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APPENDIX A 
ANALYSIS OF DOE-OWNED FUELS 

A-1. SOURCE TERM FOR DOE SNF 

A-1.1 WASTE FORM CATEGORIES 

The U.S. Department of Energy (DOE) has categorized all of its spent fuel into performance 
assessment categories that were developed based on fuel composition and characteristics 
(Slroupe 1997). The primary concern in grouping the spent fuels was assigning every fuel to a 
category and making certain that all of the spent fuels fit into a specific category. The grouping 
of spent fuels into categories is dependent on the analyses that will be preformed using a 
representative spent fuel from that category. For example, the spent fuels are grouped differently 
for conducting a Total System Performance Assessment (TSPA) than they are for conducting 
criticality analyses because different attributes of the fuel are important in performing different 
analyses. The -DOE Spent Nuclear Fuel (SNF) categories for TSPA are shown in Table 6A-1.  
Category 14, Sodium-bonded spent fuel was not analyzed because treatment is expected for this 
category of spent fuel.  

The physical properties of a spent fuel category are assumed to be bounded by the properties of a 
specific spent fuel or combination of several spent fuels in that category depending on the type*of 
analyses that are being performed using these data (i.e., performance assessment or criticality).  
Table 6A-2 shows the 15 categories of DOE spent fuel that were analyzed and the typical fuel 
that was used to bound the physical properties of that category.  

The data for the Categories of DOE SNF, except for Category 15, were provided by the National 
Spent Nuclear Fuel Program (Stroupe 1998). These data consisted of the amount of spent fuel, 
the radionuclide inventory, packaging, and physical properties for each category of DOE SNF.  
The total amount of DOE SNF in the 15 categories is approximately 2,496 metric tons having 
metal (MTHM) (Table 6A-2). About 85% of this spent fuel is represented by Category 1, with 
the majority of the metallic fuel in the category being from N reactor. Table 6A-3 also shows the 
amount of fuel in each category for the modified inventory of DOE SNF. For the modified 
inventory the total amount is reduced by approximately 7% to reduce the inventory to 2,333 
MTHM. Data for Category 15 spent fuel were provided by Bettis Atomic Power Laboratory 
(Beckett 1998).  

A-1.2 RADIONUCLIDE INVENTORIES 

The analyses of the performance of DOE SNF require the determination of the radionuclide 
inventory for each category of fuel that is placed in the repository. In this section ORIGEN2 is 
referenced only to provide the method that the National Spent Nuclear Fuel Program used to 
analyze the radionuclide inventories for the categories of DOE spent fuel that were provided in 
Stroupe 1998. These data (Stroupe 1998) were not obtained under the OCRWM Quality 
Assurance Program. 'The computer code ORIGEN2 (Oak Ridge Isotope Generation) is widely 
accepted for calculating spent fuel radionuclide inventories (ORNL no date). An ORIGEN2 run 
requires detailed input of data for the fuel core composition, the power history of the reactor, and

BOOOOOOOO-01717-4301-00006 REVOO A6-1 August 1998



the operating conditions of the reactor. In particular, the nuclear-cross section libraries for each 
fuel type are required for the particular reactor, and tbis library development is a lengthy and 
involved task. With rigorous library development and comparison of calculated results to 
measured values, the ORIGEN2 model is capable of accuracy sufficient for nuclear reactor 
operational support. Such carefully developed nuclear cross-section libraries were not available 
for all fuels evaluated in this performance assessment, and some of the input data for the 
ORIGEN2 runs had to be estimated.  

A conservative approach for the use of ORIGEN2 was adopted to estimate the radionuclide 
inventory for each spent fuel category. For categories that contain large amounts of spent fuel 
(i.e., Category 1 represented by N Reactor spent fuel), an effort was made to minimize the degree 
of conservatism. Mfinimizing the degree of conservatism for categories containing small 
amounts of spent fuel is less important because it is easier to accept the "penalty" of an 
overestimate of radionuclides. The dose the overestimate produces is relatively small as 
compared to the dose from larger amounts of spent fuel in other categories.  

The radionuclides included in the performance assessment are based on screening that was 
conducted for TSPA-1993 (Andrews et. al. 1994). The screening was done in two ways. First, 
radionuclides were screened using the ratio of their inventory to EPA Table 1 release limits 
(EPA 1985). The ratio of the weighted average inventories of specific radionuclides were 
determined for spent commercial fuel corresponding to the EPA Table 1 values for 1,000, 
10,000, 100,000, and 1,000,000 years. The fractional contribution of each isotope to release at a 
time of 1,000, 10,000, 100,000, and 1,000,000 years was calculated assuming a combination of 
delay due to waste package lifetime and retarded transport of 1,000 to 1,000,000 years. Isotopes 
which contributed at least a fraction (0.01%) of the EPA release limit at any of the selected times 
passed this screening. The entire decay chain for daughters that contributed greater than 10V of 
the EPA release limit at anytime were also included (Andrews et al. 1994).  

Second, the screening was also conducted using dose for the same time periods. The waste form 
was assumed to alter at a rate of 10" of the total inventory per year. The isotopes were assumed 
to dissolve, as they were made available by the assumed waste form alteration rate, at the 
maximum solubility according to the National Research Council (NAS) (1983), Electric Power 
Research Institute (EPRI) (1992), and Barnard et al. (1992). The advective, downward flux in 
groundwater moving through the unsaturated zone was assumed to occur at 0.1 mm/yr over the 
footprint of the repository. On arrival at the saturated zone, the isotopes were assumed to mix in 
the saturated zone with a flow rate of 10,000 m3/yr. Ingestion of 700 liters/year by a person 
using this groundwater was assumed. The ingested dose was calculated using the maximum 
effective (whole body) dose conversion factor from DOE (1988), Nuclear Regulatory 
Commission (NRC) (1981), or EPA (1988). The fractional contribution of each isotope to total 
dose at times of 1,000, 10,000, 100,000, and 1,000,000 years was determined. For radionuclides 
with two or more isotopes present in the waste, the solubility limit was set for the element (i.e., 
all isotopes) and then proportioned between the individual isotopes by the mass fraction present 
at the corresponding time. All isotopes contributing less than 10" of total dose at any time 
period were eliminated from the inventory unless they were in the decay chain for daughters that 
contributed 10-5 of total dose at any time. This process yields 39 radionuclides. The process of 
using the maximum dose conversion factor is sufficiently conservative that a change in flux 
would not yield additional radionuclides to the 39 being considered.
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In order to estimate the 39 radionuclides needed as input to the performance assessment, 
ORIGEN2 was used to model the fuel types in a given category of spent fuel (in the National 
Spent Fuel Data Base). The ORIGEN2 analyses that were conducted to obtain the radionuclide 
inventory for each DOE SNF category are presented in Table 6A-4. Spreadsheets were prepared 
to merge the results (radionuclide concentrations) from the ORIGEN2 runs into a composite 
radionuclide inventory for each category. For each fuel entry selected in the category, a 
representative ORIGEN2 run was made. The inventory was then calculated as a scaled amount 
based on Uranium content of each fuel type in the category. Totals were then calculated for each 
of the 39 radionuclides.  

The packaging of the fuel was calculated separately, as described in Section A1.3. The 
cumulative curie count for each category was divided by the total packages in the category to 
arrive at the mean inventory for each package. The fuel inventories used in this study were 
based on the National Spent Fuel Data Base (DOE 1996), which was used as the authority to 
resolve any discrepancies in other data.  

Composite spreadsheet totals of the curies in a particular category were apportioned equally 
across the total number of canisters in that category. This results in a mean value per canister, 
but does not consider that canisters within a category are of different size. For instance, no 
distinction in curie inventory was made between the different diameter fuel canisters, or for 
different canister lengths.  

The analyses resulted in the radionuclide inventories that are presented in Table 6A-5 (as 
mentioned previously, data presented in this table was supplied by the National Spent Nuclear 
Program in Stroupe, 1998, and was not obtained under the OCRWM Quality Assurance 
Program). The radionuclide inventory for each category of DOE spent fuel is presented in the 
units of Ci/MTHHM for ease in comparison of radionuclide content among categories. The 
radionuclide inventory for Navy spent fuel is not presented because that information is classified.  
The radionuclide inventory for commercial spent fuel, the surrogate DOE SNF, and HLW used 
in the TSPA-VA base case is presented in Table 6A-6. The release term for Category 15 (Navy) 
spent fuel at the boundary of a failed waste package is presented in Table 6A-7.  

A-1.3 WASTE PACKAGE TYPES AND LOADING 

The fuel loading configurations for the analyses of DOE SNF are based on the co-disposal 
approach for high-and medium-enriched fuels prevalent in the DOE spent fuel inventory. In the 
absence of complete, definitive criticality analyses for each fuel type, the amount of U-235 for 
high-enriched fuel (i.e., enrichment greater than 20 percent U-235) was restricted to 
approximately 14.4 kg per package (Research Reactor Spent Nuclear Fuel Task Team, 1996). A 
maximum fissile content of 14.4 kilograms per package of U-235 or equivalent was assumed for 
the high-enriched spent fuel and 44 kilograms per package of U-235 or equivalent was assumed 
for medium enriched spent fuel. However in most cases, the volume of the spent fuel dictates 
the amount that can be placed in a package. These assumptions were made to reduce the 
potential for criticality by limiting the fissile mass content of each package based on its 
enrichment. In the co-disposal packages high-level waste glass canisters are considered to be 
emplaced in the same package with the spent fuel. The co-disposed spent fuel is assumed to be 
in four canister high-level waste (HLW) packages and co-disposal packages.
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The DOE SNF is assumed to be contained in 432 mm (17 inch) and 632 mm (24 inch) diameter 
canisters (Duguid et. al. 1997). Co-disposal in a HLW package is achieved by substitution of a 
canister of spent fuel for one of the canisters of HLW glass (a 3 x 1 package). In the package 
nomenclature used in this report, the first number refers to the number of HLW canisters and the 
second number refers to the number of spent fuel canisters in the package (i.e., a 3 x 1 package 
would contain three canisters of HLW and one canister of spent fuel). The co-disposal package 
contains five canisters of HLW and a central 432-mm (17-inch) canister of spent fuel. Hence, 
using the waste package nomenclature, a co-disposal package is a 5 x 1 package (Stroupe, 1998).  

