convert yrs to 1000 yrs

tgls=3*totalwf0/glsrateg; //Pu WF lifetime, assuming 10%Pu
fprintf(fout, "WF Dssltnn rt=%£ Stl dssltn rt=%5.3f Infl rt=%f WF life=%f\n",
dsltnrate,x0,inflrate,tgls);
r0*=39.9;//kg/1000yr: cm2*(g/cc)™. l(mm/cm)*(4canisters)'Crfrac/1000
for(i=0;i<(tswf-tss)*100;i++) //10 yr timestep to start ss corrosion
(if (cxrs>0) rxrc=r0/100;
else rc=0;
crs-=rc;
if(crs<0)crs=0;
cro+=rc-lam*cro/100;
if(cro<=0) cro=0;
fprintf (ferr,*%td $f $f\n",i,crs,cro);}
fprintf (ferr,*\n\n");
x=(cro/52.01/pkgvoid)~-hco3;
if(x>0) ph= -logl0(x); //1 mole H per mole Cr (dichromate),
//71/52.01 moles Cr/gm Cr; divide by vol to reduce cro from mass to
//concentration; neutralize with bicarbonate not used now
else outflag=1;
fprintf(fout, "Cr in steel=%f Cr in sltn=%f pH-%f\n',crs cro,ph);
fprintf (fout, "$8s%85%8s%85%65885¢65%85\n",
*Time*,"Pu WF","U WF","Gd WF*",
"Pu Clay*,*U Clay","Gd Clay", "Crmate");
while( (yr<maxyrs)&& (outflag==0)&&(ftotal>30})
(maxgd=maxgd0*pow(10,~3*(ph-6.0}};
if(crs>0)
{rc=xo0;
crs-=rc;
cro=rc/lam;} //Calculate from steady state to avoid instability
else cro=1le-10;
if(crs<0)crs=0;
x=(cro/52.01/pkgvoid) ~hco3;
if(x>0) ph= -loglO(x); //Same as above
else break;
if (ph<minph) ph=m1nph.
if (ph>9) ph=9;
pudecayg= (pugls>0?pugls/puhalf:pugls); //WF Pu=>U this 1000 yrs
if((yr<tgls)&&(totalwf>0)) //Compute total WF dissolution for this step
glsrate=glsrateg*pow(l-(yr+.5) /tgls,2);//Adjust for reduced surface area
else if ((yr>=tgls)&&(totalwf>0)) glsrate= totalwf; .
else glsrate=0;
udeca s-(puclay>0?puc1aylpuhalf 0) ;//solution Pu=>U this 1000 yrs
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duclay= glsrate*ugls*(totalwf>0?1/totalwf:0)

//Increment clay U from WFdssltn
-({uclay>sltnratet*maxu?sltnratet*maxu: //Flush only maxu
{uclay>07uclay:0)); //No decrement if none left

17 if(duclay<0) duclay=0;
uclay+=duclay+pudecays; //Increment solution U for solution Pu=>U
if (uclay<0)uclay=0;
if (totalwf>0)
ugls+=pudecayg-glsrate*ugls/totalwf; //Decrement U in WP
dpuclay=glsrate*pugls*(totalwf>0?1/totalwf:0)
//increment clay Pu from WF dsltn
- (puclay>sltnratet*maxpu?sltnratet*maxpu: //Flush only maxpu
{(puclay>0?puclay:0)); //No decrement if none left
/7 if(dpuclay<0) dpuclay=0;
puclay+=dpuclay-pudecays; //decrement solution Pu from solution Pu=>U
if (puclay<0)puclay=0; :
if((pugls>0)&&(totalwt>0))
pugls-=pudecayg+glsrate*pugls/totalwf; //Decrement Pu in WF
alse pugls=0;
dgdclay=glsrate*gdgls* (totalwf>0?1/totalwf:0)
//Increment clay G4 from WF dssltn
-gltnratet*maxgd; //Flush only maxgd
/7 if(dgdclay<0) dgdclay=0; //Prevents re-dissolution of Gd from clay
gdclay+=dgdclay;
if{gdclay<0) gdclay=0; //Substitute test if gd can be re-dissolved from clay
gdgls-=glsrate*gdgls*(totalwf>0?1/totalwf:0); //Decrement Gd in WF
totalwf-=glsrate; //Decrement WF for dissolution this step
if (totalwf<0) totalwf=0;
fclay=uclay+puclay; //Update fissile in clay
‘ fgls=ugls+pugls; //Update fissile in WF
ftotal=£fgls+fclay; //Update total fissile
gdtotal=gdgls+gdclay; //Update total G4

yre=l; //Increment time (by 1000 yrs)
strepylouts,® ");
if{glasscase=='n'}) //Criticality for ceramic

{if(gdclay>2.5)
{if (log(gdclay) <(.7587-keff+.00298*puclay+.00135*uclay) /. 11954)
{stxcpy(cuts, "Clayl0*);
if(critical==0)
{eritical=l;
printcase=1;)})
else if (gdclay>1)
{if(gdclay<(.67725-keff+.00478*puclay+.00205*uclay)/.08524)
{strcpy(outs, "Clayl");
if(critical==0)
{critical=1;
printcase=1;1}})
else if (gdclay>.2)
{if (gdclay<(.62516-keff+.006578*puclay+. 003005*uc1ay)/ 17972)
{strcpy(outs, *Clay.2");
if(critical==0)
{eritical=1;
printcase=1;})})
else if(gdclay<(.448283597-keff+, 010123*puc1ay+ 004829*uc1ay)/ 36997)
{stxcpy(outs,"Clay.0");
if(critical==0)
{critical=1;
printcase=1;})}
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else .//Criticality for glass
{if (log(gdclay)>=4)
{if (gdclay<(.822783-keff+.003415%puclay+.001461*uclay) /.17762)
{strcpy(outs, "Clayl0*);
if(critical==0)
{critical=1;
printcase=1;}}}
else if (gdclay>1)
{if (gdclay<(.725619-keff+.0053206*puclay+.0023011*%uclay)/.09609)
{strcpy(outs, *Clayl");
if(critical==0)
{critical=1;
printcase=1;}}}
else if (gdclay>.0001)
{if (gdclay<(.72901-keff+.008028*puclay+.003966%uclay)/.26981)
{strcpy(outs, "Clay0+*);
if(critical==0)
{critical=1;
printcase=1;}}) .
else if (0<(.534305-keff+. 01514*puc1ay+ 008186%*uclay))
{strcpy(outs, "Clayl");
if(critical==0)
{critical=1; -
printcase=1;}))} ’
if((yriprintyr==0) | | (printcase==1) | | (yr<10)}
fprintf (fout, "$8A%8.2£48.2£%8.2£%8.2F%8.2£%8.3£%8. 2f%7s\n'
yr,pugls,ugls, gdgls,puclay,uclay,gdclay,cro outs);
strcpy(outs, *® *);
printcase=0;}
fprintf (fout, "$84%8.2£%8.2£%8.2f¢B.2F%8.2£48.3£¢8.2£87s\n\n",
yr,pugls,ugls,gdgls, puclay, uclay, gdclay,cro,outs};}}

Ps
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/* pugdkeff.c Version to simply calculate keff using the appropriate regression.
The remainder of this intro is the same as the previous program, pugdcr.c

#include <stdioc.h>
#include <stdlib.h>
#include <math.h>

#include <string.h>
#define PI 3.14159

void main()
{int i.3j,k,yr,outflag, firsttime, adjustecr, yr0, yrmax,
maxyrs=300, //Maximum time in 1000 yrs
printyr=10, //iInterval for printout in 1000 yrs
critical=0, //Indicator of whether criticality has occcurred on this case
printcase; //For printing first criticality year '
float x,puclay,pugls,uclay,ugls, gdclay, gdgls, fclay.lam.maxgdo fracfac,
fgls, £1, ftotal,gdtotal,pudecayg,pudecays, glsrate,glsrateg, fracarea,
sltnratet, tgls, totalwf, dpuclay, duclay, dgdclay, crs, cro, re, ph, crom, kef fmax,

r0, //Stainless steel corrosion rate in microns/yr read from input
kold=0, //initialization to determine peak .

tswf=6.0, //Start of waste form dissolution (1000 yr)

tss=3.5, //Start of stainless steel corrosion (1000 yr)

crs0=400, //Initial Cr in 4 canisters only _

cnl=100, //SS Cr below which degradation rate shrinks with area
puhalf=24.1/.693, ' //reciprocal of Pu decay rate per 1000 yrs
pu00=205, //initial Pu in 4 canister waste package ,
puO=pul0*exp {-tswf /puhalf), //Pu at start of waste form dissolution
u0=pu00* (1-exp (-tswf/puhalf)),//U at start of waste form dissolution

gd0=134, //Initial GA at mole per mole ratioc with Pu
pkgarea=4.8, | //Horizontal cross sectional area inside waste pkg
pkgvoid= 3.5, //Veid volume inside waste package

keff=.98, //Threshold for criticality screening

hcod=0, //Alkalinity as bicarbonate, not used now

minph=6.0, //pH floor to limit GA solubility; overriden by input

totalwf0=10*pud0; //Assume Pu is 10% of waste form
float dsltnrate, inflrate, maxpu, maxgd, masxu;
char dummy[80],ocuts(10),glasscase;
FILE *fin, *fout,*ferr;
fin=fopen("pugdkeff.in", “r");
fout=fopen{"pugdkeff.out”, *w*);
ferr=fopen("junk.out", "w");
fgets(dummy,79,£fin ); //Read through glass vs ceramic heading
fgets (dummy, 79, fin) ; //Read for glasscase
glasscase=tolower (dunmy[0});
if{glasscase=='y"') fprintf(fout,"Glass\n\n");
else if(glasscase=='n') fprintf(fout, "Ceramic\n\n");
else
{printf (*Incorrect wasteform\n').
exit(0);}
fgets (dummy, 79,£fin ); //Read through column headings on input file
while(fscanf(fin,"3f 3f %f $f 3f 3f 3£ 3f*,//Input parameters for this case
smaxpu, &maxgd0, &maxu, kdsltnrate, kinflrate, &minph, &fracfac, &x0) { =EOF)
{fprintf(fout, *maxPu=%6.2f maxU=%6.2f maxGd=%6.2f minpH=%5.2f\
Frac fac=%5.1f\n",maxpu,maxu, maxgd0, minph, fracfac);
cro=le-10; //Initialize Cr corresponding to pH=12
crs=crs0;
kold=0;
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kef fmax=0;

firsttime=1; //to determine peak keff

adjuster=0; //flag for adjusting for shrinking S$S area

outflag=0; //flag for non-acidic condition

fracarea=fracfac*15.5, //waste form srfc area per waste pkg
lam=inflrate*pkgarea/pkgvoid;//For calculating Cr removal and conc
pugls=pu0; //Initialize Pu amount in glass

gdgls=gd0; //Initialize Gd amount in glass

~ ugls=uol; //Initialize U amount in glass

4 puclay=0; //Initialize Pu amount removed from glass and still in pkg
uclay=0; //Initialize U amount in solution (still in pkg)
gdclay=0; //Initialize Gd amount removed from WF and still in pkg
critical=0;//Initialize criticality indicator
printcase=0;//Initialize

. strcpy (outs,* ");

’ fgle=pugls+ugls;//Initialize fissile in glass

fclay=0; //Initialize fissile in solution
totalwf=totalwf(;//Initialize waste form mass

ftotal=fgls+fclay; //Initialize total fissile

' gdtotal=gdgls+gdclay; //Initialize total Gd :

yr=0; //Initialize time after start of waste form dissolution

glsrateg=dsltnrate*fracarea* //Dissolution rate times initial surface area
.001* //Convert gm to kg

365*1000; //Convert days to 1000 years
sltnratet=inflrate*pkgarea* //Volumetric flow incident on package

.001* //Convert mm/yr to meters/yr
.001* //Prepare to multiply by concentration in ppm (gm=>kg)
1000; : //Convert yrs to 1000 yrs

tgls=3*totalwf0/glsrateyg; //WF lifetime
fprintf (fout, "WF Dssltnn rt=%f Stl dssltn rt=%5.3f Infl rt=%6.2f WFlife=%f\n",
dsltnrate,r0, inflrate, tgls);
r0*=39.9;//kg/1000yr: cm2*(gsteel g/cc)*.1(mm/cm)* (4canisters)*Crfrac/1000
for(i=0;i<(tswf-tss)*100;i++) //10 yr timestep to start ss corrosion
(if(crs>0) rc=x0/100; . //Assume no ph dependence for ss crrsn rte
else rc=0;
crs-=xc;
if (crs<0)crs=0;
cro+=rc-lam*cro/100;
if (cro<=0) cro=0;
fprintf (ferr, *%d $£ $£f\n",i,crs,cro);}
: fprintf(ferr, "\n\n");
s x=(cro/52.01/pkgvoid)-hcol;
if(x>0) ph= -logl0O(x); //1 mole H per mole Cr,
- /71/52.01 moles Cr/gm Cr; divide by vol to reduce cro from mass to
//concentration; neutralize with bicarbonate
else ph=7.4;
fprintf (fout, *Cr in steelztf Cr in sltn=%f pH=%£f\n",crs,cro,ph):
fprintf (fout, "$8s%8s48st8s%8e48588548s%85\n",
*Time®,"Pu WF*,"U WF","Gd WF",
*Pu Clay","U Clay®*,"Gd Clay","Crmate", 'Keff'),
while( (yr<maxyrs)&&(outflag==0)&&(ftotal>30))
{maxgd=maxgd0*pow(10,-3*(ph-6.0));
if(crs>0)
{if (crs>cnl) re=ro0;
else if (adjustcr==0)
{adjustcer=1;
yx0=yr;}
if (adjustcr==1)
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{x={yr-yr0+.5) *r0/cnl;
if (x<1) rcaro*pow(l-x,z)://adjust for shrinking SS area
else rc=0;}
if(rc>0)crs-=xc;
elge crs=0;
cro=rc/lam;}
else cro=le-10;
if(crs<0)crs=0;
x=(cro/52.01/pkgvoid) -hco3;
if(x>0) ph= -1logl0(x); //Same as above
else ph=7.4;
if (ph<minph) ph=minph;
if(ph>9) ph=9;
pudecayg= (pugls>0?pugls/puhalf:pugls); //glass Pu=>U this 1000 yrs °
if({yr<tgls)&&(totalwf>0))//Compute total glass dissolution for this step
glsrate=glsrateg*pow(l-{yr+.5)/tgls,2);//Adjust for reduced surface area
else if ((yr>=tgls)&&(totalwf>0)) glsrate= totalwf; ‘
else glsrate=0;
pudecays= (puclay>0?puclay/puhalf:0); //solution Pu=>U this 1000 yrs
duclay= glsrate*ugls*(totalwf>0?1/totalwf:0)

- //Increment clay U from glassdssltn
-{uclay>sltnratet*maxu?sltnratet*maxu: //Flush only maxu
(uclay>0?uclay:0)); //No decrement if none left

/7 if (duclay<0) duclay=0; //to prevent re-dissolution from clay
uclay+=duclay+pudecays; //Increment solution U for solution Pu=>U .
if (uclay<0)uclay=0;
if (totalwf>0)
ugls+=pudecayg-glsrate*ugls/totalwf; //Decrement U in glass
dpuclay=glsrate*pugls* (totalwf>0?1/totalwf:0) :
//increment clay Pu from glass dsltn
- (puclay>sltnratet*maxpu?sltnratet*maxpu: //Flush only maxpu
{(puclay>0?puclay:0})); //No decrement if none left
/7 if(dpuclay<0) dpuclay=0;
puclay+=dpuclay-pudecays;//decrement solution Pu from solution Pu=>U
if({puclay<0)puclay=0;
if{(pugls>0)&&(totalwe>0))
pugls-=pudecayg+glsrate*pugls/totalwf; //Decrement Pu in glass
else pugls=0; o
dgdclay=glsrate*gdgls* (totalwf>0?1/totalwf:0)
//Increment clay Gd from glass dssltn’
-sltnratet*maxgd; //Flush only maxgd
/7. if(dgdclay<0) dgdclay=0; //Prevents re-dissolution of Gd from clay
gdclay+=dgdclay;
if(gdclay<0) gdclay=0; //Substitute test if gd can be re-dissolved from clay
gdglq—sglsrate*gdgls*(totalw£>0?1/totalw£ 0): //Decrement Gd in glass
totalwf-=glsrate; //Decrement glass for dissolution this step
if (totalwf<0) totalwf=0;
fclay=uclay+puclay; //Update figsile in clay
fgls=ugls+pugls; //Update figsile in glass
ftotal=£fgls+fclay; //Update total fissile
gdtotal=gdgls+gdclay; //Update total G4

ol

yr+=1; //Increment time (by 1000 yrs)
if(glasscase=='n')
(if(gdclay>2.5) //for ceramic

keff=.7587+.00298*puclay+.00135*uclay-.11954*1og{(gdclay);
else if (gdclay>1)

keff=.67725+.00478*puclay+. 00205*uc1ay—.08524*gdclay:
elgse if (gdclay>.2)
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keff=.62516+.006578*puclay+.003005*uclay-.17972*gdclay;
else keff=z,448283597+.010123*%puclay+.004829*uclay-.36997*gdclay;}
else .
{if (gdclay>=4) //for glass
keff=.822783+,.003415*puclay+.001461*uclay-.17762*1og(gdclay);
else if (gdclay>1)
keff=.725619+.0053206*puclay+.0023011%uclay-.09609*gdclay;
else if (gdclay>.0001)
keff=.72901+.008028*puclay+.003966*uclay-.26981*gdclay;
else keff=.534305+.01514*puclay+.008186*uclay;}
if (keff>keffmax)
{keffmax=keff;
yrmax=yr;);
if (keff<kold)
(if (firsttime==1)
{printcase=1;
firsttime=0;}}
if (printcase==1)
fprintf(fout, "$84%8.2£%8.2£%8.2£%6.2£%8.2£%48.3£%8.3£%8.3£f\n",
yr-1,pugls,ugls,gdgls,puclay,uclay, gdclay, cro, kold);
if(yriprintyr==0) //Comment out except for all time dependence
fprintf(fout, "$8A%8.2£%8.2£%8.2f%8.2f%8.2£%8.3£%8.3f%8.3£f\n",
yr,pugls,ugls,gdgls,puclay,uclay, gdclay, cro, keff) ;-
kold=keff; :
printcase=0;} :
fprintf (fout, "$8A%E.2£%8.2£%8.2£%8.2£48.2£%8.3£%8.3£%8.3£f\n",
yrmax,pugls,ugls,gdgls,puclay,uclay, gdclay, cro, keffmax) ;
fprintf(fout, "$8A%8.2£f%8.2€%8.2£%8.2£48.2£%8.3£%8.3£%8.3£f\n\n",
yr,pugls,ugls, gdgls,puclay,uclay,gdclay, cro, keff);}}

A00600000-01717-5705-00014 REV 01 B-9 : February 1997
PREDECISIONAL DOCUMENT



PREDECISIONAL DOCUMENT

/* critload.c This is a version of pugdcr.c which searches for the
limiting fracture factor, above which a criticality can occur for a series of Pu
loading cases.