Low-enriched spent fuel (N Reactor), is assumed to be disposed in four canister HLW package 
with no canisters of HLW, and are referred to as 0 x 4 packages. The N Reactor spent fuel is 
being treated and packaged in a Multi-Canister Overpack (MCO) for interim storage. The MCO 
has an external diameter of 25.31 inch (about 643 mm), and is assumed to fit into a HLW 
canister position. The Savannah River spent fuel (Categories 6 and 7) is being placed in 432-mm 
(17-inch) canisters and it is assumed to be disposed in co-disposal packages. The Idaho National 
Engineering and Environmental Laboratory (INEEL) spent fuel dimensions and fissile content 
allows most of the fuels to be contained in 432-mm (17-inch) canisters. For the INEEL spent 
fuels, the 610-mm (24-inch) canister was used for-fuel of large dimensions (Stroupe, 1998).  

Table 6A-8 shows the waste package configurations for each category of spent fuel for the total 
inventory of DOE SNF. Based on Table 6A-8, the number of HLW canisters needed for co
disposal of the high- and medium-enriched DOE SNF are shown in Table 6A-9. Co-disposal of 
high- and medium-enriched spent fuel in the total inventory of DOE SNF (2496 MTHM) 
requires 7,240 short canisters (3.05 m or 10 feet) and 7,836 long canisters (4.57 m or 15 feet) of 
HLW. This is equivalent to 18,994 short canisters of HLW. Assuming that each short canister 
of HLW contains 0.5 MIM it takes 9,497 MTHM of HLW to co-dispose the high- and 
medium-enriched DOE SNF.  

Table 6A- 10 shows the number and types of waste packages needed to dispose of the modified 
inventory of DOE SNF (2,333 MTHM). This packaging information was used to develop the 
number of HLW canisters needed to co-dispose the modified inventory of DOE SNF 
(Table 6A- 11). The number of equivalent short HLW canisters necessary to co-dispose the high
and medium enriched spent fuel in the modified inventory is 17,796. Thus, co-disposal of the 
high- and medium-enriched spent fuel in the modified inventory, under the current packaging 
assumptions, would require 8,898 MTHM of HLW.  

A-1.4 PHYSICAL PROPERTIES OF DOE SNF 

Fuel properties were determined by the judgement of those personnel most familiar with the fuel 
inventory, and a consensus on the values was gained by review among the local spent fuel 
programs at the DOE sites (Cresap 1997). The grouping of fuel into categories, based on 
chemical fuel form, aided in assigning common properties to each of the categories. The physical properties that are used in the performance assessment are presented in Table 6A-12 for 
each category of DOE spent fuel.  

The prior performance assessments (i.e., TSPA-1995) have compiled the physical properties for 
commercial spent fuel, and these values were adopted or used as a beginning point for estimating
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values for the DOE spent fuel categories. For instance, some fuel categories use the same value 
for dissolution rate as commercial fuel, others use the commercial rate scaled by an appropriate 
factor, and still others use entirely different models. Using existing models wherever possible 
simplified the approach for both data generation by the National Spent Nuclear Fuel Program 
and modeling done in this performance assessment. The effect of a range of physical properties 
of the fuels on performance is examined in Section A-3, Evaluation of Sensitivity and 
Uncertainty.  

Table 6A-12 provides estimates of fuel dissolution rate, surface area, cladding failure, free 
radionuclide inventory, gap radionuclide inventory, fuel area, and fuel volume. The fuel area 
and volume are the current fuel meat area perpendicular to ground-water flux and the current fuel 
meat volume.  

The dissolution under wet oxic conditions is taken from the dissolution models that are described 
in Section A-1.5 or as some fraction of the results of these dissolution models. For dry oxic 
conditions, the- dissolution rate is assumed to be zero, as in the case for commercial spent fuel.  
Surface area for DOE fuels was based on the area and weight of the fuel meat (unclad fuel) itself.  
Calculations were simplified by the fact that the chemical form of the fuel meat within each 
category was the same. Where different geometry's or dimensions contributed to the same 
category, a dominant type was selected or average values were used. Conservative estimates 
were made of the fraction of fuel cladding that has failed. These numbers are typically high, 
reflecting the approach that little, if any, credit is claimed for fuel cladding as a barrier to 
releases from DOE SNF. The value given is an estimate of the initial condition at the time of 
waste package failure, and normal corrosion processes would proceed after that time. In the 
analyses reported in this document, no credit is taken for the cladding of DOE SNF and the 
results are compared to equivalent amounts of unclad commercial spent fuel. The assumption of 
unclad commercial spent fuel was made to determine if it could serve as a conservative bound 
for the DOE SNF.  

Two columns of Table 6A-12 provide the free and gap radionuclide inventory that has been 
released from the fuel, but is still contained in the disposal package until the time the package is 
breached. It is then available for immediate release. Since the fuel in most cases has been stored 
a long time prior to repository package emplacement, most of the inventory available for 
immediate release would already be gone prior to sealed containment in a canister. After the 
canister is sealed for repository disposal, conditions in it are benign, and not likely to facilitate 
degradation of the fuel. For these reasons, the free fraction of the inventory is low. The gap 
referred to in the gap inventory is between the fuel meat and the cladding. The inventory is the 
fraction of radionuclides that has migrated from the fuel meat to the gap and is available for 
immediate release when the cladding is penetrated. This inventory may be specified separately 
for different isotopes (i.e., C-14). Some of the DOE spent fuels are physically constructed so as 
to eliminate a gap that could accumulate radionuclides. For example, the N Reactor fuel meat is 
co-extruded with the cladding that eliminates the presence of a gap. Thus it has no gap inventory 
(Table 6A-12).
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A-1.5 WASTE FORM DISSOLUTION MODELS

Dissolution models for metallic, carbide, ceramic, and oxide (commercial) spent fuel and for 
HLW glass are presented below. The metallic and carbide models were taken from the analyses 
of DOE SNF conducted by Sandia National Laboratories (Rechard, 1995), the models for 
commercial spent fuel and HLW were used in TSPA-1995 (Andrews et al., 1995), and the 
ceramic model was used in the evaluation of plutonium waste forms (Duguid et al, 1996).  
These dissolution models were also used in the assessment of the performance of INEEL spent 
fuels (INEEL Task Team on Spent Nuclear Fuel, 1997). A comparison of the glass and spent 
fuel dissolution models that are described below is presented in Figure 6A-1. This figure 
indicates that the largest dissolution rate over time is for metallic spent fuel and the slowest is for 
carbide spent fuel. The dissolution rates in order from fastest to slowest are metallic spent fuel 
under wit oxic conditions, metallic spent fuel under humid oxic conditions, oxide spent fuel, 
HLW glass, ceramic, and carbide spent fuel. The change in rate over time is caused by the build 
up of corrosion products on the surface of the waste form, which slows the rate of dissolution.  
Initially there are about seven orders of magnitude difference between the fastest and the slowest 
waste form dissolution rate (i.e., metallic and carbide), and after 100,000 years there are about 
five orders of magnitude difference in dissolution rate between these models.  

A-1.5.1 Metallic Spent Fuel 

See Section 6.3.2.1.1.  

A-1.5.2 Silicon Carbide Spent Fuel 

The model for silicon carbide spent fuel was taken from the 1994 performance assessment of 
DOE SNF (Rechard 1995). The 1994 assessment used a dissolution model that is based on the 
following equation: 

M = Aet (t2 c -tc) (D x E x Mia,) 

For fuel particles with silicon carbide coatings, 

M - mass of layer corroded in a time step(kg), 
A = 3 X 1012 / SeC, 

B = 0, 
C - 1, 
T = time (sec), 
D = 1 which is assumed to be conservative, 
E = 0.2, and 
Miy = the mass of the layer at time zero.  

This equation can be used to calculate the mass of corroded silicone carbide fuel at any time step.  
In order to obtain the dissolution rate, the mass of the layer at time zero and the surface area must 
be known. For silicone carbide spent fuel, the surface area of the silicone carbide is assumed to
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be 1325 m2 and the mass of the layer (Miy,) is assumed to be 126 kg. The surface area is not 
used to evaluate the mass release, but was used to estimate the initial mass of the coatings. This 
dissolution model only applies to carbide fuel that has silicone carbide coatings on the carbide 
fuel particles (Category 8, high integrity Uranium-Thorium carbide spent fuel), and does not 
represent the dissolution of the fuel itself. Once the coating has failed the fuel reacts rapidly with 
water releasing the radionuclide inventory of the fuel particles. This is the reason for using the 
metallic dissolution for Categories 9 and 10 and applying a factor of ten and one hundred to the 
dissolution rate, respectively (Table 6A-10). Categories 9 and 10 are both low integrity carbide 
fuels that are expected to dissolve rapidly in the presence of water (they do not have silicone 
carbide coated fuel particles).  

A-1.5.3 Ceramic 

The dissolution model for ceramic was taken from Lappa (1995). The composition of the 
ceramic was assumed by Lappa to be similar to that of Synroc-C, a titanate ceramic. Reeve et al.  
(1989) proposqd that the cumulative release from Synroc to be: 

Q = Qo + 0 + SFt/A 

where 

Q = release rate per unit surface area (g/m2), 
Qo = instantaneous release from grain boundaries and metastable phases (g/m2), 
0 = is a kinetic fimction that accounts for ionic diffusion, selective matrix attack, 

etc (g/m2), 
S = solubility of the matrix (g/m2), 
F = groundwater flow rate (m3/ day), 
A = is the surface area (m2), and 
T = time (days).  

Lappa states that it is likely that the long-term release from the Synroc is controlled by the third 
term of the equation. Existing data indicate that S is less than or equal to 0.007 g/m3 based on a 
long-term leaching rate of less than or equal to 1 0 -4 g/m2/day when SA/C is 10 m"' at 70 degrees 
Centigrade in deionized water (Lappa 1995). The leaching rate also increases with increasing 
temperature (Ringwood et al. 1988). This temperature effect is described by: 

R = a 10-W'err) 

where 

R = leaching rate (g/m2 day), 

T = temperature in degrees K, and 

a and V3- are constants.

BOOOOOOO-01717-4301-00006 REVOO A6-7 August 1998



Based on the Synroc data of Ringwood et al (1988), P = 1.0 and az 0.082 g/m2/day when SA/C 
is 10 m7' at 70 degrees Centigrade. These are the same conditions that were assumed in TSPA 
1995 for HLW glass. The release rate can be calculated by multiplying R by the surface area (S) 
and the elapsed time (t). The radionuclides are released from the waste form based on its 
alteration rate, and are then transported at a rate dependant on whether they are alteration 
controlled or solubility-limited radionuclides.  

The alteration/dissolution rate presented above is for a monolithic form, and if the monolith is 
cracked the release rate could be significantly different The release rate should be measured in 
the ongoing research and development program to provide a more valid release in the repository 
environment. However, the ceramic model is only used for Category 12 spent fuel that is less 
than 2% of the total amount of DOE SNF on an MTHM basis.  

A-1.5.4 Oxide (Commercial) Spent Fuel 

See Section 6.3.1.3.2.  

A-1.5.5 High-Level Waste Glass 

See Section 6.3.3.3).
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A-2. DOSE TO HUMANS FROM DOE SNF

The Individual categories of DOE SNF were analyzed by placing them, one at a time, in the 
environment of the TSPA-VA base case and calculating the expected-value dose history 
attributed to that waste form for an individual using water from a well 20 kilometers down 
gradient from the repository. Each category of DOE SNF or equivalent amount of unclad 
commercial spent fuel was assumed to be placed in the TSPA-VA base case environment (i.e., 
added to the inventory) and the resulting dose from the DOE SNF or equivalent amount of 
unclad commercial spent fuel was analyzed. The dose to an individual from all sources was 
analyzed. ingestion of food and water, inhalation, and exposure to contaminated areas and water.  
The analyses in this chapter, except where specified, are for the total amount of DOE SNF (2,496 
MTH-v). This was done to determine the full impact of all of the DOE SNF and co-disposed 
HLW in each category. These results are presented in Section 2.1. The results from the total 
amount of DOE SNF are compared to the 2,333 MTHM of DOE SNF and 4,667 MTHM of 
HLW in Sections 2.2 and 2.3.  

A-2.1 DOSE ATITRIBUTED TO EACH WASTE FORM 

A total of 15 categories of DOE SNF were analyzed. These are Categories 1 through 13, 
Category 15, and Category 16. Category 14, sodium-bonded spent fuel, was not analyzed 
because it will be treated. All of the categories, except Category 15, contain some high- and 
medium-enriched spent fuel that is assumed to be co-disposed. For this reason, the analyses of 
dose are presented for the HLW included and excluded in the dose history. The analysis of the 
fuel in each category (excluding the co-disposed HLW) is compared to an equivalent amount of 
unclad commercial spent fuel (equivalent on an MTHM basis). For these comparisons, the 
assumption was that the commercial spent fuel is packaged in the same number of packages as 
the DOE SNF in category. Also, for conservatism, the DOE SNF was assumed to be disposed in 
Region 6 of the repository. Region 6 has the highest unsaturated-zone flux through the 
repository.  

The Navy spent fuel, Category 15, is not co-disposed, and because it is classified, it is handled 
differently than the other categories of DOE SNF. For this category, data on thermal conditions 
and waste package failure rate were furnished to Bettis Atomic Power Laboratory (Duguid 
1998), and their staff used these data to calculate an unclassified release rate at the boundary of 
the waste package (Beckett 1998). This release rate was then used in the TSPA-VA model (RIP) 
to analyze the dose 20-kilometer from the repository. The analyses of Navy spent fuel are 
discussed in Section 2.1-14.  

A-2.1.1 Uranium Metal Spent Fuel (Category 1) 

The expected-value dose history at 20 kilometer from the repository for Category I spent fuel 
and co-disposed HLW is presented in Figure 6A-2. The analysis indicates that of the 107 
packages disposed, only six packages are expected to fail over the first 100,000 years. The 
package failures are shown as spikes in dose from Tc-99, 1-129, and C-14 that are observed on 
Figure 6A-2. The release of these three radionuclides is alteration controlled, and when a waste 
package fails they are rapidly released from it (over a few thousand years as indicated by the
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width of the spikes). For the solubility-controlled radionuclides, such as Np-237, the dose curves 
are smoother because of the slower release from the failed waste package. Figure 6A-3 shows 
the dose attributed only to the Category 1 spent fuel. A comparison for Figures 6A-2 and 6A-3 
shows little change due to removal of the HLW. This is because much of the spent fuel in this 
category is low enriched N Reactor spent fuel contained in 101 packages that do not contain 
HLW. There are only six co-disposal packages in the category (see Table 6A-8), and removal of 
this small amount of HLW does not significantly affect the dose. Figure 6A-4 shows the dose 
history for an equivalent amount of unclad commercial spent fuel (2122.26 MTHM, see Table 
6A-3) contained in 107 waste packages. The results are similar to the results from Category 1 
SNF except the doses are somewhat higher (i.e., Tc-99, 1-129, and Np-237).  

A-2.1.2 Uranium-Zirconium Alloy Spent Fuel (Category 2) 

The spent fuel of Category 2 is disposed in eight co-disposal packages (see Table 6A-9).  
Because of the small number of waste packages in this category, none are expected to fail in the 
first 100,000 years. Consequently, no results for Category 2 are shown. In the sensitivity 
analyses of Chapter 5, failure of a single package of Category 2 spent fuel will be assumed and 
the results will be compared to failure of an equivalent amount of commercial spent.  

A-2.1.3 Uranium-Molybdenum Alloy Spent Fuel (Category 3) 

Figure 6A-5 shows the dose attnibuted to disposal of 3.77 MTHM of Category 3 spent fuel in 70 
co-disposal packages along with that from the co-disposed HLW. Of the 70 packages it is 
expected that four fail over the first 100,000 years. A waste package failure is shown as a peak 
of dose from 1-129 on Figure 6A-5. Figure 6A-6 shows the dose attributed only to the Category 
3 spent fuel. The nearly two-order of magnitude decrease in dose is because of the removal of 
the relatively large amount of HLW from the analysis. To dispose of 3.77 MTHM of Category 3 
spent fuel, it requires 350 canisters of HLW (see Table 6A-9). If it is assumed that there is 0.5 
MTHM per 10-foot canister of HLW, the disposal of 3.77 MTHM of spent fuel requires 175 
MTHM of HLW. Figure 6A-7 shows the dose from disposal of 3.77 MTHM of commercial 
spent fuel in 70 waste packages. The dose from the commercial spent fuel is nearly the same as 
that from co-disposal of Category 3 spent fuel and HLW (see Figure 6A-5), and is more than two 
orders of magnitude higher than that from the Category 3 spent fuel alone.  

A-2.1.4 Uranium Oxide Spent Fuel (Category 4) 

Figure 6A-8 shows the expected-value dose history from Category 4 spent fuel and co-disposed 
HLW in 214 waste packages, of which 193 are co-disposal packages. The dose shown in Figure 
6A-8 is somewhat higher (about a factor of two) than the dose from only the Category 4 spent 
fuel (Figure 6A-9). The dose from Category 4 spent fuel (Figure 6A-9) is nearly identical to that 
from an equivalent amount of commercial spent fuel (98.68 THM) shown in Figure 6A-10.  
The dose from Category 4 spent fuel being nearly identical to that from commercial spent fuel is 
not surprising, because much of the category is made up of commercial oxide spent fuel.
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A-2.1.5 Uranium Oxide-Disrupted -Clad Spent Fuel (Category 5)

Figure 6A- 11 shows the expected-value dose history from Category 5 spent fuel and HLW 
disposed in 686 packages, all of which are co-disposal packages. The dose from the spent fuel 
and 'LW is nearly an order of magnitude above that of the spent fuel alone (Figure 6A-12). The 
difference is caused by the relatively large amount of HLW because all of the waste packages are 
co-disposal packages. When this result is compared to the equivalent amount of commercial 
spent fuel (87.02 MTHM) in Figure 6A-13 it is seen that the dose from Category 5 spent fuel is 
nearly an order of magnitude below that from the commercial spent fuel. The lower dose is 
attributed to the Three Mile Island fuel being at lower burnup than average commercial spent 
fuel at the time of the accident.  

A-2.1.6 Uranium-Aluminum Alloy Spent Fuel (Category 6) 

Figure 6A-14 shows the expected-value dose history for Category 6 spent fuel and co-disposed 
HLW. The 8.75 MTHM of spent fuel is co-disposed in 706 packages that contain about 1806 
MTHM of HLW. Because of the relatively large amount of HLW the dose is reduced 
significantly when the effects of the HLW are removed (Figure 6A-15). Comparison of the spent 
fuel in Category 6 (see Figure 6A-15) with an equivalent amount of commercial spent fuel 
(Figure 6A-16) shows that dose from the DOE spent fuel is somewhat higher (less than a factor 
of two) than that from commercial spent fuel for the first 60,000 years. The dose during this 
time period is largely from Tc-99 and 1-129. Alter about 60,000 years, the dose from 
commercial spent is somewhat larger than that from Category 2 spent fuel (Figures 6A-15 and 
6A-16). The dose during this later period is largely from Np-237.  