The remainder of this intro is the same as the previous program, pugdcer.c

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#include <string.h>
#define PI 3.14159

void main() .
{int i,3j,k,yr,outflag, endload, enddp,
maxyrs=300, //Maximum time in 1000 yrs
printyr=10, //Interval for printout in 1000 yrs
" critical=0, //Indicator of whether criticality has occurred on this case
printcase; //For printing first criticality year -
float x,puclay,pugls,uclay,ugls, gdclay, gdgls, fclay, lam, fracfac,.
fgls,fl,ftotal,gdtotél,pudecayg,pudecays,glsrate,glsrateg,fracarea,
sltnratet, tgls, totalwf, dpuclay, duclay, dgdclay, crs, cro,rc,ph, crom,
ffstep, ffstart,loadfac,puglslast,uglslast,puclaylast,uclaylast,
gdglslast,gdclaylast,crolast, totalwfmax, totalwflast, fclaylast,

x0, //stainless steel corrosion rate in microns/yr

tswf=6.0, //start of waste form dissolution (1000 yr)

tss=3.5, //start of stainless steel corrosion (1000 yr)
crs0=400, //Initial Cr in 4 canisters (neglecting Cr in cans)
puhalf=24.1/.693,  //Reciprocal of Pu-239 decay rate |

pu00=205,//Initial Pu in 4 canister waste package

pul=pulO0*exp (-tswf/puhalf),//Pu at start of waste form dissolution
u0=pul0* (1-exp(-tswf/puhalf)),//U at start of waste form digssolution
gd0=134,//Initial GA at mole per mole ratio with Pu

pkgarea=4.8, //Horizpntal'cross sectional area inside waste pkg
pkgvoid= 3.5, //Void volume inside waste package
keff=.98, //Threshold for criticality screening

hco3=0, //Bicarbonate in incomming J13 water, not used now
minph=5.8, //Overridden by input
maxpu=6.le-3,//Pu solubility limit
maxu=1.0, //U solubility limit
maxgd0=95.0, //Multiplying factor for pH dependent Gd solubility limit
totalwf0=10*pul0;//Assume Pu is 10% of waste form
float dsltnrate, inflrate, maxgd;
char dummy[80),outs[10]),glasscase;
FILE *fin, *fout, *ferr;
fin=fopen(*critload.in*,"r");
fout=fopen("critload.out", "w*);
ferr=fopen(®junk.out®, "w");
fgets (dummy, 79, fin }; //Read through glass vs ceramic heading
fgets (durmy, 79, £in) ; //Read for glagscase
glasscase=tolower (dummy[0]);
if(glasscase=='y'} fprintf(fout, "Glass\n\n*};
else if(glasscase=='n') fprintf(fout, "Ceramic\n\n");
else
{printf("Incorrect wasteform\n"};
exit(0);)}
fgets (dunmy, 79, £in); //Read through column headings on input file
whila(fscanf(fin, "3f %f $f £ Sf 3f Sf £f",//Input parameters for this case
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&keff,&loadfac,&ffstart, &ffstep, &dsltnrate, &inflrate, &minph, &r0) | =EOF)
{frrintf(fout, *Keff=%5.3f FFstart=%5.3f FFstep=%5.3f Loadfac = $%5.3f\
minpH=%5.2f\n",keff, ffstart, ffstep, loadfac,minph) ;

endload=0;

fracfac=ffstart; :
while((fracfac<20)&&(endload =0}) //fracfac incremented each iteration
{cro=le-10; //Initialize Cr corresponding to pH=12

cre=crs0; ' _ _

outflag=0; //flag for non-acidic condition

fracarea=fracfac*15.5, //waste form srfc area per waste pkg
lam=inflrate*pkgarea/pkgvoid;//Turnover rate for cr stdy state and removal
pugls=pul*loadfac; //Initialize Pu amount in WF & adjust for Pu loading
gdgls=gd0*loadfac; //Initialize Gd amount in WF & adjust for Pu loading
ugls=ul*loadfac; . //Initialize U amount in WF & adjust for Pu loading
. puclay=0; //Initialize Pu amount removed from WF and still in pkg
uclay=0; //Initialize U amount in solution (still in pkg)

gdclay=0; //Initialize GAd amount removed from WF and still in pkg
critical=0;//Initialize criticality indicator

printcase=0;//Initialize

fgls=pugls+ugls;//Initialize figsile in WF

fclay=0; //Initialize fissile in solution
totalwf=totalwf0;//Initialize waste form mass

ftotal=fgls+fclay; //Initialize total fissile

gdtotal=gdgls+gdclay; //Initialize total Gd

©yr=0; //Initialize time after start of waste form dissolution
glsrateg=dsltnrate*fracarea* //Dissolution rate times initial surface area
.001~* //Convert gm to kg :

365*1000; //Convert days to 1000 years :
sltnratet=inflrate*pkgarea* //Volumetric flow incident on package

.001* //Convert mm/yr to meters/yr
.001* //Prepare to multiply by concentration in ppm {(gm=>kg)
1000; //Convert yre to 1000 yrs

tgls=3*totalwf0/glsrateg; //Pu WF lifetime, assumiqg 10%Pu
fprintf (fout, *WF Dssltnn rt=%tf Stl dssltn rt=%5.3f Infl rt=%f WF life=%f\n°",
dsltnrate,r0, inflrate, tgls);
for(i=0;i<(tswf-tes)*100;i++) //10 yr timestep to start ss corrosion
{if (crs>0) rc=r0*39.9/100;//kg/1000yr:
cm2* (g/cc) *.1{mm/cm) * {dcanisters) *Crfrac/1000
else rc=0;
crs-=rc;
if(cre<0)crs=0;
cro+=rc-lam*cro/100;
if{cro<=0) cro=0;}
x=(cro/52.01/pkgvoid) ~hco3;
if(x>0) ph= -loglO{(x);  //1 mole H per mole Cr (dichromate);
//1/52.01 moles Cr/gm Cr; divide by vol to reduce cro from mass to
//concentration; neutralize with bicarbonate not used now
else outflag=1;
fprintf(fout, "Cr in steel=%f Cr in sltn=%f . pH=%f\n",crs,cro, ph),
fclaylast=0;
while( (yr<maxyrs) && (out flag==0))
{maxgd=maxgd0*pow(10,~-3*(ph-€.0)});
if(crs>0) . , , .
{rc=r0+*39.9;//kg/1000yr: cm2*(g/cc}*.l(mm/cm)* (4canisters)*Crfrac/1000
crs-=rc;
cro=rc/lam;} //Calculate from steady state to avoid instability
else cro=le-10;
if (crs<0)crs=0;

A
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x=(cro/52.01/pkgvoid}-hco3;
i£(x>0) ph= -1logl0(x}; //same as above
else break;
if (ph<minph) ph=minph;
if{ph>7) outflag=1l;//All Cr is used up so no chance for criticality
pudecayg= (pugls>0?pugls/puhalf:pugls); //WF Pu=>U this 1000 yrs
if ((yr<tgls)&&k(totalwf>0))//Compute total WF dissolution for this step
glsrate=glsrateg*pow(l-(yr+.5)/tgls,2); //Adjust for reduced surface area
else if ((yr>=tgls)&&(totalwf>0)) glsrate= totalwf: ‘
else glsrate=0;
pudecays=(puclay>0?puc1ay/puha1£ 0); //solution Pu=>U this 1000 yrs
duclay= glsrate*ugls*(totalwf>0?1/totalwf:0) .
//Increment clay U from WFdssltn ,
-(uclay>sltnratet*maxu?sltnratet*maxu: //Flush only maxu
(uclay>0?uclay:0)); //No decrement if none left
/7 if (duclay<0) duclay=0; i ’
uclay+=duclay+pudecays; //Increment solution U for solution Pu=>U.
if (uclay<0)uclay=0;
if (totalwf>0)
ugls+=pudecayg-glsrate*ugls/totalwf; //Decrement U in WF
dpuclay=glsrate*pugls* (totalwf>0?1/totalwf:0) o
//increment clay Pu from WF dsltn
-{puclay>sitnratet*maxpu?sltaratet*maxpu: //Flush only maxpu
(puclay>0?puclay:0)}); //No decrement if none left
/l/ if(dpuclay<0) dpuclay=0;
puclay+=dpuclay-pudecays; //decrement solution Pu from solution Pu=>U
if {puclay<0)puclay=0;
if ({pugls>0) &k (totalwf>0))
pugls-=pudecayg+glsrate*pugls/totalwf; //Decrement Pu in WF
else pugls=0;
dgdclay-glsrate*gdgls*(tota1w£>0?1/totalw£ 0)
//Increment clay Gd from WF dssltn
-sltnratet*maxgd; //Flush only maxgd
1/ if (dgdclay<0) dgdclay=0; //Prevents re-dissolution of Ga from clay
gdclay+=dgdclay:;
if(gdclay<0) gdclay=0; //Substitute test.if gd can be re-dissolved from clay
gdgls-=glsrate*gdgls* (totalwf>0?1/totalwf:0); //Decrement Gd in WF -
totalwf-=glsrate; //Decrement WF for dissolution this step
if (totalwf<0) totalwf=0;
fclay=uclay+puclay; //Update fissile in clay
fgls=ugls+pugls; //Update fissile in WF
ftotal=£fgls+fclay; //Update total fissile
if (fclay<fclaylast+.001) //No fissile left
(endload=1;
fprintf(fout, "Fissile used up Pu=%6.1f U=%6.1f\n",puclay,uclay);
outflag=1;}
else fclaylast=fclay;
gdtotal=gdgls+gdclay; //Update total G4
yr+=1; //Increment time (by 1000 yrs)
strcpy(outs,* *);
if (glasscase=='n') //Criticality for clay
(if (gdclay>2.5)
{if(log(gdclay)«<(.7587-keff+. 00298*puc1ay+ 00135*uclay) /.11954)
{strcpy(outs, "Clayl0*);
if(critical==0)
{ecritical=};
printcase=1;}})
else if (gdclay>l)

A00000000-01717-5705-00014 REV 01 B-12 e February 1997
PREDECISIONAL DOCUMENT



]

PREDECISIONAL DOCUMENT

{if (gdclay<(.67725-keff+.00478*puclay+.00205*uclay) /.08524)
{strcpy(outs, "Clayl®);
if(critical==0)
{critical=1;
printcase=1;})}} »
else if (gdclay>.2) .
{if (gdclay<(.62516-keff+.006578*puclay+.003005*uclay)/.17972
(strcpy(outs, "Clay.2");
if(critical==0)
{critical=]l;
printcase=1;}))
else if(gdclay<(.448283597-kef£+.010123*puc1ay+.004829*uc1ay)/.36997)
{strcpy (outs, "Clay.0");
if(critical==0)

{critical=1;
printcase=1;}}}
else //Criticality for glass
(if (gdclay>=4)

(if(log(gdclay)<(.822783-keff+.003415*puc1ay+.001461*uc1ay)/.17762)
{strcpy(outs, "Clayl0*);
if(critical==0)
{critical=l;
printcase=1;}}}
else if (gdclay>1l) )
{if(gdclay<(.725619-keff+.0053206*puclay+.0023011*uclay) /.09609)
{strcpy(outs, "Clayl®);
if(critical==0)
{critical=1;
printcase=1;}}}
else if (gdclay>.0001)
{if (gdclay<(.72901-keff+.008028*puclay+.003966*uclay)/.26981)
{strcpy (outs, *Clay0+*");
if(critical==0)
{critical=1;
printcase=1;}}) )
else if (0<(.534305-keff+.01514*puclay+.008186*uclay))
{strcpy(outs, "Clay0");
if(critical==0)
{critical=]1;
printcase=1;}})}
if(critical==1) //print for first time of criticality
(fprintf (fout, "$8s%85%8s¢85%85885%85%85\n",
*Time","Pu WF","U WF","Gd WF",
*Pu Clay","U Clay", "G4 Clay","Crmate");
fprintf(fout,"$84%8.2f%68.2f%8.2£%8.2£f%8.2£f%8.3£f%8.2£%7s\n",
yr-1,puglslast,uglslast,gdglslast,puclaylast,uclaylast,
gdclaylast,crolast,outs); //print last step before criticality
fprintf (fout, "%8d%8.2£f%48.2f%48.2f%8.2f%8.2£f%8.3£f%8.2f%7s\n",
yr,pugls,ugls,gdgls,puclay,uclay,gdclay, cro,outs);
fprintf(fout, "LoadFac=%5.3f FF=%5.1f\n\n", loadfac, fracfac);
outflag=1;}
else :
{puglslast=pugls; //reset to be able to print last when criticality
uglslast=ugls; //is found
gdglslast=gdgls;
puclaylast=puclay:;
uclaylast=uclay;
gdclaylast=gdclay;
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crolast=cro;)
strcpy{outs, * *):
printcase=0;) //end of timestep loop
if{critical==0)
fprintf(fout, "No criticality Loadfac=%5.3f FF=%5.1f Time=%d\n\n",
loadfac, fxracfac,yr);
else endload=1; //We've found the lowest DP for this load factor
fracfac+=ffstep;} //Increment fracfac for next iteration of this locop
if (endload==0) fprintf(fout,*No criticality Loadfac=%5.3f\n\n",loadfac);))
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‘APPENDIX C
SUMMARY OF RESULTS OF EQ3/6 CALCULAT[ONS

C.1 CHEMISTRY AND ANALYSIS

Tables in this appendix provide a summary of results from numerous calculations that are most
relevant to nuclear criticality issues. The calculations were done with the EQ3/6 package of
computer codes, which simulate reaction progress toward a final equilibrium state. The tables
include only -a small fraction of the results from individual runs. The output also reports the
concentrations of all other aqueous species and the names and amounts of numerous solid phases
predicted to form during the course of reaction.

Various assumptions had to bé made to cqnduct these simulations. In view of the long time frame
it was assumed in most computer runs that the eventual result would be the true equilibrium
assemblage, not some metastable condition, as might persist even at the end of laboratory
experiments lasting several years. Thus, quartz and PuO,, not chalcedony and Pu(OH),, respectively,
were assumed to be the stable phases. Another assumption was that once the metal barriers, i.e., the
carbon steel corrosion allowance, the Alloy 625 corrosion resistant barrier, and the 304L stainless
steel containers for the glasses were breached at 5000 years there would be sufficient internal
convection to keep the J-13 well water circulating among the Alloy 625 internal surface, all of the
exposed 304L, and the fractured DHLW and La-BS glasses. This was modeled as a closed system
in view of the lack of a flow-through/flushing option within EQS.