A-2.1.7 Uranium Silicide Spent Fuel (Category 7) 

The expected-value dose history from Category 7 spent fuel and co-disposed HLW is shown in 
Figure 6A-17. There are 11.55 MTHM of Category 7 spent fuel that is co-disposed in 250 
packages with 600 MTHM of HLW. The peak dose from the spent fuel of this category (Figure 
6A-18) is about the same as that from an equivalent amount of commercial spent fuel (Figure 
6A-19). As stated earlier, comparisons between DOE SNF and commercial spent fuel are always 
made using the same number of packages of each spent fuel type. This is done to ensure that 
there is the same number of waste package failures of the DOE SNF and commercial spent fuel.  

A-2.1.8 High-Integrity Uranium-Thorium Carbide Spent Fuel (Category 8) 

The 24.67 MTHM of Category 8 SNF is disposed in 503 co-disposal packages with about 1886 
MTHM of HLW. The expected-value dose history from these packages is shown in Figure 
6A-20 The dose attributed to only the Category 8 spent fuel is more than two orders of 
magnitude lower (Figure 6A-21). The dose. from an equivalent amount of commercial spent fuel 
is shown in Figure 6A-22, and is about the same as that from the combined Category 8 spent fuel 
and HLW (see Figure 6A-20). The lower dose from Category 8 spent fuel is attributed to two 
factors, a lower radionuclide inventory (Table 6A-5) and a slower leach rate of the silicon 
carbide spent fuel as compared to oxide spent fuel (Figure 6A- 1).
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A-2.1.9 Low-Integrity Uranium-Thorium Carbide Spent Fuel (Category 9) 

There are 1.66 MTHM of Category 9 spent fuel that are co-disposed in 60 waste packages with 
225 MTHM of HLW. The expected-value dose history for the combined waste is shown in 
Figure 6A-23. The dose from the combined waste is somewhat (about half an order of 
magnitude) higher than that from only the Category 9 spent fuel (compare Figure 6A-23 with 
Figure 6A-24). The dose from an equivalent amount of commercial spent fuel is about the same 
(Figure 6A-25) as that from the combined Category 9 spent fuel and co-disposed HLW (Figure 
6A-23).  

A-2.1.10 Uranium and Uranium-Plutonium Carbide Spent Fuel (Category 10) 

The spent fuel of Category 10 is co-disposed in five waste packages. Because of the small 
number of packages in this category, none are expected to fail in the first 100,000 years.  
Consequently no results for Category 10 are shown. In the sensitivity analyses of Chapter 5, 
failure of a single package of Category 10 spent fuel will be assumed and the results will be 
compared to failure of an equivalent amount of commercial spent fuel.  

A-2.1.11 Mixed Oxide Spent Fuel (Category 11) 

The 12.32 MTHM of mixed oxide (MOX) spent fuel in Category 11 is packaged in 367 co
disposal packages along with about 1329 MTHM of HLW. The expected-value dose history for 
the combined spent fuel and HLW is shown in Figure 6A-26, and the dose attributed to only the 
MOX spent fuel is shown in Figure 6A-27. The dose from only the MOX spent fuel is more than 
an order of magnitude below that of the combined spent fuel and HLW. This is because of the relatively large amount of HLW co-disposed with the spent fuel (i.e., all of the packages contain 
one canister of spent fuel and five canisters of HLW. Figure 6A-28 shows the dose from an equivalent amount of commercial spent fuel. The dose from the commercial spent fuel is nearly 
the same as that from the combined MOX spent fuel and HLW (compare Figures 6A-26 and 
6A-28).  

A-2.1.12 Uranium-Thorium Oxide Spent Fuel (Category 12) 

Figure 6A-29 shows the expected-value dose history from 49.63 MTHM of Category 12 spent 
fuel and co-disposed HLW (177 MTHM) disposed in 71 waste packages. Twenty-four of these 
packages are co-disposal packages and the remainder (47) are 3 x 1 packages (they contain 3 canisters of HLW and 1 canister of spent fuel). Figure 6A-30 and Figure 6A-31 show the dose 
attributed to the Category 12 spent fuel and an equivalent amount of commercial spent fuel, 
respectively. The difference between the two results, about two orders of magnitude, is because 
of differences in radionuclide inventory and the slower dissolution rate of the ceramic fuel 
(Category 12).  

A-2.1.13 Uranium-Zirconium Hydride Spent Fuel (Category 13) 

The dose history attributed to 2.03 MTHM of Category 13 spent fuel and co-disposed HLW (260 
MTHM) is shown in Figure 6A-32. Category 13 spent fuel is contained in 100 co-disposal 
packages (5 x 1 packages). The dose from only the spent fuel (Figure 6A-33) is more than an 
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order of magnitude below that from combined spent fuel and HLW (Figure 6A-32). Figure 
6A-34 shows the dose from an equivalent amount of commercial spent fuel. The dose from the 
commercial spent fuel is nearly the same as that from the combined Category 13 spent fuel and 
HLW (see Figure 6A-32).  

A-2.1.14 Navy Spent Fuel (Category 15) 

The analyses of Navy spent fuel were conducted differently than other categories of DOE SNF to 
avoid having to have security clearances for the Performance Assessment staff so that they could 
work with the classified data for Navy spent fuel. Instead of having a radionuclide inventory for 
the Navy spent fuel, a dissolution model, and a packaging scenario, the analyses of the Navy fuel 
were done based on a source term at the boundary of the waste package. To obtain this source 
term data that consisted of waste package surface temperatures and waste package failure rates 
for the six regions of the base case repository were transferred to Bettis Atomic Power 
Laboratory (Duguid 1998), and their staff developed the source term. Bettis staff assumed that 
the current dry climate prevailed for the first 5,000 years and then switched to the long-term 
average climate. This climate is the same as used for the expected-value analyses of the other 
categories of DOE SNF. They also used the waste package failure for the northeast region of the 
repository and assumed that waste form degradation and release began at the first breach of the 
waste package. Bettis staff used these data and assumptions to estimate the radionuclide release 
from the failed waste packages, and their analyses showed that the Zircaloy spent fuel cladding 
would not be breached in the first one million years. They found that only a small amount of 
radionuclides that buildup on the cladding during operation (crud) is released. The release rate 
through time provided by Bettis (Beckett 1998) was used in RIP to analyze the expected-value 
dose from the Navy Spent fuel.  

Figure 6-35 shows the dose history for Category 15 spent fuel over 100,000 years using the 
release source term provided by Bettis (Beckett 1998). The total dose is from 300 packages of 
Navy spent fuel that is disposed in spent fuel packages. The dose is from crud that forms on the 
outside of the Zircaloy cladding. The Zircaloy cladding of the Navy spent fuel is not expected to 
fail in the first million years, and the dose is from crud that forms on the outside of the fuel 
(Beckett 1998). Figure 6A-36 shows the dose from an equivalent amount of unclad commercial 
spent fuel. The dose from the commercial spent fuel is about two orders of magnitude higher 
than that from the Navy fueL However, had the commercial spent fuel been assumed to be clad 
the difference between the Navy and commercial spent fuel would have been less (See 
Figure 6A-54).  

A-2.1.15 Miscellaneous Spent Fuel (Category 16) 

Figure 6A-37 shows the expected-value dose history from 10.73 MTHM of Category 16 spent 
fuel and 135 MTHM of HLW packaged in 44 co-disposal packages. The dose from the 
combined spent fuel and HLW is somewhat higher than that attributed to the spent fuel alone 
(Figure 6A-38). The dose from Category 16 spent fuel is also somewhat higher than that from an 
equivalent amount of commercial spent fuel (Figure 6A-39).
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A-2.1.16 Summary of Results

The expected-value total dose history from the spent fuel in Categories 1 through 7 is plotted on 
Figure 6A-40. Categories 1 and 6 contribute the highest dose from these seven categories.  
Category 2 does not contribute because there are expected to be no package failures in the first 
100,000 years. Category 3 has a dose history that is about three orders of magnitude below that 
of the other spent fuels shown on Figure 6A-40. The dose history for Categories 8 through 13, 
and 16 are shown in Figure 6A-41. Category 10 has no dose history because no packages are 
expected to fail in the first 100,000 years. Comparing Figures 6A-40 and 6A-41 it appears that 
Category 1, 4, 5, 6, 7, 8, 11, and 16 will contribute significantly to the dose from all DOE spent 
fuel. The analyses conducted in 1997 (Duguid, et. al. 1996) found that categories 1, 4, 5, 6, 8, 
and 11 contributed significantly to the dose from a composite of the first 13 categories of DOE 
SNF. The current analyses indicate that Category 7 has been added to the group of fuels that 
contribute significantly to the dose from all DOE spent fuels. The reason for this increase is that 
the radionuclide inventory for Category 7 was increased because of additional ORIGEN analyses 
for this category. Category 16 is also added to the group, but it had not been previously 
analyzed 

A-2.2 DOSE ATrRIBUTED TO COMBINED WASTE FORMS 

A-2.2.1 HLW Used for Co-Disposal for Different MTHM Algorithms 

The HLW used in the base case is assumed to be 4,667 MTHM that is disposed in 1,663 co
disposal packages. If it is assumed that a 10-foot canister of HLW is 0.5 MTHM, then 4,667 
MTHM is the same as 9,334 canisters of -LW. The expected-value dose history from disposal 
of 9,334 canisters of HLW in 1,663 packages is shown in Figure 6A-42. The dose from 4,667 
MTHM of HLW reaches about one mrem/yr at 100,000 years with the dose being from Np-237 
after about 45,000 years. Prior to 45,000 years, the dose is primarily from Tc-99.  

Two additional algorithms for estimating the MTHM of HLW have been considered: the first is 
based on a strict interpretation of the Nuclear Waste Policy Act and a second is based on the 
toxicity of the HLW. The first algorithm the HLW waste is equivalent to the fuel from which it 
was produced would yield about 400 canisters as being equivalent to 4,667 MTHM of HLW.  
The second, the toxicity basis, would allow co-disposal of all of the high- and medium-enriched 
spent fuel and still remain below the 4,667 MfHM. The HLW waste necessary for co-disposal 
of all of the DOE SNF is 7,240 10-foot canisters and 7,836 15-foot canisters of HLW (see 
Table 6A-9). This is equivalent to 18,994 or approximately 19,000 10-foot canisters of HLW.  
The HLW for both of these algorithms is assumed to be disposed in co-disposal packages and the 
results are shown in Figure 6A-43. The results indicate that the dose from 18,994 canisters is 
only somewhat higher then the dose from 9,334 canisters of HLW (compare Figures 6A-42 and 
6A-43). The dose for the 400-canister case is more than two orders of magnitude below that 
from 18,994 canisters. Here it should be observed that the results do not scale from one case to 
another. This is because the peak dose is from Np-237 and its release from the engineered 
barrier system is solubility controlled (i.e., the peak is related to the number of failed waste 
packages that are releasing Np-237 at its solubility limit).
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A-2.2.2 DOE SNF

Figure 6A-44 shows the expected-value total dose history from all of the DOE SNF (2,496 
MTHM) compared to an equivalent amount of commercial spent fuel. The analysis of 
commercial spent fuel is for unclad fuel disposed in Region 6. Both are packaged in the same 
number of waste packages (3,156, see Table 6A-8). The reason for the difference in roughness is 
because of how the two curves were derived. The commercial spent fuel curve is from 3,156 
packages that contain an equal amount of spent fuel in each package, and with this large number 
of packages there are enough package failures so that the curve is smooth. The curve for DOE 
SNF is a composite of the categories that contribute significantly to the dose from all DOE SNF.  
Several of the categories have few enough packages that package failures appear as spikes in Tc
99 and 1-129 dose, and the roughness of the DOE SNF curve results from these spikes (i.e., 
Category 1).  

Figure 6A-45 shows a comparison among 2,333 MTHM of unclad commercial spent fuel, 2,333 
MTIM of the. metallic surrogate spent fuel used in the base case, and 2,333 MTHM of DOE 
SNF. For the analyses of both the surrogate and the commercial, the waste packages are 
disposed in Region 6. This figure indicates that the surrogate metallic spent fuel is a good 
average for the DOE SNF. The surrogate curve appears as a best-fit curve through the spikes of 
the DOE SNF curve, but at a later time, it bounds the spikes (after about 70,000 years). The 
2 ,3 33 MTHM ofunclad commercial appears to be a good bound for the DOE SNF; it is above all 
of the spikes on the DOE SNF curve that are created by individual waste package failures (see 
Figure 6A-45).  

A-2.2.3 Commercial Spent Fuel 

Figure 6A-46 shows the expected-value dose history attributed to 63,000 MTHM of commercial 
spent fuel of the TSPA-VA base case. The spent fuel is assumed to be Zircaloy clad and is 
distributed across the six regions of the repository. Comparison of the dose from 63,000 MTHM 
of spent fuel with 4,667 MTHM of HLW (see Figure 6A-42) shows that the total dose from the 
spent fuel is an approximation of the dose from the entire repository. This is because adding in 
the dose from HLW (see Figure6A-42) and the dose from DOE SNF (see Figure 6A-45) would 
only change the dose by a relatively small factor.  

A-2.3 COMPARISON OF RESULTS 

A-2.3.1 Categories that Contribute Significantly to Total Dose 

The categories that contribute significantly to the total dose from all categories of DOE SNF can 
be observed on Figures6A-40 and 6A-41. Categories 1, 4, 5, 6, 7, and 16 contribute significantly 
to the total dose from all DOE SNF. Categories 8, 9, and 11 are below a dose of 1 x 10-2 
mrem/yr and are not considered to be significant, but are the next three highest categories.  
Categories 1, 4, 5, 6, 8, and 11 were previously found to contribute significantly to the dose from 
all DOE SNF (Duguid et. al. 1996), and Categories 1 and 6 were found to be the largest 
contributors. The current analyses also show that Categories 1 and 6 are the largest contributors 
(see Figure 6A-40 and 6A-41). It would appear that the dose from Category 7 has increased 
somewhat, and this increase is due to increased radionuclide inventory based on new ORIGEN
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analyses. Category 9 has also increased somewhat because the metallic dissolution model is now 
thought to be a better representation. Prior analyses (Duguid et. al. 1996) assumed the carbide 
dissolution model for this category.  

A-2.3.2 Comparison among Repository Loading Scenarios 

Figure 6A-47 shows the expected-value dose history for the base case repository, 2,333 MTHM 
of DOE SNF, and 9,334 canisters (4,667 MTHM) of HLW. The reason for the roughness of the 
curve for DOE SNF on Figure 6A-47 is because of the way was constructed. It is a composite of 
the individual categories of DOE SNF, and this causes some of the spikes form individual 
package failures to be higher than curve for the base case. The base case contains a surrogate 
DOE SNF in 2,546 packages and this produces a smoother curve because of the larger number of 
package failures (Figure 6A-45). Figure 6A-48 shows the comparison of 63,000 MTHM of clad 
commercial spent fuel with 2,333 MTHM of DOE SNF, and 2,496 MTHM of DOE SNF. Here 
it should be observed that the peak dose from 63,000 MTHM of clad commercial spent fuel is 
nearly the same as that from the base case repository (compare Figures 6A-48 and 6A-47). At 
early times, the DOE spent fuel curve is somewhat lower than that of the base case repository, 
and the peak dose from 63,000 MTHM of clad commercial fuel is higher than that from the 
unclad DOE SNF (by less than a factor of five). It can also be observed that the expected value 
dose history from 2,333 MTHM of DOE SNF is nearly the same as that from 2,496 MTHM of 
DOE SNF (see Figure 6A-48). Here the primary difference between the two loading scenarios 
stems from the number of waste packages in each. The 2,496 MTHM dose curve is somewhat 
higher, and has somewhat different waste package failures because it has more waste packages.  

Figure 6A-49 shows the expected-value total dose curves for 400, 9,334, and 18,996 canisters of 
HLW. Here it should be noted that the 400 and 9,334 canister cases do not have a very 
significant dose contribution to the entire repository. The 18,996 canister does affect the dose 
from the entire repository because of the early contribution from Tc-99 at about 30,000 years and 
by a lessor amount due to Np-237 at later times. The 18,996 canisters of HLW is the amount 
that is needed to co-dispose the high- and medium-enriched spent fuel in all (2,496 MTHM) of 
the DOE SNF.
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A-3. EVALUATION OF SENSITIVITY AND UNCERTAINTY

A considerable amount of uncertainty exists both in the long-term repository environment and in 
the physical characteristics of DOE SNF. The primary natural system parameter that is uncertain 
over the long-term is the percolation flux through the repository, and consequently, the 
sensitivity of dose to it will be examined. Other fuel properties that are uncertain are effects of 
fuel cladding, choice of dissolution model, dissolution rate, and surface area. In addition, 
because of criticality considerations, the number of packages of spent fuel for some categories is 
also uncertain. The effects of all of these uncertainties on dose are analyzed in this Chapter.  

A-3.1 UNSATURATED ZONE WATER FLUX 

The results of prior assessments such as TSPA 1995 (Andrews, et. al. 1995) have shown that 
dose is sensitive to percolation flux through the repository. However, because of the coupled 
nature of the TSPA-VA model, this parameter should not be varied independent of other coupled 
parameters. For the TSPA-VA, the model has been properly coupled for three different fluxes 
that relate to climate change. These fluxes are the current dry climate, the long-term average 
climate, and the super pluvial climate. Changes in flux would be expected to have the largest 
effect on metallic spent fuel because of their faster dissolution rate. For this reason, the metallic 
surrogate spent fuel used in the base case, Category 1 spent fuel, and Category 6 spent fuel, are 
analyzed. As discussed earlier, Categories 1 and 6 are the largest contributors to dose from all 
DOE SNF.  

Figure 6A-50 shows the effects on dose from the surrogate spent fuel for the three sets of 
climatic conditions. The dose peaks at about 40,000 when the current dry conditions are 
assumed over 100,000 years, and is still increasing at 100,000 years for the two increased flux 
conditions (long-term average and super pluvial). The dose from the three sets of conditions 
are about half an order of magnitude apart at 100,000 years, and the dose from the super pluvial 
conditions is about on a factor of five above that of the surrogate under the base case conditions 
(see Figure 6A-50 and 6A-45). The same number of failed packages was used for the super 
pluvial climate as was used for the long-term average climate. Because of this the additional 
water from the super pluvial produces a dilution effect for the first 50,000 years (until enough 
"27Np is flushed from the failed waste packages to increase the dose above the extended dry 
conditions). Also, because there is little dilution for the extended dry conditions the dose from 
20,000 to 50,000 is higher than for either the long-term average climate or the super pluvial.  

Figure 6A-51 shows the effects of the three climatic conditions on Category 1 spent fuel. Here 
the peak dose for the three climate conditions is about the same, with the peaks being sharper for 
wetter conditions because of the more rapid flushing of alteration-controlled radionuclides from 
the waste package under these conditions. The peaks under super pluvial climate are somewhat 
lower because of dilution of alteration-controlled radionuclides in the increased flux. Both the 
long-term average climate and the super pluvial climate produce a dilution effect and yield doses 
that are lower than those from the extended dry climate (Figure 6A-5 1). This effect is similar to 
that from the surrogate DOE spent fuel at early time when few waste packages have failed 
(Figure 6A-50, between 20,000 and 40,000 years).
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Figure 6A-52 shows the effects of the three climate conditions on dose from Category 6 spent 
fuel. Here it is interesting to note the dose at about 80,000 years from the long-term average 
climate is higher than that from the super pluvial climate. Using the same waste package failure 
rate for both climates causes this difference in dose. The larger groundwater flow during the 
super pluvial begins to deplete the 2 7 Np from the waste packages that fail early (because of the 
small amount of spent fuel that they contain), and the dose drops below that from the long-term 
average climate. At earlier time when few packages have failed (Figure 6A-50 and 6A-51) 
dilution causes the highest dose to be from the extended dry climate (Figure 6A-52).  