Because of the lack of Pitzer's coefficients for activity coefficients for many of the constituents, it’
was not possible to use a closed system to model the final stages of reaction progress. The leaching
of the DHLW glass has the potential to produce extremely high ionic strengths, well beyond the
capability of the activity coefficient option that had to be used. Similarly, the assumption of
approach to equilibrium results in a prediction of oxidation of the Cr in the metals to chromates; this,
too, would increase the ionic strength dramatically and simultaneously produce acid conditions
perhaps to a pH as low as 4. In view of these limitations only the initial stages of closed system
reaction progress, up to the point where the results may still be qualitatively correct, are reported in
this appendix. Closed system rnun rcsults are included in Tables C-1 and C-2.

To obtain useful chemical data for the latcr stages of reaction progress recognition was taken of the
likelihood that the high concentrations of initial reaction products would be flushed from the system
by continuing influx of J-13 well water. Similarly, much of any acid produced would be flushed out.
This allowed computation of solubilities of suitable solid phases, specifically, GAOHCO,, Pu0O,,
soddyite, and haiwecite, in J-13 well water at specific values of pH. The composition of the water
did, of course, have to be changed somewhat to correspond to the modified pHs, as explained in
section C-2. The results of these calculations are reported in Tables C-3 and C-4 and are plotted in
Figures C-1, C-2, and C-3. Table C-3 provides the results for normal atmospheric pressure of CO,,
and Table C~4 for a higher partial pressure computed from the measured pH and alkalinity of J-13
well water.
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Table C-1. Modeling Results, Element Specific, Glass Waste with Average J-13 Well Water

Log Total Aqueous S
Time . Molalities/ppm Py, U, and Gd Solids
Run # oral . Gd Pu U Name Log Molgt Description Comment
ji3avwps0 |56y  |-6.03/ -4.72/ -1.47/ GJOHCO,t  |-2.10/1.24 LaBS glass, DHLW glass, 304L, | Limit of accurate calculations
pH 9.83 1.35E-01 14.31 7.55E+03 |PuO, -2.16/1.64 & Alloy 625 reaction with J-13 | with available data, i.e., about
Rhabdophane |-3.97/0.02 water. SKB thermmodynamic dala |ionic strength 1 as here. '
added to data base. Glass
fracture factor (FF) = 100.
Cr allowed to oxidize fully to
. chromate.
j13avwp50c {7.8y 7Y -10.76/ -4.12/ GdOHCO, -4.21 LaBS glass (FF=6) , DHLW glass | Maximum pH.
pH=8.79 . 0.012 0.42E-05 [18.2 - PuO, 4.23 (FF=30), 304L, & Alloy 625 Note that slower rate of DHLW
Soddyite -3.21 teaction with J-13 water. SKB reaction compared to that of Cr
Rhabdophane |-4.12 thermodynamiic data added to alloys keeps this maximum
- data base. Cr allowed to oxidize |lower. :
fully to chromate.
‘1j18avwps0c |101y  |-7.32/ -11.69/ -5.09/ GdOHCO, -3.09/-0.13 | Continuation lonic strength = 0.78, i.e.
pH=8.16 7.0E-03 |4.71E-07 |1.82 PuO, -3.13/0.18 approximate limit of accurate
Soddyite -2.10/1.89 calculations.
Rhabdophane |-4.26/0.01
j13avwp50c |616y 6,37/ -12.26/ -7.44/ GdOHCO, -2.30/0.79 | Continuation - Approximate limit of
pH=7.14 5.27E€-01 {1.03E-07 |6.83E-03 }PuO, -2.35/1.08 applicability of results; ionic
N Soddyite -1.44/8.67 strength = 4.2
Rhabdophane |-3.70/0.03 ,
LaF,-ss -4.96/<0.01 :
j13avwp54 [436y |-1.21/ |-10.12/ Not PuO, -1.22/14.4 LaBS glass, 304L, & Alloy 625.. | lonic strength 2.3 - somewhat
pH=5.18 8.23E+0 |1.57E-05 |included in | Rhabdophane |-7.12/<0.01 : |SKB thermodynaric data added |beyond range of accurale
3 - waste form to data base. FF =100. calculations
) ‘ . for this run - | Limited O, & CO,
ji3avwp54 872y |-0.91/ -9.92/ Not Pul, - -0.92/28.9 . | Continuation lonic strength 4.7,
pH=4.95 1;46&0 2.19E-05 |included | Rhabdophane |-7.22/9.45 ~ applicability limit.
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Table C-1. Modeling Results, Element Specific, Glass Waste with Average J-13 Well Water (Continued)

Log Total Acqueous
Time Motalities/ppm Py, U, and Qd Sollds
Run # orzl Gd Pu u Name Log Mol/gt Description Commemt
j13avwpS56b |58y -5.80/ .77 -1.47/ GdOHCO, -4.51/0.05 LaBS glass, DHLW glass, 304L, |No solid U species. lonic
pH=1006 | 2.30E-01 |38.61  |7.52E403 {PuO, -3.68/0.05 & Alloy 625 reaction with J-13 strength = 1.24, -~ limit for
o ' o " : - Rhabdophano -3.42/0.08 water. SKB thermodynamic data | accuracy,
added to data base. FF= 100. Cr | Note high U solubiiity
not aflowed to oxidize to S
Y ... _ . |chromate,
j13avwp56b {104y  |-570/ 3.1 -1.19/ Na4UoO,. -3.27/0.13 Continuation No sofid Pu species
pH=10.15 2.75E-01 | 1.61E+02 |1.34E+04 |(CO,), -4.24/0.01 N.B. Solubllity of Py and U are
: GdOHCO, -2.48/0.11 high
Rhabdophane
j13avwp56b |643y |-5.56/ 2.24/ -2.20/ Na,UO,- -0.87/32.0 Continuation No sofid Pu species.
pH = 10.28 3.41E-01 |1.10E+03 |1.17E+03 |(COy), GdPO4«H,0 = -3.34
QGdOHCO, -2.371/0.67 .
o Rhabdophane {-2.10/0.06 ,
13avwp56b 30,342y | -6.26/ -5.31/ -0.93/ -0.73/44.43 = | Continuation 33.94 moles of solvent water,
pH =959 7.63E-02 | 1.07 2.51E+04 |Na,UO,- -1.02/2253 |- out of initial 55.51, stift present.
T (COy)y This means 15.3gof Uin
GdOHCO, -0.67/34.0 - solution vs. 22.5 in soiid. lonic
Hhabdophane -3.34/0.07 strength never got outside
' range that could be handled
approximately.
j13avwp58 |56y -6.04/ -4.73/ -1.47/ GdOHCO, -2.10/1.24 Like run j13avwp50, but formation | fonic strength 1.2,
pH=9.83 1.34E-01 |4. 25 7.55E+03 |PuO, -2.16/1.64 of quartz, tridymite, and coesite | ~ limit for accuracy.
Rhabdophane suppressed. No U solid
j13avwp58 234y |-5.78/ -2.79/ -2.35/ GdOHCO, +1.48/5.20 Continuation ' N B. High solubilities of Pu and
pH = 10.06 2.06E-01 |3.13E+02 |8.32E+02 |NaUO,- -0.88/31.0
(COy)y |onlc strength 4.0,
PuO, -1.56/6.58 ~ applicability limit.
Rhabdophane -3.46/0.05 ) .

L661 Amruqag

' High values of dissolved Gd, but wrthin limits for which calculations give acceptable resufts.

1 Values are log gram-atoms of metal (or cation) and grams of metal, not the entire welght of the solid.
1 Equilibrium constant taken to be equal to that for NdOHCO, .
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Table C-2. Modaling Results, Element Specific, Ceramic Wasle with Average J-13 Well Walter

Tino Log Total Aqueous Molalities/ppm Py, U, and Gd Solids
Run# orzi* ‘Gd | - Pu u - Name Log Mol/gt Description ~ -~ Comment
j13avcert 28y |-9.30/ -0.84/ -3.18/ PuO, - |-5.48/<0.01 Ceramic waste, modeledas a
pH = 8.82 . |7.78E-05 |3.43E-05 |1.54E+02 |Soddyite -2.69/0.49 homogeneous special reactant
Rhabdophane |-3.88/<0.01 (FF = 10), DHLW glass (FF =
' 30), 304L, and Alloy 625 -
reaction with J-13 water. SKB
data base. Cr allowed to
oxidize fully. Mid-range of
reaction rale (1.0E-5.5
g/m**2/day)
j13avcert 542y |-8.3% -12.4/ -6.39/ PuO, -4.19/0.02 Continuation "| lonic strength 4.75,
pH=7.44 5.79E-04 |7.48E-08 }7.57E-02 |Soddyite -1.35/10.6 . ~ applicability limit.

: Rhabdophane |-4.64/<0.01 ‘ '
j13avcer2 29y -9.27/ -9,89/ -3.22/ PuO, -5.24/<0.01 Ceramic waste modeledas . | Course of reaction
pH = 8.80 8.20E-05 |3.07E-02 . |1.38E+02 |Soddyite -2.69/0.49 consisting of separale phases |essentially the same

. |Rhabdophane {-3.88/<0.0t of zirconolite, pyrochliore, Zr-  |as for glass, except for
, containing rutile, and Ba- smaller amounts of
hollandite. Used dissolution [Py, U, and Gd (and
rate of 1.0E-5.5 g/m**2/day for |other components of
zirconolite and pyrochlore, 10 |the glass, such as B)
times faster for Ba-hollandite, |being added to the
and 1/2 the rate for rutile. FF = |solution.
10 for all phases, and 30 for
DHLW. Reaction also with
304L, Alloy 625, and J-13
, o water. : -
j13avcer2 715y |-8.24/ -12.25/ -7.51/ PuO, -3.91/0.03 Continuation lonic strength 4.78,
pH =7.08 ' |6.96E-04 |1.05E-07 |5.66E-03 |Soddyite -1.40/9.48 \ ~ applicability limit.
- : Rhabdophane |-4.49/0.01 .

1 Values are log gram-atoms of metal (or cation) and grams of metal, not the entire weight of the solid.
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Table C-3. Solubility data for Gd, Pu, and U in J-13 water at various pHs?. Data at log fCO, = -3.5000"

ININND0A TYNOISIO3A3Yd

PH Gd, ppm Gd,m | Gd,logm | Pu, Pu,m Pu,logm | U ppm Um U, logm
5.5 44134°1  0.3236096] -0.489979 6.15E-06] 2.907E-11] -10.53651 0.00471] 2.282E-08{ -7.641733
8 67.2] 0.0004275] -3.369025 1.48E-06] 6.065E-12f -11.2171§ 0.00231] 9.718E-09] -8.012441
6.4936 3.08°| 1.962E-05| -4.707278 4.77E-07] 1.956E-12{ -11.70867 0.002] 8.471E-09] -8.072047
7.01 0.122 7.76E-07] -6.110163 1.56E-07] 6.411E-13] -12.19307 0.00193] B8.011E-09] -8.096327
7.5187 0.0138] 8.779E-08] -7.056546 6.78E-08 2.78E-13 -12.5559 0.00218| 9.141E-09] -8.039024
8.01 0.00506] 3.218E-08] -7.492453 5.34E-08] 2.191E-13] -12.65938 0.00478] 2.009E-08] -7.696968
8.9689 0.0151] 6.961E-08] -7.157334| -2.22E-068] 9.114E-12] -11.04031 2.56] 1.077E-05] -4.967657
9.8131 0.129] 9.199E-07| -6.036278 12] 5.532E-05] -4.257154 41300 0.1951271] -0.709682
Table Notes:
* These values were used to establish the pH dependence of Gd solubility over the range of primary interest.
$ Assumes flushing of dissolved waste products
1 Sofids are: GdOHCO,; PuO,; Soddyite at pH</= 8.01, Haiweeite at pH=8.97, Na,UO,(CO,), at pH 9.81
Table C-4. Solubility data for Gd, Pu, and U in J-13 water at various pHs?. Data at log fCO, = -2.3357"
pH Gd, ppm Gd, m Gd,logm | Pu, ppm Pu, m Py, logm U, ppm U m U, legm
—--558) - - 144.9*]  0.0009222] - -3.035162 5.19E-06) 2.127E-11}] -10.67214 0.00457] 1.921E-08] -7.716391}-
5.9998 6.31] 4.016E-05] -4.396228 1.71E-06] 7.021E-12} -11.15358 0.00323]  1.362E-08] -7.865968
6.4963 0.32*] 2.034E-06] -5.691663 6.23E-07| 2.555E-12| -11.59262 0.00299] - 1.254E-08] -7.901597
7.0018 0.0431] 2.739E-07] -6.562331 3.14E-07{ 1.287E-12| -11.89053 0.00701{ 2.946E-08| -7.530812
7.5016 0.0183] 1.161E-07| -6.935148 2.776-07] 1.135E-12] -11.94518 0.0615| 2.582E-07f -6.587971
7.9775 0.0259] 1.646E-07] -6.783651] 0.0000014] 5.731E-12] -11.24175 2.36] 9.912E-06] -5.003859
9 - 0,269} 1.726E-06| -5.763062 0.148] 6.134E-07] -6.212225
Table Notes:

* These values were used to establish the pH dependence of Gd solubitity over the range of primary interest.
$ Assumes flushing of dissolved waste products
t Solids are: GAOHCO,; PuO,; Soddyite at pH</= 7.98. Did not achieve saturation in U at pH 9.
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Plot of idealized concentration of dissolved Gd species in equilibrium with GdOHCO, (solid), corresponding total Idealized Gd solubility,
and EQ6 calculations of solubllity. Heavy dashed line is for normal atmospheric partial pressure of CO,, and heavy solid line is for CO,

‘partial pressure of 1.43x10° atm. Symbols at the ends of straight lines are provided only 1o enable the reader to identify lines for each

aqueous specles by use of the legend. They are not model results.
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Figure C-2. Plot of idealized concentration of dissotved Pu species in equilibrium with PuO, (solid), corresponding total idealized Pu solubility, and EQ6
calculations of solubility. Heavy solid line is for normal atmospheric partial pressure of CO,, and heavy dashed fine is for CO, partial
pressure of 1.43x10° atm. Symbols at the ends of straight lines are provided only to enable the reader to identify lines for each aqueous
species by use of the legend. They are not model results.
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Figure C-3. Plot of idealized concentration of dissolved U species in equilibrium with soddyite (except for pH>9, when the solid is haiweeite),
corresponding total idealized U solubility, and EQS calculations of solubility. Heavy solid line is for normal atmospheric partial pressure
of CO,, and heavy dashed line is for CO, partial pressure of 1.43x10® atm. Symbols at the ends of straight lines are provided only to
enable the reader to identify lines for each aqueous species by use of the legend. They are not model results.
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C.2 DATA AND RELATIONSHIPS USED FOR COMPUTING SOLUBILITIES OF
GADOLINIUM, PLUTONIUM, AND URANIUM AS A FUNCTION OF pH

This section includes relationships used to compute, on a simplified basis, the solubilities of Gd, Pu,
and U as a function of pH. The first steps in this process are to ascertain, first, what solids that
contain the element of interest are present, and, second, what dissolved species that contain that
element have the highest concentrations. This was accomplished by using the base composition of
J-13 well water, but changing the pH to obtain relationships at several values of pH from the EQ3/6
codes. This necessitated increasing the concentrations of other ions in order to achieve electrical
balance, or neutrality, at pH values other than that measured in J-13 well water itself. For lower pHs
it was assumed that dichromate ion was appropriate, and at higher pH, sodium ion. In all cases it
was assumed that the solutions were saturated in CO,, either at the normal atmospheric value at sea
level, or at the pressure corresponding to the measured values of pH and alkalinity, ascribed entirely
. to bicarbonate, in J-13 well water. The latter value is 4.62E-03 atm.

The solubility of a given element equals the sum of the concentrations of all of the dissolved species.
Thus, the concentration of each species must be known. They have been determined approximately
in the simplified approach used here by utilizing the data shown in Table F-1 in Appendix F together
with other data supplied with the codes EQ3NR and EQ6. In the simple approach all activity
coefficients have been assumed to be equal to unity, i.c., an ionic strength of zero has been assumed.
This way of proceeding provides an overview of the nature of the relationship between solubility and
pH, but will not yield accurate values. In most instances the calculated solubilities will be lower than
actual ones because activity coefficients will normally be less than one. (Sec Appendix D for a more
complete explanation of the relevant equations.)

The EQ3 calculations at low pH show that most of the dissolved Gd will exist as Gd*** ion and that-
the solid controlling the solubility is GAOHCO,. (Gadolinium phosphate is actually less soluble, but
the concentration of phosphate in J-13 well water is inadequate to precipitate more than a small part
of the gadolinium being released from the waste form.) In view of the facts that data were not
available for GAOHCO, and that data for Nd compounds are nearly identical to those for Gd,
NdOHCO, was used as a proxy for GdOHCO,. See section 5.3.2 for further discussion of
thermodynamic data. The data in the EQ3/6 data base have been made consistent with the "basis"
species selected for use with that code, . g H' and Hzo ‘rather than OH’, and HCO3 rather
than CO3 .