A-3.2 FUEL ALTERATION AT TIME OF WASTE PACKAGE PAILURE 

The TSPA-VA model does not track individual waste packages within the repository.  
Consequently, the alteration of the spent fuel in a waste package cannot be initiated at the time of 
waste package failure. For metallic spent fuel this conservatism could have a significant effect 
on peak dose. To test this, a single package was assumed to fail at 1,000 years and the results are 
compared to those from a single package that fails at 40,000 years (Figure 6A-53). To avoid the 
influence of the change of climate at 5,000 years both results were analyzed for the long-term 
average climate for the entire 100,000-year period. Figure 6A-53 shows two separate analyses 
plotted on the same figure, one for a single package failure at 1,000 years and the other for a 
single package failure at 40,000 years. The spike in Tc-99 and 1-129 is lower for the package 
that fails earlier than for the package that fails later. The lower peak is due to the fewer number 
of corrosion patches present on a failed package at 1,000 years than at 40,000 years (i.e., there 
would be a few pits through which diffusion occurs at 1,000 years and there would likely be flux 
through the package at 40,000 years). A more likely explanation of the Tc-99 and 1-129 spikes 
that occur at waste package failure (Figure 6A-3) is that they caused by the rapid dissolution of 
the metallic spent fuel (i.e., the fuel dissolves within one model time step).  

A-3.3 CLADDING 

The effects of cladding were found to be significant for commercial spent fuel in the base case.  
Figure 6A-54 shows the effects of cladding of commercial spent fuel as modeled in the base case 
for 2,333 MTHM of commercial spent fuel. Here the cladding makes a difference of about two 
orders of magnitude between about 10,000 and 40,000 years (Figure 6A-54). As the cladding 
fails, the two dose curves are similar after about 70,000 years.  

Category 1 spent fuel was originally clad with Zircaloy, but much of the cladding has failed 
during pool storage of the spent fuel Figure 6A-55 shows the effects of assuming 50% intact 
cladding for Category 1 fuel. Here the peak dose is reduced somewhat (about a factor of two) 
because of the cladding. The 50% cladding changes the dose from Tc-99 and 1-129 by a factor 
of two because they are alteration-controlled radionuclides, and little affect on Np-237 because it 
is solubility controlled. It would appear a significant fraction of the cladding on Category 1 
spent fuel would have to be in tact to substantially change the dose spikes from Tc-99 and 1- 129.
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A-3.4 WASTE FORM DISSOLUTION MODEL

For the analyses of disposal, DOE SNF dissolution models are used for oxide, metallic, carbide, 
and ceramic spent fuel and for HLW glass. A comparison of these dissolution models is 
presented in Figure 6A-56. The dissolution rates in descending order of rate are metallic spent 
fuel, oxide spent fuel, HLW glass, ceramic, and carbide spent fuel. After about 20,000 years the 
range of dissolution rate is more than four orders of magnitude 

The dissolution model for some of the DOE SNF is uncertain to the point that different 
dissolution models could be assumed for the spent fuel. For example, for Category 9, low 
integrity carbide, ten times the metallic dissolution model, was used in the analyses instead of 
using the carbide dissolution modeL The carbide model only applied to the silicon carbide 
coated fuel; (the high integrity carbide spent fuel Category 8). A comparison of using ten times 
the metallic dissolution model and the carbide dissolution model for Category 9 spent fuel is 
shown in Figure 6A-57. This comparison shows that the choice of dissolution model has little 
effect on dose because the release from the waste package is being controlled by 
diffusion/advection rather than dissolution rate.  

The ceramic dissolution model used in these analyses was developed based on studies Synroc 
and may not be applicable to the ceramic spent fuel of Category 12. To analyze the effect of 
assuming the ceramic dissolution model, the results are compared to assuming dissolution of the 
fuel congruent with Thorium-Uranium oxide (Figure 6A-58). The assumption of congruent 
dissolution model reduces the peak.dose from Category 12 spent fuel by more than a factor of 
five. However, this reduction would not effect the dose from a composite of all categories of 
DOE spent fuel because Category 12 does not contribute significantly to the total dose.  

A-3.5 WASTE FORM DISSOLUTION RATE AND SURFACE AREA 

The dissolution rate and surface area of many of the DOE spent fuels are uncertain because few 
test data are available. As guidance to the spent fuel testing the sensitivity of dose to these 
parameters was examined for selected categories of DOE spent fuel. Figure 6A-59 shows the 
effects of increasing and decreasing the dissolution rate of Category 1 spent fuel by three orders 
of magnitude. The increase in dissolution has no effect on the dose because radionuclides are 
dissolved that can be transported from the waste package (see Figure 6A-59). However, the 
decrease in dissolution rate by three orders of magnitude significantly effects the dose peaks (by 
as much as two orders of magnitude). The same effect is observed at the higher flux through the 
repository that would exist when the long-term average climate is applied over the 100,000-year 
period (Figure 6A-60). A similar, but less dramatic, effect of a range of surface areas on the 
dose from Category 1 spent fuel is observed (Figure 6A-61). Increased surface area has little 
effect on dose, but a decrease in surface area of a factor of ten produces a decrease in dose of 
about a factor of five. This indicates that being overly conservative in the assumption of metallic 
spent fuel surface area can have a significant effect on dose (i.e., assuming a larger than actual 
surface area will increase dose). A similar effect is observed at the higher flux through the 
repository created by the assumption of long-term average climate (Figure 6A-62).
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Figure 6A-63 shows the effect of dissolution rate on Category 13 spent fuel. This category was 
selected because, as mentioned previously, the dissolution model for this fuel is uncertain. An 
increase of three orders of magnitude in rate increases the peak dose by about two orders of 
magnitude at early time, to more than a factor of five at later time. A similar decrease in rate 
decreases the dose by about three orders of magnitude (Figure 6A-63).  

A-3.6 DOSE FROM CATEGORIES 2 AND 10 

Because no waste package failures are expected over the first 100,000 years for Categories 2 and 
10 the dose attributed to these spent fuels could not be compared to an equivalent amount of 
commercial spent fuel. Figure 6A-64 shows the comparison of the dose from failing one 
package of Category 2 spent fuel at 40,000 years and failing an equivalent amount of commercial 
spent fuel at the same time. The peak dose from commercial spent fuel is about a two orders of 
magnitude higher than that from Category 2 spent fuel. Similar results were obtained when one 
package of Category 10 fuel was failed at 40,000 years and the results were compared to an 
equivalent amount of commercial spent fuel (Figure 6A-65). In this case the peak dose from the 
commercial spent fuel is only about a factor of five higher than that of Category 10 spent fueL 

A-3.7 NUMBER OF WASTE PACKAGES 

The number of waste packages has two effects on the dose from the same amount of waste, more 
waste packages means there will be more waste package failures and more failed packages 
means that there will be more release of solubility limited radionuclides (such as Np-237). These 
effects were analyzed for Category 13 spent fuel where the number of waste packages is 
uncertain because of criticality. Figure 6A-66 shows the results for a factor of five or ten 
increase in the number of packages for Category 13 spent fuel. This category was assumed to be 
packaged in 100 waste packages. The primary radionuclide that contributes to the long-term 
dose from the category is Np-237 (see Figure 6A-32). An increase in the number of waste 
packages by a factor of five has about an order of magnitude effect on the dose (i.e., packages 
fail earlier and there are more waste packages releasing Np-237 at its solubility limit). The 
number of failed packages is represented by the number of dose spikes on each curve. Another 
factor of two increase in the number of waste packages produces about a factor of two increase 
in dose (see Figure 6A-66).  

The effects of increasing the number of waste packages for Category 1 spent fuel was also 
investigated, even though the number of waste is not uncertain (Figure 6A-67). Here the dose 
peaks from Tc-99 and 1-129 changes little even though there are more waste package failures, 
but the best fit curve through the results show an increase in dose that is attributed to Np-237.  
The lack of change in the peak dose from Tc-99 and 1-129 is because they are alteration
controlled radionuclides that are flushed from the waste package relatively rapidly because of 
their high solubility.  

A-3.8 REPOSITORY REGION 

The footprint of the repository is dived into six regions that have somewhat different flux.  
Region 6 has the highest flux and Region 2 has the lowest. For conservatism, the DOE spent
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fuels were analyzed individually in Region 6 and compared to an equivalent amount of 
commercial spent fuel that was also in Region 6. The composite of DOE spent fuel was 
compared to the surrogate and to an equivalent amount of commercial spent fuel that were 
Region 6, when in fact the surrogate in the base case would have been distributed evenly over all 
six regions. The results are shown in Figure 6A-68 for 2,333 MTHM of commercial spent fuel 
in Region 6 as compared to being evenly distributed over the six repository regions. The dose is 
higher when the spent fuel is in Region because of the higher flux and the curve is rougher when 
the waste packages are distributed evenly over six regions because of differences in transport 
length.  

In order to evaluate the conservatism of placing the spent fuel in Region 6, a comparison of the 
results of placing Category spent fuel in Region 6 and Region 2 is presented in Figure 6A-69.  
Region 6 has the highest flux through the repository and Region 2 has the lowest. The difference 
in peak height is due to the difference in flux and the lag of one peak behind the other is due to, 
the difference in transport path length for the two regions. This result differs from that described 
in Section 3.1 .where the effects of different climates were compared, and dilution caused the 
dose from higher flux to be lower. Here the higher flux causes higher dose because the higher 
flux is part of the same flow system (i.e., a different location in the unsaturated zone, but the 
same saturated-zone flux).  