For low pH the reaction that mcorporates the cons1deranons noted above is

A)  GdOHCO, + 3 H* = Gd*** + CO,(g) + 2 H,0.
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The equilibrium constant for this reaction can be denved from the followmg reactions and
equilibrium constants:

Number Reaction Log K
1 GdOHCO, + 2 H* = Gd"** + HCO, + Hp - 2.8404

2 CO,(g) + H,0=HCO, +H* | 18136

3 HCO, = H*+CO;". | . -10.3288

4 OH'+H'= H,0 - 13.9951

The values for the loganthms for the ethbrmm constants Log K, were taken from the EQ3/6 data
base version data0.b19.skb. In principle the constant for reaction 1 derives from the value reported
in Table F-1 in Appendix F for NdAOHCO, + reaction 4 - reaction 3. The reader can readily confirm
that this combination of reactions, substituting GdAOHCO, for NdOHCO,, does result in reaction 1.
To combine equilibrium constants in correspondence to combining reactions, one must multiply by
constants for reactions that are added and divide by constants for reactions that are subtracted. In
this way species that are eliminated by the addition or subtraction are similarly eliminated from the
product/quotient of the constants. Alternatively the logarithms of the constants may be added and
subtracted. Thus, as the reader can easily confirm, the log K for reaction 1 is log K for NAOHCO,
from Table F-1 plus log K for reaction 4 (taken as 14.00) minus log K for reaction 3 (taken as -
10.34). This actually yields 2.8239 for log K for reaction 1. Evidently, perhaps for internal
consistency with the data reported by Reference 20, slightly different values were used when the
REE data were incorporated into the EQ3/6 data base for reactions 3 and 4, e.g. -10.34 and 14.00,

respectively. The equilibrium constant for reaction 3, for example, is

K = (H*)(CO,")/(HCO, ) = 107%32% = 4,69 E-11,

where parentheses indicate activities, o, in this approximation, concentrations. The relationship
between activities and concentrations is explained more fully in Appendix D, together with some
examples of activity coefficients.

These same prmc1ples are apphed in deriving the constant for reaction A from reactions 1 and 2,
namely subtracting reaction 2 from reaction 1..This yields log K for reaction A as 10.6540 which
is equivalent to K = 4.508E+10 = (Gd“")(COn)l(H*)’. The concentration of carbon dioxide, (CO,,),
is taken equal to its partial pressure. The logarithm of this equation is log K = log (Gd***) + log P,
-3log (H*). Log (H*) = -pH, so this becomes log K = log (Gd™**) + log P, + 3 pH. On substituting
actual values, specifically, log K = 10.6540 and log P, =-3.5 (atmospheric P, at sea level), and
rearranging this becomes log (Gd™") = 14.154 - 3 pH; for the case of enhanced CO,; i.e., a partial
pressure of 4.62E-03 atm., the equation is log (Gd™™*) = 12. 9897 3 pH. The equation for
atmospheric Py, is plotted in Figure C-1.
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Other reactions in Table F-1 were combined in a similar fashion to derive equations for the
equilibrium between GdOHCO, and GdCO,*, Gd(COs),, GdHCO,", GdOH", Gd(OH),",
Gd(OH),(aq), and Gd(OH),". These are:

GdOHCO, + H* = GdCO," + H,0,

GdOHCO,; + CO, = Gd(CO,), + H*,

GdOHCO, + 2 H* = GdOH™ + H,0 + CO,,
GdOHCO, + H* = Gd(OH),* + CO,,

GdOHCO; + H,0 = Gd(OH),(ag) + CO,,
GdOHCO,; + 2 H,0 = Gd(OH), + H* + CO,, and
GdOHCO, + 2 H* = GdHCO,** + H,0.

Corresponding lines are plotted in Figure C-1. The equations for these lines for normal atmospheric
pressure of CO, are, respectively,.

Log(GdCO,*) = 0.3098 - pH,
Log(Gd(CO,),) =-16.0344 + pH,
Log(GdOH*") = 6.1442 - 2 pH,
Log(Gd(OH),") = -2.0656 - pH,
Log(Gd(OH),(aq)) = -13.8754,
Log(Gd(OH),) =-19.7852 + pH, and
Log(GdHCO,;**) =-0.3098 - pH.

The heavy dashed line in this figure shows the sum of the concentrations for all of these species for
atmospheric partial pressure of CO,, and the solid hcavy line shows the same sum for a partial
pressure of 4.62E-03 atm.

Exactly parallel steps were taken for Pu and U, and the results plotted in Figures C-2 and C-3
respectively. For these elements the number of solution species included in the EQ3/6 data base is
much greater. Only the most important (i.c., highest concentrations for the conditions under
investigation) aqueous species were selected on the basis of EQ3NR computer runs. Specifically,
these were PuO,*, PuO,*, PuO,0H*, PuO,CO,(aq), PuO {CO j;, PuO L£O;, PuO {OH) {aq),
Pu0,(CO,),—, and PuO,(OH); for Pu, and UQ,*, UO,(OH),(ag), UO,0OH*, UO,(CO;,),", and
UO,(CO,),~ for U. The least soluble solid for Pu is PuO, over the entire pH range shown. The
situation for U is more complicated than for the other elements because at pHs above about 8.2 the
least soluble solid is no longer soddyite, as it is for lower pH, but in the vicinity of pH 8 to 9,
haiweceite, and near 10, Na,UO,(CO,);. For haiweeite, it was assumed in the simple approach that
the concentration of Ca in solution was limited by equilibrium with calcite. When calcite is absent,
as would be the case at low pH owing to the dissolution of calcite, this relationship could not be
used, but the EQ3/6 calculations likewise show that haiweeite is more soluble than soddyite. In the
plots the solubility line for normal atmospheric CO, coincides with the solubility of haiweeite at pH
above about 8.5. Because the concentration of Na could not be estimated simply, and because
approximate calculations show that the solubility of Na,UO,(CO,), and haiwecite are very similar
at the highest pHs shown, no attempt was made to plot a line for this sodium uranyl carbonate. At
the higher partial pressure of CO, haiweeite becomes more soluble than soddyite, owing to the
greater dependence on the carbonate content in the presence of calcite. The plots are terminated at
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pH 11 because conditions more alkaline than pH 10 to 11 cannot be attained in eqmlnbnum with
atmosphenc CO,. _ .

Reactions for Pu and U are as follows:

PuO, + H* + 0.25 O, = Pu0," + 0.5 H,0,

PuO, +2H* +0.5 O, =Pu0O,"” + H,0,

PuO, + H' + 0.5 O, = PuO,0H",

PuO, + CO, + 0.5 O, = PuO,CO;(aq),

PuO, + H,0 + 2 CO, + 0.5 O, = Pu0,(CO,),” + 2 H*,

PuO, + 0.5 H,0 + CO, + 0.25 O, = Pu0O,COy + H',

PuO, + H,0 + 0.5 O, = PuO,(OH),(aq),

PuO, + 2 H,0 + 3 CO, + 0.5 O, = PuO,(CO;),— +4 H', and
Pu0O, +2 H,0 + 0.5 O, = PuO,(OH); + H', .

for which the oxygen partial pressure is fixed at atmospheric, and

Soddyite [(UO,),(SiO,)2 H,0] +4 H* = 2UO," +Quartz [5102] +4 H,0,

Soddyite = 2 UO,(OH),(aq) + Quartz,

Soddyite + 2 H* = 2 UO,0OH* + Quartz + 2 H,0,

Soddyite + 4 CO, = 2 UO,(CO,),” + quartz + 4 H’,

Soddyite + 2 H,0 + 6 CO, =2 UO,(CO,),— + quartz + 8 H", and ‘ ‘
Haiweeite [Ca(UO,),(S1,05)s* 51-120] + 7 CO, =2 UO,(CO,);— + calcite + 6 quartz + H,O +
8 H'.

The cdfresponding equations for the lines are:

Log(PuO,")=-5.3217 -pH, "
Log(PuO,") =-1.0254 - 2 pH,
Log (PuO,0H") = -6.4005 - pH,
Log(Pu0,(C0O,),(aq)) = -13.6967,.
Log(Pu0,(CO,),") =-30.2102 + 2 pH,
Log(Pu0O,COy) = -21.8941 = pH,
Log(PuO,(OH),(aq)) = -13.4756,
Log(Pu0,(CO,), ™) = -47.6026 + 4 pH, and

- Log(PuO,(OH);") = -21.2906 + pH for Pu, and
2 Log(UO,*) =4.3913 -4 pH, |
2 Log(UO,(OH),(29)) = -16.2379,

-2 Log(UO,OH*) = -6.0233 - 2 pH,
2 Log(UO,(CO;),") = -48.3565 + 4pH; and
2 Log(U0O,(CO,), ) = -82.3507 + 8 pH for equilibrium with GAIOHCO,.

The line for haiweeite in ethbnum w1th calclte and the tricarbonate complex is

2 Log(UO,(CO,), ™) = -82.9485 + 8 pH
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The often discussed strong increase in solubnhty for U (and Pu) with increasing pH is clearly shown
in these figures.

The results of EQ6 solubility calculations are also plotted on these figures. As expected they are
_higher than the ideal conditions shown by the lines, as a consequence of the non-zero ionic strength,
This deviation becomes greater the further from neutral are the solutions, because, under those
conditions, the ionic strength is necessarily greater than in J-13 well water near neutral.
Nevertheless, the agreement between the solubilities calculated by EQS, taking ionic strength and
.all other components of the well water into account, and the ideal plots, is generally very good. For
criticality calculations the actual EQG6 results were used and interpolated using the slope of the
simple theoretical lines. The results of the EQ6 calculations are included in Tables C-3 and C-4.

' C3 GLASS DEGRADATION RATES

The degradation rate of alkali glass in time frames of decades to centuries remains uncertain.
Nevertheless, after a few thousand years it is assumed in this report that it is completely degraded.
The dissolution rate depends strongly on pH. For the EQ6 modeling a rate corresponding to that at
pH 10 was used. Together with data on surface area and mass of glass this resulted in an estimate
of complete degradation of the glass in about 250 years. The dissolution rate for pH 7 is about one
tenth as fast, which gives complete DHLW glass degradation in about 2500 years. LLNL
(References 32, 33, and 34) have performed modeling of experimental results using EQ6. These
models make use of an approximation to thermodynamic properties of the "gel", or leached glass
observed during the experiments and incorporates this approximation into a relatively simple kinetic
rate relationship (transition state theory, but with the use of only a few parameters). The net result
is that the rate of reaction of the glass, as incorporated into the model, increases linearly with pH
and declines exponentially as concentration of silica dissolved in the water increases. The rate of
linear increase of the rate with pH and the exponential factor for silica dependence were derived
from fitting model results to experimental data. At later stages of reaction progress the model
incorporates a decrease in this silica concentration as a consequence of the precipitation of clays and
removal of silica from the solution. This leads to an increase in the glass degradation rate. Taking
this concept further, to the stage in which the sodium ion concentration has become large, it seerns
possible that build-up of alkalis will similarly decrease the rate of glass reaction. This could result
in sufficient slowing of reaction that all the borate remains in solution and gets flushed out as more
water infiltrates into the waste package. Similarly, the sodium and potassium not incorporated into
other solids, such as clays, would be largely flushed out, leaving only enough to maintain equilibrium
with these solids. Indeed, this seems more probable than the reaction proceeding to the stage of
borax precipitation. However, because there is no experimental evidence for such an effect, it cannot
be relied upon for the present analyses. :

Reference 22 summarizes several experiments on the effects of species other than silica and
hydrogen ion on glass corrosion. Specifically, the reports state that Ca and Mg have no perceptible
effect at low concentrations, but that at pH > 6 (for the CGS glass on which the tests were
performed) the dissolution rate is reduced by added silica, and that for pH < 6 added Al reduces the
rate. High concentrations of Mg investigated by Barkatt, et al. and cited by Reference 22, however,
did produce "severe quenching” . No data were reported on the potential effects of high
concentration of Na. No references on the effect of Na were found during the preparation of this
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‘report. The German nuclear waste program has to some degree investigated the effects of brines on
the dissolution of nuclear waste glasses. Argonne National Laboratory (Reference 35) was not aware
of whether these investigations examined quenching effects of high concentrations of these elements
on the corrosion rates. Knowledge of what effect, if any, high sodium concentrations have on the
degradation rate would improve our understanding of reactions within the waste package and have
implications as to the nature of reactions between the effluent from the package on the invert.
Accordingly, it is recommended that 1) the existing literature be examined carefully, and 2) if these
.investigations do not provide adequate answers, flow through tests like those conducted by LLNL

. (Reference 36) be conducted for Na and borate as they were for Ca and Mg, but at high

concentrations. Such experiments would reduce the uncertainty in how long the DHLW waste will

endure and would likewise reduce the uncertainty in modeling the interactions between water
containing dissolved fissile material and/or Gd with tuff in the invert or below the drift and with
other materials emplaced in the drift.
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APPENDIX D
ACTIVITY COEFFICIENTS
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APPENDIX D
ACTIVITY COEFFICIENTS

As noted in section 5.3.5, corrections to analytical, or stoichiometric, concentrations are required
to use thermodynamic data properly. These corrections, known as activity coefficients, arise because
of the electrical charges on aqueous ions and various kinds of ionic interactions, such as thc
formation of complexes and ion pairs.

For this purpose the so-called "B-dot" equation was used in the EQ3/6 calculations. In addition to
the corrections applied at much lower concentrations this equation takes account of the formation
of complexes or ion pairs, and uses a measure of the concentration, the ionic strength, accordingly. .
Tonic strength is 1/2 the sum of the concentrations of individual ions, expressed in molality, times
the square of their corresponding charges. It would be preferable to use the Pitzer equations, for
which data are incomplete. The Pitzer approach proceeds very differently, in general taking into
account only very stable complexes, such as sulfate and carbonate ions. It considers neither ion pairs
nor their effect on ionic strength; rather it uses a set of fitting parameters to model the interactions.
The derivation of these paramctcrs requires specific measurements in solutions resembling those
being modeled.

Activity coefﬁcicnts have been evaluated experimentally, e.g., by measuring vapor pressures and
utilizing appropriate related thermodynamic relationships. This permits determining the activity of
a dissolved salt as a whole, but not activity coefficients of individual ions. Thus, comparisons
between measured and calculated values must be based on actual solutlons in which posmvc and
negative ions are clecmcally balanced. not on sxnglc ions.

Consnder the dissociation reaction, X,,Y, = v,X* + v.Y*+. (Clearly, | v,x+| = | vyl|.) Leta

represent the activity of the salt, a, the activity of the positive ion, and a_that of the negative ion.
Then the activity of the salt is dcﬁned asa=a,"a", and the mean ionic activity is defined as a, =
a' where v = v, + v.. Similarly, the mean ionic molahty is defined as m, = m(v,** v*)'*. The
activity coefficient, ¥, = a, /m, = (y,"y.")""". Another important concept is that of ionic strength,
because at low concentrations the logarithm of the activity coefficient varies linearly with the square '
root of ionic strength. Ionic strength = 0.5 times the sum of the concentration of an ion times the -
square of its charge. Thus, using the example above for a concentration, m, for X,.Y,._, the ionic :
strength would be 0.5[ v,m( x*)* + vim(y')* ]. EQ3/6 makes use of the term, "true ionic strength,"
which refers to ionic strength computed on the basis of species actually present, taking into account
complexes and ion pairs. Similarly, "True" means the ionic activity coefficient is computed from
the mean jonic activity divided by the mean ionic concentration of free, or uncomplexed, ions.
Stoichiometric ionic strength is calculated as if everything in solution, except very stable complexes
like carbonate and sulfate, is completely dissociated. The activities must be the same no matter how
they are computed. The distinction between the stoichiometric and "true” quantities depends upon
whether only the concentrations of uncomplexed ions are considered in calculating the molalities or
whcthcr the total amount in solution is used.

Table D-1 shows a companson between measured activity coefficients and those calculated by
EQ3/6. The greatest deviations are for the nitrates, up to about 50%. The others lie below about
20%. Thus, for qualitative purposes the errors should give answers within about an order of
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magnitude of the correct result. To be sure, when these errors are combined into equilibrium
constants the errors for individual ions may add, but in some cases a deviation in the same direction
may occur in both the numerator and the denominator, thereby to some degree canceling the error.
For example, if the correct values were 0.4 and 0.5, but both deviated by 10% positively from those
numbers, the ratio would be the same; i.e. 0.4/0.5 = 0.44/0.55. It is concluded that the EQ3/6 results
up to an ionic strength of about 4 can be used qualitatively to indicate the general nature of the
reactions that would actually occur.

Table‘ D-1. Comparison Table for Activity Coefficients - EQ3/8 Calculations Compared with Measured Data

lonle Strength Gamma x, EQ3/8 Gamma z, (Reference 37)

Salt Stolchlometric . "True" Stolch! *True" Stolchiometric
NaCt - 1.0 : 0.940 0.597 0.835 : © 0.68-
NaCl .20 ' -1.788 © 0.568 0834 . 0.67
NaCl 30 | 2541 0.552 0.652 R X 4 |
NaCl - 40 3.213 0.543 0.876 0.78
LaCl, 1.2 ‘ 1.028 0.308 0.360 0.28
LaCl, 3.0 2238 0.258 0.349 0.27
LaCl, , 8.0 . 3758 0.220 0.370 . 0.38
KcCl : 1.0 | 0.988 0.601 0.608 0.608
Ka 20 1.958 0.589 .. 0.802 o - 0.576
KCl - 30 2.898 0600 - | 0822 ‘ 0.571
KCl 4.0 3.803 0.621 0.653 - 0579
MnSO, 0.8 0.359 0.111 0.248 0.17
MnSO, , 20 0.764 0.074 0.194 0.1
MnSO, 4.0 1.298 0.055 0.169 0.073
AI(NO,), 12 0.384 0.035 0.414 - 0.18
Al(NO,), 3.0 1.574 0.207 0349 0.14
Al(NO,), ... 8.0 4232 0292 | 0379 o019
Ca(NO,), 08 0.481 0.382 0.478 L 0.42
- Ca(NO5), ' 15 0.661 0.302 0.434 ' ‘038
Ca(NO,), 3.0 1.854 0.254 0.422 ‘ 0.35
Ca(NO,), 8.0 3.180 0.218 0.437 0.35
MgSO, . 08 0.307 - 0,109 0.284 0.13
MgSO, ., 20 0.628 - 0.073 - 0.232 - 0,088
MgSoO, . 40 1.040 0054 . |. 0.208 0.064
Naso, || .~ 08 0.480 0.355 . . 0.445 0.38
Na, SO, BN K- 1.078 0280 | 0.3%4 ‘ 027
Na,so. 3.0 1 931 0.238 0.377 0.20

' . Computed as stoichlometric lonic strength, I.e., the miean lonic acttvnty/stoichlometrlc concentration (moiality of the :
dissoived salt). o
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: APPENDIX E
JUSTIFICATION OF STATIC MASS BALANCE METHODOLOGY

E.1 STATIC MASS BALANCE ESTIMATIONS

The basic need is to estimate where Gd, Pu and U reside as a function of time. Calculations at both
high and low ionic strength (I) indicate that under oxidizing conditions over the pH range likely to
develop both Pu and U remain essentially insoluble, or, if soluble, little has been released from the
waste form up to those times. Therefore, the emphasis is on Gd. Gd appears to be highly insoluble
in the system and conditions of interest, except at low pH. Thus, estimates are needed as to when
Gd begins to dissolve and when it is all in solution. These times depend on other components of the
waste that affect the pH, i.e., most constituents of the waste package. '

‘The pH is an intensive variable, or a potential (specifically the negative decadic logarithm of the
chemical potential of hydrogen ion). What is really needed, however, is knowledge of how much
acid may be generated first to neutralize the solution and second to dxssolve Gd; i.e., the
corresponding extensive variable. :

The complexities of comparing the pH are compounded by lack of adequate thermodynamic and
physicochemical data at the high concentrations expected. Notably lacking are parameters needed
to calculate chemical potentials at high concentrations, the Pitzer parameters Such data are unlikely
to be available any time soon. :

On the other hand, static' mass balance relationships with the limited thermodynamic data for Gd,
mineralogical (crystallochemical) relations, rates of waste degradation, chemical compositions of
waste package, and water flux components, do permit semi-quantitative determinations of the
amounts of acid and the aqueous concentration of Gd as a function of time. Whereas accurate
quantitative data are desirable, the semi-quantitative results suffice for making conservative choices.

E2 DETAILED CONSIDERATIONS
E21 DHLW Glass |

This appendxx focuses on the effects of reactions w1th the DHLW glass. Reactions with the metals
has been covered adequately in section 5.4.1. :

Components of DHLW Glass—The most important of these, because they have the highest
concentrations are SlOz, B,0,, A1,0,, Na20 and K20 Of lesser importance are BaO, Fe oxide,
Ca0, Cl, etc.

! »Static mass balance™ refers to the distribution of elemental masses in the phases present at a fixed point in time.
Dynamic mass balance refers to rates of transfer of mass from one phase to another as well as transfers into or out of the
system.
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The SiO, upon being released from the glass will largely preeipitate as silica (quartz, chalcedony or
some other form of Si0O,) and as a component of silicates (clay, feldspar, etc.). The net effect on acid
content is small and is for the present purposes neglected.

B,0, presents more of a problem. Looked upon in a simplified, or stepwise, fashion it will enter
solution to form some variety of borate ion, e.g., according to reactions like: :

A) 2B,0,+H,0=B,0, +2H'
B) B,0,+H0=2BO0, +2H"

Coupled w1th thls one must consider the behavmr of the alkalis, Na and K The snmple steps here
are: ,

- C) Na,0+2H'=2Na*+H,0
D) K, O+2H'=2K*'+H,0"

This is equivalent to the ion exchange process which occurs in the early stage of glass dissolution
leading to a pH of ~10.

Notable in this respect is that the dissolution of the alkalis has exactly the opposite effect on acid
content as does boron. Moreover, the alkali content exceeds the equivalent amount of boron in the
waste. Thus a portion of the alkalis may be considered as neutralizing the effect of dissolution of
B,0,. In this connection the relationship,

E) 2 H+ + 4 BOZ- = B401- + Hzo :

becomes relevant. Reaction E results from combining reactions A and B so as to eliminate B,0,.
The net result in acid production in going from B,0, to B,O," is the same regardless of whether it .
is considered as happening directly or stepwise.

What does this mean for determining the amount of Gd in solution? To answer this some indication
of where B resides at various times is required. Initially reaction with J-13 water increases the pH
as a consequence of reactions C and D predominating over A and/or B. Calculations with EQ6
indicate that much of the boron should precipitate as borax, a2B40, 10H20 Tlus would involve
the reaction, ‘

2 Na*+ B,0,”+ 10 H,0 = Na,B,0,:10 H,0,

which has no direct effect on the amount of aeid. Thus, vit is irrelevant to the acid/base inventory as
to whether borax precipitates or not. Nevertheless, how much gets flushed from the system by
through flowing water does matter, as noted below.

If the borate exists in solution as B,O;", rather than as BO,, less acid will be required later to convert
the borate to boric acid (dissolved or precipitated) as would in effect be necessary for the solution
to become significantly acid. The conservative assumption is that the B exists as B,O,", either -
dissolved or solid, as this would mean that Gd would start dissolving sooner. Therefore, for the
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purpose at hand, it is assumed that the B,O,™ arising from reaction A is compensated by an
equivalent amount of alkali coming from reactions C and D. The remainder of the alkali in solution
will be assumed to correspond to dissolved carbonate and anions produced by metal corrosion. This
logic means that the GAOHCO, would start to dissolve when the carbonate and bicarbonate are
neutralized, but before any borate remaining in the solution starts to be neutralized. Another
implication of this logic is that the pH when the bicarbonate is neutralized is 7, because acid
dissociation constants are being ignored; this is a necessary consequence of the inability to calculate
the relevant relationships at high concentrations.

The situation for A1 is once again rather simple. All except trace amounts of A1 released from the
glass will precipitate as some insoluble compound. Specific reactions include:

F) ALO,+6H'=2AI"** +3H,0
G) AI*+2H,0=Al0OH (diaspore) + 3 H*

The acid consumption in r_eactibn F is exactly compensated By acid production in reaction G
H) 2H,0+K"'+Al*™+ 3 SiO,(aq) = KA1Si,0; (potassium feldspar) + 4 H*

Acid production from reaction H compensates for acid in reactions D and F. The EQ3/6 data base
uses the formula Na,,Fe,Al,,Si,,,0,,(OH), for Na-nontronite, and a corresponding one for K-
nontronite. The iron is ferric. The precipitation reaction may be written as:

. D) 13 Na+2Fe™+ 13 Al**+11/3 Si0, + 1473 H,O = Na-nontronite + 22/3 H*
Thus, reaction I compensates for the appropriate portions of reactions C, F, and J:
J) Fe,0;,+ 6H'=2Fe™ + 3 H,0.

The net result is that A1 will not have a perceptible impact on the acid/base inventory. It should be
noted that the oxidation state of Fe in the glass, or in metals, is*irrelevant to this inventory in the
presence of atmospheric O,, coupled with common observation that Fe in aeratcd waters soon
oxidizes to the ferric state:

K) 2Fe0+172 0,=Fe,0,
L) 2Fe+3/20,=Fe,0,

To a large extent the behavior of the alkalis has already been discussed. The remaining point relates
to reactions H, I, and others of a similar nature in which Na and K become incorporated into
silicates. In all of these cases the amount of alkali incorporated corresponds to an equivalent amount
of Al that substitutes for Si in tetrahedrally coordinated crystallographic sites.

The unique chemistry of the waste package permits utilization of these relations to determine
approximately the inventory of the alkalis in the silicates, which in this case are expected to consist
mostly of clay minerals. The ability to do this rests on the basis that neither the waste package nor
J-13 water contains much Ca or Mg. Thus, as a first approximation the content of these elements
in clay may be ignored. Otherwise the A1 that provides for their charge balance in tetrahedral sites
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in silicates would need to be taken into account. In addition, the A1 must reside predominantly in -
the tetrahedral sites. Because of the high iron content of the waste package and the high oxidation
state, this appears to be the case. Ferric iron can be expected to occupy the octahedral sites in
smectite clay, of which nontronite represents the ferric iron end members. (Data in the EQ3/6 data
base represent other end members having no iron and having the octahedral sites and part of the
tetrahedral sites occupied by Al, beidellite, or the octahedral sites 5/6 occupied by Al and 1/6 by
Mg and all tetrahedral sites by Si, montmorillonite). To the extent that these or similar components
of smectite develop, the approximation made here will be less accurate. EQ6 modeling indicates that -
at the times of interest the Na and K end-members predominate.

The net result of the considerations above is that this inventory of alkalis is assumed to be equivalent
to that of Al. The latter is derived from the alteranon rate of the glass mulnphed by the mole
fraction of Al in the glass and the time.

Reactions C and D can be viewed instead of consuming H* as producing OH

M) Na,0+H,0=2Na"+2O0H
N) K, 0+H,0=2K'+20H

(These could be derived from C and D by addmg twice the water dnssoclatxon reactxon, :
H,0=H*+OH)

In the presence of atmospheric CO,. or some other moderate partial pressure of COz in a repository,
the hydroxide would react to bicarbonates:

0) CO,+OH =HCO;

The bicarbonate would in turn hydrolyze partially thereby increasing the pH to a maximum in the
range of 9 to 11, depending upon specific circumstances.

P) HCO, +H,0=H,CO,+OH

The extent of this hydrolysis cannot be determined by the simple mass balance considerations
identified here. Such a calculation requires the use of equilibrium constants and, in the present
instance in which high concentrations prevail, the missing parameters, (Actually, Pitzer data for the
major dissolved components do exist, but the analyses required also must take account of the alkalis
precipitated, Al and Si, as is apparent above, and Pitzer data evidently are not available for Al and
Si. Thus, calculations that omit Al and Si would be of limited value.)

This inability to determine the proportion of HCO, and CO,” leads to another uncertainty in
ascertaining the amount of acid required to lower the pH to where Gd becomes soluble. The
conservative approach is to assume the presence of HCO, only, complexed with Na*, etc., or not,
inasmuch as this would require less acid. In other words the extra hydroxide produced by reaction
Pis ignored. Because the second dissociation constant of carbonic acid is about 5.0E-11, but the pH
on the basis of EQ6 calculations is not expected to be significantly higher than 10 (e.g., an activity
of hydrogen ion of 1. OE-IO). only abeut 1/3 of the HCO," will hydrolyze. Half of this will still be
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accounted for by ignoring the hydrolysis. Thus, the acid demand will be high, accordmg to this
approxlmatlon, by about 1/6, and by less for lower pHs.

E2.2 La-BSGlass

Consxderanons here parallel those for DHLW glass. The only sxgmﬁcant difference arises for the
Rare Eanh Elements (REEs). :

Q G4,0,+6H* =2Gd™ +3H,0
R) Gd*™ +HCO,+ H,0=GdOHCO, +2 H*

Considerations of the known or estimated thermodynamics of Gd, for both solids and solution,
indicate the Gd will be in one or another solid mostly GAOHCO,, except at pH <7.2 See Figure C-1
in Appendix C. Thus about 2/3 of the acid consumption, or alternatively hydroxide production, will
be immediately compensated by hydroxycarbonate precipitation of REEs. The remainder will be
taken into account. Pu and daughter B35y are expected to form insoluble compounds with no net acid
inventory effects. The same is expected for Zr and Sr.

Metals
As noted previously‘ in section 5.4.1, the reactiohs

S) H,0+Cr+150,=CrO",+2H*, pH>7
T) H,0+2Cr+30, =Cr,0; +2H*, pH<7 and
U) H,0+Mo+1.50,=MoO,” +2H"

express the generation of acid from the corrosion of the metals.

Calculations

The relations not;:dxabove permit an approximate calculation of the chemistry at specified times
during the period of high concentrations without reliance on computations that lie outside the
capabilities of existing data bases. The specifications of the dimensions of the various components
of a glass waste package, together with the composition of the DHLW glass permit the calculation
of the number of moles of glass per kg of J-13 water as about 83.51 moles. (In EQ6 quantities must
be normalized to 1 kg of water, and the composition of special reactants, such as glass, to the mass
which contains gram-atoms of individual elements that total to one, i.e., to one "mole." These
normalizations result in there being approximately 83.51 moles of glass per kg of water. The
dissolution rate uses 2 high rate of degradation of the glass, appropriate to pH 10, and a high degree
of fracturing of the glass, about 100 times the surface area. Other data were used for other scenarios
in this report.) The dissolution rate, converted to moles, is about 0.3334 moles per year. This means
that the DHLW glass will be completely reacted in about 250 years. At that time the total input of

2 By happenstance the pH at which the GAQOHCO, starts becoming much more soluble approximately corresponds to
ncutral. This means that the rapid dissolution of the GdOHCO, begins at about the same time as excess base is
ncutralized. It wouldn't matter much, however, if the pH were a unit higher or lower inasmuch as this would represent
only 10°m of excess acid or base.
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Na and K to the water will be 83.51 moles of glass times the sum of the mole fractions of Na and
K in the glass, 9.317E-02, to yield a total amount of alkali released of 7.781 moles per kg of water.
The Al in the clay at this time will be approximately the mole fraction of Al in the DHLW glass
times 83.51 moles, or 1.371 moles. In this calculation the contribution of Al from the La-BS glass
is neglected because little will have been released. The sodium coupled to borate will be 1/2 the
release of boron from the DHLW, or 2.605 moles. The chromate produced up to this time will come -
primarily from the 304L stainless steel and alloy 625. The release rate from 304L is about 8.537E-03
moles/yr, with a Cr mole fraction of 0.2 and from alloy 625 about 2.114E-03 moles/yr with mole
fractions of Cr of 0.2538 and for Mo of 0.0576. In 250 years this amounts to 0.427 + 0.134 = 0.561
moles of Cr and 0.030 moles of Mo. The equivalents of acid from this metal corrosion would then
be twice those amounts or 2 (0.561 + 0.030) = 1.182. This leaves unneutralized alkali equal to the
amount released, 7.781, minus that in clays, 1.371, minus that coupled to borate, 2.605, minus that
already neutralized by acid production, 1.182, to give 2.623 moles of Na and K that are not in some
way compensated by acidic components. This is approximately equivalent to the amount of
bicarbonate to be neutralized by further acid production from the metal corrosion. The acid
production rate, from the data shown above, is 1.182 equivalents divided by 250 years, or4.728E-03
equivalents/year. At this rate the alkali would require about 555 years to become neutralized. Thus
the total time from the beginning of the degradation of the waste until the water reached approximate
neutrality would be about 800 years. This in effect assumes that the borate and accompanying Na
and K have been flushed out of the system. On the other hand for a closed system the borate should
be retained. The time to neutralize the borate and the carbonate would be about (7.781-1.371 -
1.182)/4.72E-03, or 1107 years. The total time from breach of the waste package would then be
about 1360 years.