A-3.9 SUMMARY OF RESULTS 

Increased flux through the repository increases the long-term dose from Np-237 significantly 
even though the same number of waste package failures are assumed. In reality, there should be 
increased waste package failures with increased flux and the increase in dose would be expected 
to be even greater. For Category 6 spent fuel, when the flux for the super pluvial is assumed for 
the entire 100,000-year period, while not realistic, begins to deplete the Np-237 so that the dose 
curve drops below that attributed to long-term average climate over the entire period. The 
depletion of Np-237 was not observed for Category 1 spent fuel because there is more fuel in 
these waste packages than for Category 6.  

The assumption that alteration of the spent fuel in a waste begins at time zero rather than at waste 
package failure may have a significant affect on the height of the dose spike from Tc-99 and 
1-129 for metallic spent fuel. This is because the metallic spent fuels -alter rapidly and there 
could be a significant amount of altered fuel in the package at the time of waste package failure.  
The effects of this assumption should be investigated further, especially in regard to Category 1 
spent fuel (i.e., for this category the dose spikes have a significant effect on the dose from all 
DOE SNF).  

The effect of cladding on dose diminishes with time as the cladding fails and the presence of 
cladding tends to smooth out the dose curve. Assuming 50% cladding for Category 1 spent fuel 
has a factor of two in the dose spikes from Tc-99 and 1-129 as would be expected for these 
alteration-controlled radionuclides. It appears that there would have to be significantly more in 
tact cladding to produce a significant effect on dose from Category 1 spent fuel.  

Reduced dissolution rate and surface area can have a significant effect on the dose from DOE 
SNF. For Category 1 spent fuel, a reduction in dissolution rate reduces the dose spikes from
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Tc-99 and 1-129 significantly while a reduction in surface area has a lessor corresponding 
reduction. For Category 13 spent fuel a change in dissolution rate effects both the alteration
controlled radionuclides (Tc-99 and 1-129) and the solubility-controlled radionuclide Np-237.  

The dose from Category 2 and 10 DOE SNF is less than that from an equivalent amount of 
unclad commercial spent fuel. Because of the small number of waste packages in Categories 2 
and 10 (8 and 5, respectively), no packages are expected to fail over 100,000 years.  

An increased number of waste packages that contain the same total amount of spent fuel 
increases the total dose. The increase does not affect the dose from alteration-controlled 
radionuclides, but does increase the dose from the solubility-controlled radionuclide Np-237.  
This is because with a greater number of packages there are more failed packages releasing 
Np-237 at its solubility limit
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A-4. CONCLUSIONS

* The dose from a composite of all categories of DOE SNF can be bounded by an 
equivalent amount, on an MTHM basis, of unclad commercial spent fuel.  

* The largest contributor to dose from all DOE SNF is Category 1 that is composed 
primarily of N Reactor spent fuel.  

* The metallic surrogate spent fuel that represented the DOE SNF in the TSPA-VA base 
case appears to be an appropriate average of the composite of the categories of DOE 
SNF. Some of the dose spikes from Tc-99 and 1-129 caused by individual package 
failures of Category 1 spent fuel are higher than the dose from the surrogate; but overall 
the surrogate dose curve is higher including the peak dose that occurs at 100,000 years.  

The spikes in dose from Tc-99 and 1-129 caused by individual package failures of 
Category 1 spent fuel are sensitive to changes in dissolution rate and surface area.  
They do not increase as dissolution rate is increased, but are nearly eliminated when 
dissolution rate is reduced by three orders of magnitude. For surface ara, the spikes 
remain the same for increased surface area and are decreased as surface area is 
decreased. These results indicate the importance of reducing any conservatism that 
may exist in the assumed values of dissolution rate and surface area through Laboratory 
testing.  

Categories 1, 4, 5, 6, and 7 are the largest contributors to dose from all DOE SNF, and 
Categories I and 6 are the largest contributors. All other Categories (2, 3, 8, 9, 10, 11, 
12, 13, 14, 15, and 16) produce dose that is more than two orders of magnitude below 
that from all DOE SNF. Of the lower dose-producing categories, Categories 8, 9, and 
11 are highesL 

The dose from Category 15, Navy spent fuel, is more than two orders of magnitude 
below that from all DOE spent fuel. Category 15 dose is also more than two orders of 
magnitude below that of an equivalent amount of commercial spent fueL The reasons 
for the low dose from Navy spent fuel are that the dose is from crud on the outside of 
the Zircaloy clad, and that the robust clad is not expected to fail for over a million 
years.  

The spikes in dose from Tc-99 and 1-129 caused by individual package failures of 
Category 1 spent fuel are caused by rapid dissolution of the metallic fuel once the waste 
package has failed. Similar results are found for unclad commercial spent fuel.  

The dose from approximately 19,000 canisters of HLW that would be needed to co
dispose the high- and medium-enriched spent fuel in all or the DOE SNF is less than a 
factor of five higher than the 4,667 MTHM of HLW in the TSPA-VA base case (9334 
canisters).
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* The dose from spent fuel disposed in regions of the repository where there is less unsaturated zone flux is lower. If the dose spikes from Category 1 spent fuel were to be 
viewed as being undesirable they could be lowered by disposing Category I spent fuel 
in regions of lower flux.
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Comparison of Dissolution Rates for Different Waste Types 
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Figure 6A-1. Comparison of dissolution rates for high-level waste and oxide, metallic, carbide, and 
ceramic spent fuel.
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Figure 6A-2. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 1 Spent 
Fuel and HLW.
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Category 1 DOE Fuel: SNF 
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Category I Comm.Equiv. to DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km

0 20000 40000 60000 80000 
Time (years)

100000 120000 
Ift*4 II/ II pVMfIVca1 h

Figure 6A-4. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial Spent 
Fuel Equivalent to Category I Spent Fuel.
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Figure 6A-5. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 3 Spent 
Fuel and HLW.
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Figure 6A-6. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 3 Spent 
Fuel.  
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Category 3 Comm.Equiv. to DOE Fuel: SNF 
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Figure 6A-7. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial Spent 
Fuel Equivalent to Category 3 Spent Fuel.
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Figure 6A-8. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 4 Spent 
Fuel and HLW.  
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Figure 6A-9. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 
Fuel.
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Figure 6A-10. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 4 Spent Fuel.
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Category 5 DOE Fuel: HLW & SNF 
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Figure 6A-11. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 5 Spent 
Fuel and HLW.
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Category 5 DOE Fuel: SNF 
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Figure 6A-12. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 5 Spent 
Fuel.  
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Category 5 Comm.Equiv. to DOE Fuel: SNF 
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Figure 6A-13. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 5 Spent Fuel.
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Category 6 DOE Fuel: HLW & SNF 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6A-14. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 6 Spent 
Fuel and HLW.
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Category 6 DOE Fuel: SNF 
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Figure 6A-15.  
Fuel.

Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 6 Spent
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Category 6 Comm.Equiv. to DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6A-16. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 6 Spent Fuel.
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Category 7 DOE Fuel: HLW & SNF 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6A-17. Expected-Value Dose History-at 20 Kilometers Over 100,000 Years from Category 7 Spent 
Fuel and HLW.
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Figure 6A-18. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 7 Spent 
Fuel.  
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Category 7 Comm.Equiv. to DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6A-19. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 7 Spent Fuel.
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Category 8 DOE Fuel: HLW & SNF 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6A-20. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 8 Spent 
Fuel and HLW.
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Figure 6A-21.  
Fuel.

Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 8 Spent
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Figure 6A-22. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 8 Spent Fuel.
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Category 9 DOE Fuel: HLW & SNF 
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All Pathways, 20 km

1 E+0 

1 E-1 . . . . . . . . .  

1 E-2 - -. . . . . . .- -. ..-- -. .--

1E-4 -- -- 

i •:T - * ., 

1E-7 

I1E-8 

1 E-9

0 20000 40000 60000 
Time (years)

80000

ILegend Tille 

- Toal 

C14 

* 1129 

* Np237 

- Pa231 

- Pu239 

. Pu242 

SSe79 
* Tc99 

4- U234

< 

100000 120000

Figure 6A-23. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 9 Spent 
Fuel and HLW.
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Category 9 DOE Fuel: SNF 
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Category 9 Comm. Equiv. to DOE Fuel: SNF 
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Figure 6A-25. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 9 Spent Fuel.
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Figure 6A-26. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 11 
Spent Fuel and HLW.  
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Category 11 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 
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Figure 6A-27. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 11 
Spent Fuel.
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Category 11 Comm. Equiv. to DOE Fuel: SNF 
100,000 yr Expected-Value Dose Rate History 

All Pathways, 20 km
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Figure 6A-28. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 11 Spent Fuel.  
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Category 12 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 
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Figure 6A-29. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 12 
Spent Fuel and HLW.,
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Figure 6A-30. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 12 
Spent Fuel.  

B00000000-0 1717-4301-00006 REVOO A6-58 A + I

1 E+1

1 E+0

I E-1 T -

E 
0) 
E 

a,

Co

1E-2 t - -

1 E-3 

1 E-4 

I E-5 

1 E-6 -

1 E-7

1 E-8 

1 E-9

20000

Ono flA
5

OL I 7

OOQ

_ • a, Ar4



4 C-4

Category 12 Comm. Equiv. to DOE Fuel: 
100,000-yr Expected-Value Total Dose Rate 

All Pathways, 20 km
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Figure 6A-31. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 12 Spent Fuel.
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Figure 6A-32. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 13 
Spent Fuel and HLW.  
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Category 13 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathwavs 20 km
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Figure 6A-33. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 13 
Spent Fuel.
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Category 13 Comm. Equiv. to DOE Fuel: SNF 
100,000 yr Expected-Value Dose Rate History 

All Pathways, 20 km
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Figure 6A-34. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 13 Spent Fuel.
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Category 15 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km

1E+O -

1 E-I 

1 E-2 

1E-3 -

1 E-4 + -

1E-5 

1 E-6

1 E-7 

IE-8 .

1 E-9 

0 20000

Legend Title 

-- - Total 

C14 

*0 129 

- Np237 

- Pa231 

- Pu239 

N Pu242 

< SeT9 

* Tc99 

- U234

_ __k- - - F ,--- - -• + - - k- F 

40000 60000 80000 100000 120000 

Tim e (years) 9__ ........ -..........