The results of an EQ6 computer calculation using the same rates for the closed system indicated that
the GAOHCO, would begin to dissolve rapidly at about 1700 years. In other words this calculation,
based in large part on the principles elaborated upon in earlier sections of this appendix, as wellas
on rates of reaction of components of the waste package, resulted in a similar time estimate for
neutralization of the alkali. This suggests that the same approach, which totally avoids any reliance
on equilibrium calculations at high concentrations, can provide approximate chemical relationships
during the period of high pH and alkali metal ion content. Some aspects of this approach, e.g., the
composition of clay minerals, the precipitation or lack thereof of borax, and the point at which
GdOHCO, begins to dissolve relative to conversion of borate to boric acid, seem amenable to
expenmenta] verification. '
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APPENDIX F
GADOLINIUM THERMODYNAMIC DATA

Table F-1. Gadolinium and Neodymium Thermodynamic Data

Reaction Log K*
GAdOH?* « Gd™> + OH' ' -6.0
GA(OH),* » Gd™ + 20H" -11.8
Gd(OH),(ag) » Gd* + 30H -17.5
Gd(OH), = Gd™ + 40H 221
GdCO,* = Gd™ + CO,* -7.8
Gd(CO,), » Gd™ + 2CO,* , -13.1
GAHCO,* « Gd™ + HCO, -2.1
GdH,PO2* « Q™ + H,PO, -2.4
GdHPO,* = Gd™ + HPO,* 5.7
Gd(HPO,),; = Gd™ + 2HPO,? : 9.6
GdPO,(aq) = Gd* + PO -12.2
Gd(PO,),*> -~ Gd™ + 2PO,? -20.7
GdSO,* = Gd™ + SO,2 3.4
Gd(SO,), = Gd™ + 280,* ‘ 5.1
GdF* « Gd™ + F , 4.1
GdF,* = Gd™ + 2F ' 7.2
GdCF* » Gd™ + CI : -0.3
GANO,* » Gd™ + NO; , -0.8
Gd(s) + 3H* + 0.75 O,(g) = Gd™ + 1.5H,0 178.6
Gd(OH),(am) = Gd™ + 30H" : -24.0
Gd(OH),(s) = Gd*> + 30H" . : -26.4
Gd,0,(c, monocl.) + 6H* » 2Gd™ + 3H,0 53.8
Gd(OH)CO,(s) = Gd** + OH + CO,* -
Gd,(CO,),(s) = 2Gd™ + 3 CO;* -34.7
GdPO, x H,0(s) » Gd* + PO,* + x H,0 243
GdF, 0.5H,0(s) = Gd™ + 3F + 0.5 H,0 -16.9
NJ(OH)CO,(s) » Nd™ + OH + CO,* 215

*Selected by Reference 20 and Incorporated into the EQ3/6 data base.
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APPENDIX G
CRITICALITY DATA POINTS

Tables G-1 and G-2 contain the results of the MCNP4A criticality calculations, in the form of k,ﬁ_
+ two times the standard deviation (approxunate 95% confidence interval), for the clayey material
formed from the degraded glass and ceramic waste forms, respectively. Following each table are the
output produced by the Excel V.5 regression function. Shading in Tables G.1 and G.2 indicates the
points used for the regressions (typically the peak k. value for a range of water fractions in the clay),
and each regression output indicates the range for which it applies. The MCNP4A input file name
for each case is given in parentheses below the k. data point. Tables G-3 through G-10 provide the
results of other MCNP4A cases used in Section 7 with the input file name indicated below each data
point. Regressions were not developcd for these variations.

Table G-1. MCNP4A k. Results for Glass Waste Form Cases

Bpy (kg) 25U (kg) Gd (kg) 0 Volume % Water 10 Volume % Water
: ;> 10,8691 % 0.003 i 0.9530 + 0.0036
0o 53.09 0 S ecloZ0) (ccl120)
0.9357 + 0.0028
05 - 50 » 0 (calia0)
‘ 0.9133 + 0.0037
3.96 . 413 ' 0 " (ccity0)
3.96 © 53.09 0 -
. . 0.9280 + 0.0033
5 41 0 (calibo)
5.18 50.57 0 -
10 35 , 0 .
10 65 025 & .‘ , -
Co ©0.9734 £0.0043
10 65 '0.375 ~ (clDpd) ' -
~ : 09194:;00041,;
10 65 0.5 v i -
10 100 075 .
10 - 100 SR | .-
10 : 130 125 -
10 - 130 15 .
10 1 165 175 .
10 | 165 2 -
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Table G-1. MCNP4A k,, Results for Glass Waste Form Cases (Continued)

3%py (kag) 2% (kg) Gd (kg) 10 Volume % Water
10 165 2.25 -
15 25 0 -
0.9415 + 0.0034
18.1 21.8 0 (ccl1x0)
17.28 24.04 0 .
18.83 21.78 0 .
0.9353 + 0.0034
18.9 15.8 0 (cclivo)
0.9800 + 0.0030
18.9 21.8 () (ccliwo)
20.97 - 17.24 .0 -
21 12 0 -
21 14 0 -
0.9782 + 0.0037
21 17.2 0 (cci1u0)
2235 . 14.47 0 .
23.47 821 0 -
235 9 0 -
23.93 9.87 0 -
24 9 0 .
25 5 ] -
25 25 0 .
25 25 0.25 .
25 60 0.5 e _ .
_ v .0.8597.£0.0047
25 60 0.75 S el -
25 80 1. .
25 90 1 .
25 90 1.25 .
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Table G-1. MCNP4A k,, Results for Glass Waste Form Cases (Continued)

Bipy (kg) C B (kg) Gd (kg) 10 Volume % Water

25 , 'eo | 1.5 Z
25 20 2 .
25 125 15 .
25 125 178 .
25 125 2 -
25 125 2.5 . .
25 160 . 2' .
25 160 25 .
25 160 3 -
5 | 10 a5 .

27.65 11.58 0 .
4ov 15 05 ]
40 50 1 -
% 50 125 .
40 85 1.5' .
40 85 175 -
40 85 2 .
40 120 2 .
0 | 120 25 .
40 120 : 3‘ ]
40 150 3 -
o | 0 35 -
40 150 4 .

0.9595 2 0.0038
50 : 10 - 0.7 (chid.7)
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Table G-1. MCNP4A k,, Results for Glass Waste Form Cases (Continued) -
- ®'y (kg) 23 (kg) Gd (kg) - 0 Volume % Water 10 Volume % Water
} 0 9065 +0,0049.
50 10 - 1 (clOldt) -
0.9683 £ 0.0038
50 30 1 {cllict)
50 30 - 12 . -
50 30 15 . .
50 75 15 -
. 0.9427 £ 0.0049
50 75 2 (clib2)
50 75 25 -
50 75 3 .
50 110 25 -
0.9345 £ 0.0048
50 110 3 (clyif3)
50 110 .35 -
50 110 4 -
50 140 3 -
0.9551 + 0.0047
50 140 35 (cl1ia35)
50 140 4 -
50 140 45 -
50 140 5 -
85 20 2 -
0.9478 = 0.0046
85 20 25 (cl1hd25)
85 20 3.5 -
85 50 3 -
! 0.9338 = 0.0039
85 50 35 - : (c11hc35)
85 50 4 .
85 50 45 -
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Table G-1. MCNP4'A‘k,,, Results for Glass Waste Form Cases (Continued)

29py (kg) 55y (kg) Gd (kg) 0 Volume % Water 10 Volume % Water
8s 80 4 -
0.6048 + 0.0034
85 80 5 {cl1hbS)
85 80 € -
85 80 7 -
85 110 5 -
0.6185 + 0.0039
85 110 € {ci1hab)
85 110 7 -
85 110 8 -
140 30 € -

. ) 0.6298 + 0.0039
140 30 8 (cl1gb8)
140 30 10 -

140 30 12 -
140 60 8 -
R 0.8230 + 0.0051
140 60 10 - clogat 0 (cl1ga10)
o 049293 20,0045 -
140 60 13 - ¥{clogatd). -
- ¥ 0.8967 t0.0040
140 60 16 “{cloga18) -
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Gd=0
SUMMARY
QUTPUT :
Regression Statistics
Multiple R 0.996015434
R Square 0.992046745
Adjusted R Square  0.991289292
Standard Error. 0.002692529
Observations 24
ANOVA
. df SS MS F Significance F
Regression 2 0.018990096 0.009495048 1309.714101 - 9.03071E-23
Residual 21 0.000152244  7.24971E-06 '
Total 23 0.01914234 L
Coefficients Standard Error t Stat P-value . Lower 95% Upper 95%
Intercept 0.534305374 0.008671112  61.61901216 3.24263E-25  0.516272806 0.552337942
X Variable 1 0.015139723 - 0.00029707 50.96353843 1.70368E-23  0.014521933 0.015757514
X Variable 2 0.008186415  0.000161328 50.74381442 1.86419E-23  0.007850914 (.008521916
Okg<Gd=<1kg
SUMMARY OUTPUT
Regression Statistics
Multiple R 0.98173069
R Square 0.96379514
Adjusted R Square 0.95293369
Standard Error 0.00891743
Observations 14
ANOVA
df SS MS F Significance F
Regression 3 0.021169 0.007056 88.73534  1.65834E-07
Residual 10 0.000795 7.95E-05
Total 13 0.021964
Coefficients Standard Error ' t Stat P-value  Lower 95% Upper 95%
Intercept 0.72901967 0.018931 38.50903 3.33E-12  0.686838459 0.771200872
X Variable 1 0.00802842 0.000545 14.74322 4.13E-083 0.006815088 0.009241755
X Variable 2 0.00396649 0.000256 15.50521 2.54B-08 0.003396494 0.004536484
X Variable 3 -0.26581017 0.017231 -15.6588 2.31B-08 -0.308202375 .0.231417958
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Multi-variate Fit for Data in Table G-1 (Continued)

1kg « Gd < 4kg
SUMMARY QUTPUT
Regression Statistics
Multiple R 0.97444126
R Square - 0.94953577
Adjusted R Square 0.94544408
Standard Error 0.01026583
Observations 41
ANOVA
df SS MS F Significance F
Regression 3 007337 0024457 2320642 4.88914E-24
Residual 37 0.003899 0.000105 ‘
Total 40_0.077269 '
Cocefficients Standard  tStat - P-value  Lower95% ‘'  Upper 95%
Error L ‘ ,
Intercept 0.7256189 0.011405 63.62472 2.1E-39  0.702510868 0.748726932
X Variable 1 0.00532057 0.00021 25.39324 5.19E-25 ~ 0.004896028 0.005745111
X Variable 2 000233011 9.19E-05 2535103 5.5E-25 0002143876 0.002516346
X Variable 3 -0.09605022 0.003957 -24.281 2.48E-24 -0.104108703 .0.088071735
Gd = 4kg
SUMMARY OUTPUT
Regression Statistics - - .
Multiple R 0.993123
R Square 0.986294
Adjusted R Square 098413
Standard Error 0.004847
QObservations 23
ANOVA
df SS MS F Significance F
Regression 3 0032123 0.010708 455.7565592  7.17427E-18
Residual 19 0.000446 2.35E-05
Total 22 0.032569
Cocfficients Standard  t Stat P-value Lower 95% = Upper 95%
Error : ’
Intercept 0.822783 0.009632 85.42133 4.95487E-26  0.802622863 = 0.842943124
X Variable 1 0.003415 1E-04 '34.16284 1.59967E-18 0.00320616 = 0.003624657
X Variable 2 0.001461 6.33E-05 23.06844 2.3432E-15  0.001328599 = 0.001593747
X Variable 3 -0.17762 0.005139 -34.5599 1.28861E-18  -0.18837243  -0.16685882
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10 Volume % 20 Volume % 30 Volume %
Pu {(kg) | U (kg) | Gd (kg) } 0 Volume % Water Water - Water Water
0.16] 1108 0 - - -
0.33| 110.1 0 - - -
0.49 117 0 - _ - -
10144 £0.0039
7.99 101 0 - “{s1pg8) . ... - -
: 0._6978 m.'0024f}":.
10 35 0 - Gt {s1EQ) . - -
0.8473 :0.0049 | 0 8817 £0, 00401
10 65 0 (s0IDO) S HetiDQ) L - -
0.9846 £0.0040 | 1 0242 00036 | 1.045010.0035 |  1.03921.0038
10 100|. 0 . {(s01C0) o (sNe0) (s21C0) (s3IC0)
. 0.9394 +0.0037 | »'»0.9647 £0.0040 - /| 0.9788 +0.0036
10] 100 0.2 (s0ICp2) L (81Cp2): (s2ICp2) . -
‘ 0.9101 +0.0043 |- 0.835210.0045 | 0.9482 +0.0043 0.9469 +0.0038
10 100 03 (s0ICp3) IR (-} ) (o . ) R (s2ICp3) (s3ICp3)
‘ 0.8728 +0.0049 | - 0.8972 -.1:0.0039: -1 0.8988 10.0041
10 100 05 (s0ICp5) ERURE (]}« ) R (s2ICp5) -
0.9977 +0.0044 | ,1 0359 £0.0041: 1.0480 +0.0040 1.05030 +0.0038
10 130 0.3 {s0IBp3) s 11Bp3) (s2iBp3)- (s31Bp3)
0.9610 0.0039 jf’»'fD 28018 £0. 004 1.0018 +0.0037
10 130 0.5 (s0iBp5) o {e1IBpS) LT (s2IBp5) -
0.9141 :0.0048 | 0.8360 £0.0045 ‘] 0.9382 +0.0037
10 130 0.8 (s01Bp8) {s1lBp8). . . (s2iBp8) -
0.8050 £0.0046 -
10| 130 1 - (s1B1)... . . . .
~ 1.0331 +0.0052 .
10] 165 0.5 (sOlApS) . - .
1.0000 0.0041
10 165 0.8 (sOlAp8) . - -
' 0.9783 +0.0037 | 0 9983 0. 0057 | 1.0024 :0.0038 0.9922 +0.0045
10 165 1 (sOlA1) -~ (s1lA1) (s21A1) : (s31A1)
. 0.9270 +0.0051 0.8454 :0.0035-’ .| 0.9376 +0.0039
10 165 14] (sOlA149) {s1lA14) "~ (s21A14) -
0.8975 +0.0033 0.8960 +0.0045 -
10 165 1.8 (sOlA18) (s1lA18) - - - -
B - 0.9984 £0.0049
11.57 87.8 0 - (s1pgB) - -
; . 1.0133 20 0036‘
12.62] 91.94 .0 - (s1 pg2) - -
16.22] 83.18 0 - - -
1727 75.7 ol . . .
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Table G-2. MCNP4A k,, Resuits for Ceranid Waste Form Cases (Continued)

10 Volume % 20 Volume % 30 Volume %
Pu (kg) | U (kg) | Gd (kg) | 0 Volume % Water Water - Water Water
‘ 0.6840+0.0036 |- .6997 20, 0028
25 5 0 (SOkFO) BEE) L . .
0.8139 £0.0033
25 25 0 (sOKEO) - -
0.8593 +£0.0042 1.0062 £0.0037 0.99620 +0.0041
25 €0 0 (sOkDO) (s2kD0) (s3kD0)
. _0.8107 +0.0040 0.8426 +0.0041
25 €0 0.2 - (s0kDp2) (s2kDp2) -
0.8166 +0.0026 0.8056 £0.0035
25 60 0.3 - (s2kDpS3) (s3kDp3)
1.0001 £0.0047 '1.0481 £0.0044 -
25 80 0.2 {s0kCp2) (s2kCp?2) -
0.8826 £0.0044 1.0242 +0.0037 1.0203 £0.0027
25 80 0.3 (s0kCp3) (s2kCp3) (s3kCp3)
0.8451 £0.0042 0.8759 +0.0032
25f] - 80 0.5 (sOkCp5) (s2kCp5) -
| 0.8012 £0.0039 0.9182 £0.0047
25 80 0.8 (sOkCp8) (s2kCp8B) - .
0.8823 £0.0042
25 80 1 . - (s2kC1) .
1.0295 £0.0048
251 125 0.5 (s0kBpS) - - -
. 0.9848 £0.0041 -
25| 125 0.8 (sOkBp8) - - -
: 0.9664 £0.0039 | 0.9789 £0.0040 ;| 0.9877 +0.0054 0.8762 10.0041
25 125 1 (sOkB1) o {s1kBY): (s2kB1) . (s3kB1)
0.6240 +0.0050 | : 0.8323 £0.0033 | 0.8242 +0.0039
25) 125 1.4 (s0kB14) o (s1kBY4) o (s2kB14) .
: 0.8881 +0.0042 | - 0.8838 £0.0044 -
251 125 1.8 (sOkB18) o (s1kB18) - - -
0.8924 +0.0038
25 160 1.4 {sOkA14) _ . . -
0.0646 +0.0040 |- 0.9696' £0.0041. | 0.9586 £0.0032
25] 160 1.8 (sOkA18) (STKATLB). (s2kA18) -
0.9270 +0.0048 ~‘09592¢0003§
25 160 2 (s0kA2) ASTKA2) i) . -
g8 30.9291 20, 0040’.-"1 :
25 160 23] . S Ln(e1kA28) L . .
’ 0.9100 +0.0045 |- '0 9355 0. 0031 2| 0.9266 +0.0032
40 15 0 (s0jEQ) - 2oisyje0) (sy2je0) -
: 0 9071 20, 0041
40| 15 '0.1 - : (sy1}e 1) - .
1.0212 £0.0048
40 50 0} - .(sO|DO) - . .
0.8824 +0.0039 | 1.0139 20.0046
40 50 0.2 (s0jDp2) (sy1jd.2) ° - -
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Table G-2. MCNP4A k,, Results for Ceramic Waste Form Cases (Continued)

. A00000000-01717-5705-00014 REV 01

PREDECISIONAL DOCUMENT

‘ . 10 Volume % 20 Volume % 30 Volume %
Pu (kg) | U (kg) { Gd (kg) | 0 Volume % Water Water Water Water
‘ 0.9632 £0.0039 | D 9885 0. 0039 0.9833 £0.0043
40 50 03 {s0jDp3) (sy2jd.3) -
0.9303 +0.0035
40 50 0.5 {sOjDp5) . .
40 50 . 0.8 - - -
Co 1.0082 +£0.0047
40 85 0.5 (sOjCp5) . . .
0.9753 +0.0041
40 85 0.8 (s0jCp8) a . .
‘ 0.9548 £0.0048 | 0. 0.9559 +0.0039
40 85 "1 (s0jC1) o (sy2jc1) .
a| 8| 12 . (syucfz) . .
A 0.9154 +0.0033
40 85 ‘1.4 (s0jC14) - . .
- 0.9152 £0.0042
40 85 1.5 - e :"’(SY"}O‘S) e - -
0.8828 +0.0038 :
40 85 1.8 (s0jC18) . . .
0.9855 +£0.0049
0| 120 14 (s0jB14) . . .
40 120 15 - - -
: . 0.95688 +0.0038
40 120 1.8 {s0jB18) - -
0.9427 +£0.0045 0.9192 £0.0045
s| 120 2 (s0jB2) . (sy2jb2) -
sl 120 25 . : - . .
. 0.8847 =0, 0033 )
s]| 120 3] (s0B3) - .
1.0127 30.0048
40 150 1.8 (s0jA18) - - -
0.9988 £0.0021 |- -'1 0102 £0. 0045 g
40| 150 2 (s0jA2) . (syta2) |, - .
0.9680 +0.0040 '0.9663 :00032 | 0.9368 £0.0042
40| 150 25 (s0jA25) . (sytja2s) - . (sy2ja25) -
‘ 0.9408 +0.0035
40| 150 3 - (sy1ja3) - . -
A 0 9248 £0.0045 0.9099 £0.0040
4] 150 35| - {sOJA35) . ... (sy1ja35) - -
0.9649 £0.0048 ; D 9925 £0.003 0.9830 +£0.0050
50 10 0 (sy0ie0) (sy1 leO) (sy2ie0) -
50 10 0.1 - - -
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Table G-2. MCNP4A ks Results for Ceramic Waste Form Cases (Continued)

: 10 Volume % 20 Volume % 30 Volume %
Pu (kg) | U{kg) | Gd (kg) | O Volume % Water Water « i Water . Water
50 10 0.2 - - -
50 10 0.3 - - -
so| 10| 05 . : . .
s0] 30| o2 - (sy1id2). . ]
. 0.9645 £0.0035 0.994320.0050 0.8877 £0.0035
50 30 0.3 (sy0id.3) 1id.3). (sy2id.3) -
50 30 0.5 - - -
so] 30| ‘os . . .
50 30 1 - - -
“s0| 5 1 - . .
. 0.9598 £0.0043 0.8574 +0.0038
50 75 1.2 (sy0ic12) (sy2ic12) -
50 75 15 - L : . .
0.6013 20,0042
50 75 2 - Y eyte2) - -
- 1,0184 20,0046
50 110 1.5 - sy 1DIB)y - -
0.9648 :0.0036 |- 0.9695:0.0048 | 0.9464 +0.0036
50| 110 2 (syoib2) S sytib2) (sy2ib2) -
06348200034’ |
50 110 25 - s gyt ib28) - -
0.9054 +0.0049
s0| 110 3 - (sy1ib3) - -
1.015340.0042 | -1.0277 £0.0044
50| -140 2 (sy0ia2) sytia2) C - -
0.9873 £0.0040 | 0.891:0.0042 | 0.9630 +0.0048
s0| 140 25 (sy0ia25) o Asylla2B) i (sy2ia25) -
- 0.0858 £0.0041 - *| 0.9608 £0.0046 ‘
50] - 140 3|, AsyOia3) .. (sylia3) - -
'0.8459.£0.0045 | 0.9334 £0.0045
50| 140 385] (sy0iad5) " - (sy1ia35) - -
. 09238 £0.0047 | 0.9158 £0.0037
50 140 4| - (syOiad) . - {sytiad) - -
1.0121 £0.0050
85 20 1 (syohd1) - . -
0.8751+0.0044 | 0.98150.0042 :] 0.9626 £0.0040
85 20 1.5 (syOhd15) - (sythd18) © (sy2hd15) -
AA00000000-01717-5705-00014 REV 01 G-11 February 1997
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Table G-2.- MCNP4A k.4 Results for Ceramic Waste Form Cases (Continued)

: : : ‘ 10 Volume % 20 Volume % 30 Volume %
Pu (kg) ] U (kg) ] Gd (kg) ] 0 Volume % Water Water Water Water
: 0.8440+0.0039 |
85 20 2 (syohd2) . .
85 20 25 - - .
© 0.8892+0.0040 -
i 85 20 3} {syohdd).; - -
0.9909 +0.0039 - |- 1:
as 50 L2 {syOhc2) . .
f 0.9718 £0.0042 0.9410 £0.0044
as 50 25 (sy2he25) - -
85 50 (sy1hc3) - . "
0.9225 +0.0037
85 50 (sy1he35) - .
0.8987 +0.0043
a5 50 {sy1hc4) - -
85 80 - - .
0.9517 £0.0052
85| 80 (sylhb4) . .
85 80 - - -
85 80 . . -
a5 110 - - .
0.9625 10.0041
85 110 " (sy1ha5) - -
a5 110 - - -
85| 110 ik i . . .
0.9209 £0.0042
8| 110 8|  ‘(syoha) - - - - .
09950 +0.0048
140 30 6| i(syogbb) .. - - ‘ - € "
,0.970520.0058° | 0.9545 +0.0047
140 30 8] . {syogh8). . (syigb8) - -
140 - 30 : - - -
140 30 . . .
" 140 30 - - -
140 60 - - .
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Table G-2. MCNP4A k,,, Results for Ceramic Waste Form Cases (Continued)

10 Volume % 20 Volume % 30 Volume %
Pu (kg) | U (kg) | Gd (kg) | 0 Volume % Water Water T Water Water

140] 60 10} .- (syogate - - -
20,0410 20 0.9247 +0.0047

140 60 13]. sy0gatd) .- (sy1ga13) - -
109189 40.0046

140 60 16] " (syogaif) . .| - - -
-0.8856 £0.0046 - -

140 60 20| 7 dsy0ga20) . - - - -

1
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Multi-variate Fit for Data in Table G-2

PREDECISIONAL DOCUMENT

Gd< 0.2 kg 10 vol% water
SUMMARY
QUTPUT
' Regression Statistics

MultipleR 0.989728786 ..
R Square 1 0.97956307
Adjusted R Square 0.97649753
Standard Error 0.01414546
Qbservations 24
ANOVA -

df SS MS F Significance F
Regression 3 0.191814248 0.063938083 319.5401841 4.6591E-17
Residual 20 0.004001881 0.000200094
Total 23 0.195816129

Coefficients  Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0.448283597 0.017456824  25.6795616 8.72327E-17 0.411869317 0.484697878
X Variable 1 0.010123316 0.000411235 24.61685163 1.98167E-16 0.009265494 0.010981137
X Variable 2 0.004829273 0.000159848 30.21161614 3.65561E-18 0.004495836  0.00516271
X Variable 3 -0.369966327 0.043758439 -8.454742251 4.91028E-08 -0.46124479 -0.278687864
1kg 2 Gd>02kg 10 vol% water
SUMMARY OUTPUT
Regression Statistics
Mutltiple R 0.99178904
" R Square 0.9836455

Adjusted R Square 0.981309142
Standard Error 0.006428997
Observations 25
ANOVA

df SS MS F Significance F
Regression 3  0.052204394 0.0174014565 421.0167438 6.57672E-19
Residual 21  0.000867972 4.1332E-05
Total 24  0.053072366

Coefficients __Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.625156627 0.011353715 55.06185881 3.39616E-24  0.601545281 0.648767973
X Variable 1 0.006573083  0.000221579 29.68731585 1.23668E-18 0.006117285 0.007038832
X Variable 2 0.003004992 8.81515B-05 34.08395629 7.17718E-20  0.002821671 0.003188313
X Variable 3 -0.179719764  0.006187864 -29.04391106 1.93836E-18 -0.192588133 -0.166851394
A00000000-01717-5705-00014 REV 01 G-14 - February 1997
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25kg2Gd>1kg 10 vol% water
SUMMARY OUTPUT
Regression Statistics
Muitiple R 0.990167266
R Square 0.980431214
Adjusted R Square 0.977878763
Standard Error 0.00549085
Observations 27
ANOVA
df SS MS F Significance F
Regression 3 0.034742436 0.011580812 384.1137208 8.82283E-20
Residual 23 0.000693437  3.01494E-05 o
Total 26  0.035435873
Coefficients  Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0.677252597 0.010017981 67.60370212 5.79212E-28  0.656528853  0.697976341
X Variable 1 . - 0.004775255  0.000140711 33.93653106 3.7676E-21 0.004484172  0.005066338
X Variable 2 0.002054091  6.45478E-05 31.82279974 1.60533E-20 0.001920564 = 0.002187618
X Variable 3 -0.085239645  0.003605516 -23.64145799  1.22562E-17 = -0.092698212 -0.077781078
20kg > Gd > 2.5 kg 0% water
SUMMARY OUTPUT
Regression Statistics
Mutltiple R 0.982507166
R Square ; - 0.965320331 '
Adjusted R Square  _ 0.960985373 -
Standard Error 0.006620516
Qbservations 28
ANOVA ‘ . :
df 5§ MS F Significance F
Regression : -3 0.029281375 0.009760458 '+ 222.6827108 - 1.19974E-17
Residual 24 000105195 4.38312E-05 -
Total 27 0.030333325° -
Coefficients  Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0.758701628 0.01039263  73.00381514 1.06424E-29 0.737252298  0.780150957
X Variable 1 0.002976227 0000118259  25.16698109 9.1943E-19 0.002732152 0.003220302
X Variable 2 0.001352482  6.56335E-05  20.60657155 9.08191E-17 0.001217021 0.001487943
X Variable 3 -0.119536382  0.004856555 -24.61340884 1.53825E-18 -0.129559817 -0.109512946
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Table G-3. Accumulations of 1 wt% Z°U in Chabazite (40%) and Aggregate (60%)

from Degraded Concreta in a 75 cm Deep Cylinder Segment

Hydrogen Ffacuon in Segment Length
Chabazite/Aggregate 150 cnv 25 kg ™Y 300 cm /50 kg 2 = Length
o 0.9178 = .0020 0.9459 = .0018 0.9544 = .0019
100%H (insegd) (inseqgg) {(infsegd)
0.9201 £ .0023 0.9469 £ .0024 0.9618 +.0023
90% H {insegf) (insege) {infsege)
0.9589 x .0026
80% H - - (infsegf)
Table G-4. Effect on k,, of PwU/Gd Concentration in Bottom of Clay
Pu| U | Gd Uniformly Puw/U/Gd In Bottom Puw/WGd In Bottom PWU/Gd in Bottom
(kg) | (ka) | (ka) Distributed 75% of Clay 50% of Clay 25% of Clay
_ 0.9548 = 0.0053 1.0044 = 0.0039 1.0375 £ 0.0054 1.0529 + 0.0047
40 {150] 3.5 (c0jA35) {a0JA5) : (bOJAT) : (dOjA14)
’ ‘ ‘ : . 0.9022 2 0.0044
40 | 50 | 225 - - {b0jB45) -
A : ~ 0.8807 = 0.0031
40 | 50 | 25§ . - _ - (b0jB5) -
_ 0.9344 = 0.0041 0.9774 £ 0.0042 1.0132 £ 0.0050 1.0008 + 0.0060
40 | 50 | 1.25 (c0jD13) (aojD17) - (b0jD25) {dojD17)
0.8824 + 0.0044
25| 25 }0.75 . - {bOKE15) -
0.9602 = 0.0047 1.0194+ 0.0040 1.0651 £ 0.0044 - 1.0521 + 0.0052
25 | 25 j0.25 (cOkEpP3) {20kEp3) (bOXEp5) (dOKE1)
0.97 0.8838 =+ 0.0081
10]65] 5 - - (b0ID18) - .
0.9194 £ 0.0041 0.9845 £ 0.0044 1.0032 £ 0.0049 0.9947 + 0.0049
10]165] 05 {c0iDp5) (a0lDp7) (b0iD1) (d0ID2) -
Table G-5. Effect on k., of PuJ/Gd Concentration in Top of Clay
Pul U | Gd Uniformly PulU/Gd In Top 75% | PWU/Gd In Top 50% of | PuwU/Gd In Top 25%
{ka) | (ke) | (kg) Distributed ofClay - Clay of Clay
0.9602 £ 0.0047 0.9938 + 0.0049 . 0.9883 + 0.0062 0.8608 + 0.0052
2525 .25 {cOkEp3) (eOkEp3) ({OkEp5) (gOkET)
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Table G-6. Effect on k,, of Concentrating Pu/U/Gd on One End of WP

o H PWU/Gd All in
Pu (kg) Ukg) | Gd(kg) Unliformly Distributed Right Half of Clay
0.9548 + 0.0053 1.1187 £ 0.0052
40 150 3.5 (cOjA35) (csj2AT)
o 0.9670 + 0.0038
40 50 225 . (h0jD45)
0.9485 £ 0.0057
40 50 25 - (h0jD5)
» 0.9344 £ 0.0041 1.0872 £ 0.0050
40 50 1.25 (c0jD13) (hCjD25)
0.9475 + 0.0043
25 . 25 0.756 - (hOKE15)
0.9602 + 0.0047 1.1511 £ 0.0049
25 25 0.25 (cOKEp3) (hOKEpS)
0.9561 £ 0.0050
10 65 0.875 - (h0ID18)
0.9194 = 0.0041 1.0796 £ 0.0064
10 65 0.5 - (cOIDp5) (hOID1)

as was done for the other cases.

*-  Used half-length WP mode! for this case rather than mode! with all Pw/U/Gd In half of the clayina full-length WP,

Table G-7. Effect on k,, of Half Volume on One End of WP (Same Concentration)

" Half Volume
Right Half of Clay
Pu (kg) U (kg) Gd (kg) Full Volume - (Same Concentration)

. - 0.8643 £ 0.0028 0.9482 £ 0.0046
21 14 0. (cal0jo) {ca.50j0)

. : 0.9602 £ 0.0047 0.9424 1 0.0055
25 25 0.25 (cOkEp3) (cskEp3)

’ ' 0.9728 + 0.0049 0.8546 + 0.0049
50 75 - 2.0 i (cioib2) - (c.50ib2)

' ‘ v 0.9742 £ 0.0048 0.8594 + 0.0041
140 30 8.0 (clogb8) (c.50gb8)
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Table G-8. Comparison of Gd and Sm in Degraded DHLW Glass/Pu Immobilization Glass

Case Description Gd Mole Equlvalent Sm No Absorber
25 kg **Pu, 25 kg U, 0.9602 £ .0047 1.0811 £.0044 1.1008 + .0045
0.25 kg Gd . (cOkEp3) (cskE.25) (cOkEQ)
10 kg **Pu, 65 kg *%U, 0.9734 x .0043 1.0945 = .0052 1.1810 2 .0042
1 0.375 kg Gd (ciDp4) (csDp4) (csDp0)
50 kg *Pu, 75 kg **U, 2 0.9728 +.0049 1.1868 £.0058 1.3954 +.0048
kg Gd (cloib2) (csOib2) (cx0ib2)
140 kg “*Py, 30 kg =Y, 0.9742 + .0048 1.1313 £.0052 1.4950 +.0047
8 kg Gd (clogb8) (csOgb8) (cx0gb8)

Additional cases were run to determine approximately the mass of Sm required to match k_, values

for the various combinations. The cases are as follow:

- 25kg ®Pu/ 25 kg *°U/0.75kg of Sm  0.9854 +.0038 (cskE.75)

25 kg *Pu/ 25 kg U/ 1 kg of Sm
25 kg P*Pu/ 25 kg U/ 2 kg of Sm
10 kg ®Pu/ 65 kg U/ 1 kg of Sm
10 kg 2Pu/ 65 kg U/ 1.5 kg of Sm
50 kg P/ 75 kg U/ 5 kg of Sm
50 kg 2Pu/ 75 kg U/ 6 kg of Sm
140 kg ®°Pu/ 30 kg 2°U/ 16 kg of Sm

0.9478 % .0029 (cskE1)
0.8330 =+ .0040 (cskE2)
1.0029 + .0050 (csDp1)

0.9396 + .0043 (csDpl.5)

0.9993 x .0039 (cs0ib5)
0.9501 £ .0041 (cs0ib6)

0.9705 = .0047 (csOgb16)

Tablé G-9. Investigation of Dryout of Degraded Glass Configuration

PREDECISIONAL DOCUMENT

- Case : ‘
. Description Base No Reflector 80%H 50%H 25%H
21 lngul 14 : : '
UI 0.0kg | 0.9643+0.0028 | 0.9609x.0028 | 0.9667 +.0037 | 0.9399 +.0045 | 0.8468 x.0052
. {cal0jo) (cdw0j0) (cdx0j0) . (cdy0jo) (cdz0j0)
wPu I 25 ‘ ) ' -
0 25kg | 0.9602 +.0047 - -0.9571 £.0053 | 0.9320 +.0044 | 0.8842+.0058
(cOKEp3) (pBKEP3) (pSKEp3) (p3kEp3)
50kg° ”’Pu 175 , ‘
kg ”"’UI 2.0kg | 0.9728+.0049 | 0.9721 x.0046 0.9756 £.0048 | 0.9824 +.0048 | 0.9447 + .0076
(cl0ib2) (cdwib2) (cdxib2) (cdyib2) (cdzib2)
'gu, 100 | 09738+ .0030 | 0.9677 +.0042 | 0.9926+.0047 | 1.0193 £.0050 | 0.9941 + .0068
kg Gd (cl0ga10) (cdwgal0) (cdxgal0) (cdygal0) (cdzgal0)
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Table G-10. Comparison of **U in Degraded DHLW Glass/Pu Immobilization Glass

PWU/Gd Masses i
(kg) 0 kg =*U 25 kg =U 50 kg **U 100 kg =*U
0.8785 = .0048 0.9766 + .0052 0.9618 + .0031 0.8535 + .0055
40/50/1 (cOjD1) (ciD1u1) (ciD1u2) (ciD1u3)
0.9643 + .0028 0.8635 + .0040 0.9487 + 0039 0.9387 z .0045
21114/0 (cal0j0) (caf0j0) (cad0j0) (cae0j0)
0.9734 + .0043 0.8587 + .0043 0.9537 + .0037 0.8395 + .0044
10/65/0.375 (ciDp4) (ciDp4ul) (clDp4u2) (cIDp4u3)

Table G-11. Variation of Hf Wt% in Zr for the Degraded Ceramic Waste Form

PWU/Gd
~ Masses (kg) 0 wi% Ht 2 wt% Hf 4 wt% hi 20 wt% Hf 100 wi% Hf
0.9841+.0038 | 0.9724+.0037 | 0.9612+.0040 - .
25/80/0.5 (KCOH) (s1kCp5) (kCO4Hf)
0.8976 + .0044 | 0.8915+.0042 | 0.9827 + .0054 - -
10/130/0.5 (IBOHY) (s11Bp5) (IBO4H)
1.0080 +.0035 | 0.8925+.0039 | 0.9862+.0044 | 0.8161+.0038 | 0.7164 +.0039
50/10/0 (sz1ie0) (sy1ie0) (sx1ie0) (sv1ie0) (swlie0)
- 0.9761 £ .0041 - 0.9086 + .0047 -
50/75/1.2 (sylic12) (svlicl2)

Table G-12.  Calculations to Determine Equivalent Hf Wt% in Zr to Replace 0.5 kg Gd for the Degraded
Ceramic Waste Form

25 kg ®*Pu/90kg ™ U/0. kg Gd | 10 kg **Pu/ 130 kg *°U/ 0. kg Gd

1.0806 £ .0035 1.1010 £ .0044

4 wt% Hf (NkCO4h) . (NIBO4h)
1.0558 £ .0052 1.0719 = .0062

10 wt% Hi (NKC10h) (NIB10h)
1.0110 £.0042 1.0361 +£.0056

20 wt% Hi (NkC20h) (NIB20h)
0.9814 + .0043 1.0041 = .0038

30 wi% Ht {NkC30h) {NIB30h)
0.8559 £ .0046 0.8815 £ .0048

35 wt% Hi (NKC35h) (NIB35h)
0.9462 £ .0041 0.8644 + .0040

40 wi% Hf (NKC40h) (NIB40h)
0.8520 + .0046

45 wt% Hi - (NIB45h)
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APPENDIX H
ASSUMPTIONS

The range of parameters used (assumed) for input to the calculations of scenarios and resulting
configurations is given in Table 7.3-1. The justification of these ranges is discussed in connection
with the detailed tables: Table 4.1-1 for glass and ceramic dissolution rates, Table 4.1-2 for the
internal fracturing factor, Table 4.1-3 for stainless steel dissolution (or corrosion) rate, Table 4.2-1
for solubility of neutronically active species, and Table 4.3-1 for environmental parameters.

The compositions of the clayey mass that contains the principal insoluble waste form degradation
products, are given in Tables 5.4.5-1 and 5.5.2-1, for glass and ceramic, respectively. The bases for
these compositions are the EQ 3/6 calculations described in the text (Section: 5.4), so they are not,
strictly speaking, assumptions. The values in these tables were used for the criticality calculations
(MCNP) with the exception of the Pu and U compositions; the values for these parameters were
determined from the dynamic mass balance equations.

It is assumed that the dissolution of the waste fdrm is congruent. The basis for this assumption is
that the components are homogeneously distributed (see Sections 2.1.1 and 2.2.1).

It is assumed that the individual ionic breakdown products (components) of the WF dissolution will
go into solution as the WF is dissolved. However, those ions and uncharged species that are
insoluble will immediately precipitate, generally near the point of dissolution. The basis for this
assumption is that the fluid moves slowly (see Sections 2.1.1, 2.2.1, and 3.2.1).

It is assumed that water penetration of the WP barriers will occur at 3500 years. The basis for this
assumption is the time to first pit penetration averaged over all WPs in the repository (TSPA 95,
Ref. 3) using very conservative models of pit penetration for the corrosion-allowance material and
the corrosion-resistant material. The results of this study are rather insensitive to the value of this
parameter to within a factor of 3 (see Section 3.1.1). .

It is assumed that the penetration time for the 1 cm thick stainless steel pour canister is 1100 years.
The basis for this assumption is the time for 25% of the pits to penetrate the pour canister, using a
stainless steel bulk corrosion rate of 0.1 p/yr together with a pitting rate enhancement factor of 4, and
an estimate of the standard deviation of the distribution of pitting rates of 50% of the mean rate.
This estimate is somewhat arbitrary, but most of the cases considered in this study involve earliest
time to criticality of more than 40,000 years, which will be fairly insensitive to uncertainty in start
times of a few thousand years (see Sections 3.1:.1 and 7.3.1). o

It is assumed that the filler glass in the pour canister provides no protection against
corrosion/dissolution of the WF. The basis for this assumption is the fact that the filler glass will
be highly fractured (by at least a factor of 30). This assumption is also partly justified because it is
conservative (favoring sooner waste form degradation and earlier opportunity for criticality) (see
Section 3.1.1).
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It is assumed that the geologic repository is in an unsaturated site, in an arid climate, exposed to an
oxidizing atmosphere. The bases for these assumptions are the results of site characterization
studies, which are summarized in Table 4.3-1 (see Section 3. 3)

It is assumed that only the stamless steel of the pour canister makes a sngmﬁcant contribution to the
potential acidification from the complete oxidation of Cr or Mo. The reasons for the neglect of the
waste package inner barrier are twofold:

e The bulk corrosion rate of Alloy 825 or 625 is hkely to be two orders of magnitude slower
than for stainless steel.

. Insbfar as there can be standing puddles on the outer surface of the inner barrier, the
corrosion products dissolving into them will be carried off the surface of the WP, rather than
going inside the WP to contribute to the ac:dxﬁcatxon E

The reason for the neglect of the steel in the waste form contammg can is also twofold:
* The container wall volume is only 25% of that of the pour canisters.

» The composition has not yet been finalized, and might even be some non-corrosion resistant
. material, for certain safeguard advantages (see Section 4.1).

Itis assumed that in ﬂow-through ﬂushmg the removal rate of a specxes is the product of the ﬂow
rate multiplied by the maximum concentration of the species in solution (solubility limit). This
mechanism assumes that there is sufficient penetration in the lower portion of the waste package that
the water flows through the package. It further assumes that all the water flowing through the WP
is sufficiently mixed that it carries the maximum concentration of each species dissolved from the
WF, The basis for this assumption. is that it is physrcally possxble and conservative (see
Section 3.1).

It is assumed that exchange flushing of dissolved material occurs when the lower portion of the
package is not penetrated, so that most of the package is filled with water, and a major fraction of
the water incident on the WP will flow around the package only picking up dissolved species by
physical mixing across the free surface boundary. In this situation, the removal rate of all the species’
is reduced (in comparison with the flow-through flushing) by an exchange factor representing this
mixing. Generally, exchange flushing and flow-through flushing are mutually exclusive but it is
possible for a given WP to have both (see Section 5.1).

It is assumed that there is no concentratron, or focusing of groundwater onto the waste package;

stated alternatively: the maximum rate volumetric flow through the WP is equal to the product of
the infiltration rate multiplied by the WP cross-section area. This assumption is realistic for a WP
partly filled with water, but it is very conservative for the much more rapid flushing by ﬂow—through

(see Section 5.1.3).
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It is assumed that the collapsed WF configuration has the insoluble WF components collapsed to the
bottom of the WP, in a clayey mass. In this configuration most of the completely altered (metamict
if ceramic) WF looses its geometry and collapses as particulate onto a bed of clayey materials
(silicates and other fine-grained solids). The exposed surface area is assumed to be enhanced by a
factor up to 15,000 times (ceramic only). The neutron absorbers (Gd and iron) are assumed to be
leached at rates dependent on the pH of the system which is controlled by the infiltration rate and
the dissolution rate of the stainless steel container material. Criticality could occur earlier than from
the initial geometry since sufficient Gd could have been flushed from the system. The basis for this
assumption is that it is reahsnc (see Section 5.2). :

It is assumed that the chemical processcs can be organized into three time periodS'

. EQ3I6 can be used to identify the pH trend and species present (quahtanvcly) when the
alkali (DHLW) glass is degrading.

. Ei]uilibrium calculations with EQ3/6 are used to determine the solubilities of U, Pu, and Gd
at specific values of pH during the degradation period of the La-BS glass WF after the
removal of the soluble products of the DHLW glass. '

. thle stamless steel is corrodlng, the pH can be detcnmncd from the quasi-steady state
chromate concentration (determined by the balance between the stainless steel corrosion

rate, which generates the presumably acidifying chromate ions, and the infiltration rate,
which removes them).

When the latter time periods have a significant overlap, the separation of fissile from neutron
absorber may be sufficient to permit criticality(see Section 5.3.1).

It is assumed that the solubility behavior of Gd for pH below 6.5 can be represented by:
max Gd (ppm) = 3 x 1070163 or 95 x 1036860
The basxs for this assumptxon is the thermodynanuc ethbnum relations for these parameters. -

The approach used for obtaxmng a representanve composition for the degradatxon products consisted
of:

. Flrst takmg rcsults from EQ6 runs at the time that the model predicted that all of the
DHL’W ﬁllcr glass had reacted ‘ :

) Second modxfymg that composmon to a small extent on the basxs of static mass balance
considerations that would affcct this composition under neutral to somewhat acidic
condmons S

Because of the long time frames, the modeling assumed that the phases formed would be in
equilibrium with the solution. Thus, quartz, rather than chalcedony, was assumed. The assumption
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that quartz forms, which may occur in the time frames involved, means that the lower aqueous silica

~will result in a higher calculated soddyite solubility. Similarly, clay minerals, rather than a degraded
leached glass ("gel"), were assumed. Some solids were, however, suppressed as being unlikely to
form at low temperatures, even though the thermodynamics would predict their occurrence; gamet,
biotite, and pyroxene, among others, were suppressed (see Section 5.3.5).

It is assumed that the corrosion of stainless steel can support chromate induced acidification,
making the solution as acidic as pH=5. It is known that conditions as acidic as pH 4 to 5 develop
in pits and crevices during corrosion of stainless steel. It remains unknown, however, whether such
reactions will occur on a sufficiently broad scale, or rapidly enough, to lower the pH of an initially
near neutral solution to such low pHs. For example, the mineral, eskolaite, Cr,0;, is known to occur
“as a major constituent of black pebbles in the bed of the Merume River, Guyana (Ref. 25, p. 197),"
thus demonstrating that chromium oxide may survive for long times under oxidizing conditions. The
assumption of chromate induced acidification is conservative with respect to criticality (based on
the above reasoning that such conditions may arise within the waste package) because the result is
removal of Gd while leaving fissile material behind (see Section 5.4.1). '

It is assumed that the boron in borosilicate glass is removed from the WP upon glass dissolution and
flushing by mfiltranng water. The basis for this assumption is the hlgh solubility of boron. This
assumption is also conservative (see Section 5.4. 5) -

Itis currently assumed that the absorpnon by zeohtes. formed from concrete degradatlon or reaction,
is the most likely mechanism for the concentration of fissile material in the invert. The reasoning
leading to this assumption is given in the text (see Section 5.6).

It is assumed that the volume of clayey material at the bottom of the WP is equivalent to that
displaced by the original four glass pour canisters within the waste package. The clayey material
contains water in two forms: a fixed amount of hydrogen (bound as water of hydration of hydroxide)
and a variable amount of free water (including adsorbed water). The H and O concentrations from
bound water or OH are already represented in Tables 5.4.5-1 and 5.5.2-1 for the glass and ceramic
WFs, respectively. The volume fraction of free water if the clayey material can be up to 45 vol%
(maximum water fraction possible in the voidspace of the WP); the values actually used for the
MCNP calculations varied between 0 and 20%, according to which gave the highest k., in keeping
with conservatism (see Sections 6.1.1 and 7.1.1).

It is assumed that the zeolite that might be present in the invert or near field may be represented by
Chabazite, CaAl,Si,0,,6H,0. The justification for this assumption is given in Section 5.6. Itis
further assumed that a zeolite concentration in the invert would have a cylinder segment geometry
similar to the clayey material configuration inside the WP, and the accumulation of 2°U would likely
confirm to roughly this geometry. The justification for this assumption is that the invert itself has
a cylinder segment geometry, and that effluent from the waste would likely be wicked horizontally
- and vertically throughout the invert (see Section 6.1.2).

It is assumed that the initial WF dissolution product factor is reduced with time so that it is
proportional to the remaining waste form surface area, which is assumed to be proportional to the

A00000000-01717-5705-00014 REV 01 H4 o : February 1997
PREDECISIONAL DOCUMENT



two-thirds power of the remaining WF mass. The basis for this assumption is the further assumption
that the WF fragments have all three dimensions of the same order of magnitude. This assumption
is not applicable to the corrosion/dissolution of steel components because they are largely 2
dimensional (see Section 7.3).

It has been assumed that the short time period between the initial penetration of the pour canister
(when dissolution can begin), and some significant bulk corrosion of the steel of the pour canister
(which can support acidification), will not result in any loss of U or Pu from the WP. This may
appear to conflict with the possibility that in the time between the breach of the WP and the onset
of acid conditions following degradation of the filler glass, some of the WF could also be degraded
and release some fissile material. If the pH is high enough (above 9) to make the U and Pu very
soluble, a significant fraction of the U and Pu released from the WF could be removed from the WP
during this short time. However, the assumption is justified for the following reasons:

* The filler glass dissolves much faster than the WF, so only a small fraction of total WF U
and Pu will be released during the period of filler glass dissolution.

¢ It is not certain that the alkali from the dissolving filler glass will drive the pH sufficiently
high to produce high solubility of U or Pu, largely because flushing will be removing the
alkali simultaneously.

« The assumption is conservative.

It is further assumed that any Gd released during this interim time will be re-dissolved and removed
from the WPs when the filler glass has fully degraded and the solution becomes acidic from the
corroding stainless steel. The algorithms used do account for the loss of Cr that is released during
this time, thereby reducing the period when the package solution can be acidic, which, in turn,
reduces the potential for criticality (see Section 7.3).

It is assumed that the disposition of the undissolved WF during the degradation penod can be
represented by one of the following alternatives:

« All of the undissolved WF remains above or outside the clayey material at the bottom of the
WP.

* The undissolved WF fragments and collapses into the clayey material where its components
are assumed to be uniformly distributed for input to the MCNP calculations.

The first altemative represents the most conservative assumption with respect to the occurrence of
criticality, while the second alternative represents the other extreme. Most of the calculations
reported in Section 7 are based on the first alternative, but some results are also presented for the
second altemative for comparison purposes and to demonstrate that the conclusions of the study are
valid across the entire range of possibilities.
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