Figure 6A-35.  
Spent Fuel.

Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 15
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Category 15 Comm. Equiv. to DOE Fuel: SNF 
100,000 yr Expected-Value Dose Rate History 

All Pathways, 20 km 
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Figure 6A-36. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 15 Spent Fuel.  

BOOOOOOOO-0 1717-4301-00006 REVOO A6-64
noA ýr'uat 70

1000



Category 16 DOE Fuel: HLW & SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km

*

Legend Title 

--.-- Toal 

C14 

+ 1129 

- Np237 

SPa231 
SPu239 

- Pu242 

Se79 

"* Tc99 

A U234

20000 40000 60000 80000 100000 120000 

Time (years) d A.iI.., -I ,.8 ,

Figure 6A-37. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 16 

Spent Fuel and HLW.

August 1998
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Category 16 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 1 E+I 1 
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Figure 6A-38. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Category 16 
Spent Fuel.
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Category 16 Comm. Equiv. to DOE Fuel: SNF 
100,000 yr Expected-Value Dose Rate History 

All Pathways, 20 km
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Figure 6A-39. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from Commercial 
Spent Fuel Equivalent to Category 16 Spent Fuel.
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Category 1 - 7 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 
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Figure 6A-40. Expected-Value Total Dose History at 20 Kilometers Over 100,000 Years from all of 
Categories 1 through 7 DOE SNF.
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Category 8 - 13, 15 - 16 DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 
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Figure 6A-41.- Expected-Value Total Dose History at 20 Kilometers Over 100,000 Years from all of 
Categories 8 through 13, 15, and 16 DOE SNF.
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DOE HLW: 9334 Canisters 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km
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Figure 6A-42.  
of HLW.

Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 9,334 Canisters
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DOE HLW: 400 and 18,994 Canisters 
100,000-yr Expected-Value Total Dose Rate History
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Figure 6A-43. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 400 and 18,994 
Canisters of HLW.
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2,496 MTHM of DOE-SNF and Comm. SNF 
100,000-yr Expected-Value Total Dose Rate History
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Figure 6A-44. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 2,496 MTHM of 
DOE SNF and from 2,496 MTHM of Commercial Spent Fuel.
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Figure 6A-45. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 2,333 MTHM of 
DOE SNF, from 2,333 MTHM of the Surrogate DOE SNF used in the Base case, and from 2,333 MTHM 
of Commercial Spent Fuel.
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Commercial SNF: 63,000 MTHM 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways. 20 km
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Figure 6A-46. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 63,000 MTHM of 
Commercial Spent Fuel.
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2,333 MTHM of DOE-SNF and 9,334 Pkgs. HLW 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km
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Figure 6A-47. Expected-Value Total Dose History at 20 Kilometers Over 100,000 Years from the Base 
Case Repository, 2,333 MTHM of DOE SNF, and 9,334 Canisters of HLW.
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63,000 MTHM of Comm. SNF, 2333 MTHM, and 2496 MTH DOE SNF 
100,000-yr Expected-Value Total Dose Rate History 

S_ .All Pathways, 20 km
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Figure 6A-48. Expected-Value Total Dose History at 20 Kilometers Over 100,000 Years from 63,000 
MTHM of Commercial Spent Fuel, 2,333 MTHM of DOE SNF, 2,496 MTHM of DOE SNF.
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H LW with 400, 9334, and 18994 Packages 
100,000-yr Expected-Value Total Dose History 

All Pathways, 20 km
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Figure 6A-49. Expected-Value Total Dose History at 20 Kilometers Over 100,000 Years from 400 
Canisters of HLW, 9,334 Canisters of HLW, and 18,994 Canisters of HLW.
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2,333 MTHM of Surrogate DOE SNF 
100,000-yr Expected-Value Total Dose Rate History
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Figure 6A-50. Effects of Climatic Conditions on the Dose from the Surrogate DOE SNF used in the Base 
Case.
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Figure 6A-51. Effects of Climatic Conditions on the Dose from Category 1 Spent Fuel.
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DOE SNF: Category 6 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6A-52. Effects of Climatic Conditions on the Dose from Category 6 Spent Fuel.  
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Figure 6A-53. Effects of Time of Waste Package Failure for Category 1 Spent Fuel.
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Figure 6A-54. Comparison of Cladding and No Cladding for 2,333 MTHM of Commercial Spent Fuel.
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Figure 6A-55. Comparison of 50% Cladding and No Cladding for Category 1 Spent Fuel.
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Comparison of Dissolution Rates for Different Waste Types 
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Figure 6A-56. Comparison of Dissolution Rates for HLW, Metallic Spent Fuel, Oxide Spent Fuel, Carbide 
Spent Fuel, and Ceramic Spent Fuel.
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Category 9 DOE Fuel: SNF 
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Figure 6A-57. Comparison of Using Ten-Times the Metallic Dissolution Model to Using the Carbide 
Dissolution Model For Category 9 Spent Fuel.
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Category 12 DOE Fuel: SNF 
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Figure 6A-58. Comparison of Using the Ceramic Dissolution Model for Category 12 Spent Fuel to Using 
the Congruent Dissolution of Thorium-Uranium Oxide.
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Category I DOE Fuel: SNF 
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Figure 6A-59. Comparison of Dose from Category 1 Spent Fuel for Different Dissolution Rates for the 
Base Case Climate.
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Category I DOE Fuel: SNF (long-term average climatic conditions) 
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Figure 6A-60. Comparison of Dose from Category 
Term Average Climate for 100,000 Years Base.

1 Spent Fuel for Different Dissolution Rates for Long
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Category I DOE Fuel: SNF 
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Figure 6A-61. Comparison of Dose from Category 1 Spent Fuel for Different Surface Areas for the Base 
Case Climate.
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Figure 6A-62. Comparison of Dose from Category 1 Spent Fuel for Different Surface Areas for Long 
Term Average Climate for 100,000 Years Base.
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Category 13 DOE Fuel: SNF 
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Figure 6A-63. Comparison of Dose from Category 13 Spent Fuel for Different Dissolution Rates for the 
Base Case Climate.
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Category 2 DOE Fuel: SNF - 1 Pkg. Failure 
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Figure 6A-64. Comparison of Dose from One Failed Package of Category 2 Spent Fuel to One Failed 
Package of Commercial Spent Fuel.
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Category 10 DOE Fuel: SNF - I Pkg. Failure 
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Figure 6A-65. Comparison of Dose from One Failed Package of Category 10 Spent Fuel to One Failed 
Package of Commercial Spent Fuel.'
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Category 13 DOE Fuel: SNF 
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Figure 6A-66. Dose from Category 13 Spent Fuel for Different Numbers of Waste Packages.  
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Category I DOE Fuel: SNF 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 
1E+1.  

a~ 1E+O-3 - -- -- - - - - - - - -- - - - - - - - -

1E-1 e, 

• , 1E-2 . . . . .-, --• 

a) 1E-3 - .. . . - -. -.-.- .- -
E 

S1E-5 
Uo 
0 S1E-6 -- . . .. ..-.-..-. . . . .. . .. . .. . . .. .  

rTotal Release as a Function 
. . . . . ... ./ of Number of Packages 1E-7 I 0 

1E-9 -- - ' t .. ... .... --. . - - - x 

0 20000 40000 60000 80000 100000 120000 
Time (years) d Mp/e,,t¶ I •.g•plg37-2t 

Figure 6A-67. Dose from Category 1 Spent Fuel for Different Numbers of Waste Packages.
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2,333 MTHM of CSNF 
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Figure 6A-68. Comparison of Disposal of 2,333 MTHM of Commercial Spent Fuel in One Region to 
Disposal in Six Regions.  
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Figure 6A-69. Comparison of Disposal of Category 1 Spent Fuel in Region Six to Disposal of it in Region 
Two.
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Table 6A-1. DOE spent fuel categories for total system performance assessment (TSPA) (modified from 
Stroupe 1997).

1.  

2.

3.

FUEL TYPES

U metal, Disrupted Zr clad, Low Enriched Uranium (L-EU), N 
Reactor 

U metal, Al clad, LEU, Single Pass Reactor

U-Zr, High Enriched Uranium (I-IEU), Chicago Pile 5 & Heavy 
Water component Test Reactor I

4. U-Mo, Zr clad, HEU, Enrico Fermi Reactor (FERMI)

11. U oxide, Failed or declad, HEU, Stationary Medium Power 
Plant 

12. U oxide, Failed or declad, MEU, Oak Ridge National 
Laboratory Fuel Scrap 

13. U oxide, Failed or declad, LEU, Three Mile Island 

14. U oxide, Al clad, HEU, High Flux Isotope Reactor 

15. U oxide, Al clad, MEU, Foreign Research Reactor (FRR) & 
Materials Test Reactor (MTR)

SUMMARY CATEGORY 

1. U metal 

2. Ud-Zr alloy 

3. U-Mo alloy 

4. U oxide

5. U oxide (disrupted clad)

BOOOOOOOO-01717-4301-00006 REV00

5. U oxide, Intact Zr clad, HEU, Shippingport Pressurized Water 
Reactor 

6. U oxide, Intact Zr clad, Medium Enriched Uranium (MRU), 
Saxton 

7. U oxide, Intact Zr clad, LEU, commercial 

8. U oxide, Intact SST clad, HEU, Mobil Low Power Reactor 

9. U oxide, Intact SST clad, MEU, Power Burst Facility 

10. U oxide, Intact SST clad, LEU, Fast Flux Test Facility (FFTF)
Test Fuel Assembly (TFA)
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16. U-Al or U-Al alloy, Al clad, HEU, Advanced Test Reactor 

17. U-Al or U-Al alloy, Al clad, MEU, FRR & MTR 

1 8. U-Si, Alclad, HEU & MUFRR &MTR 

19. U-Th carbide, (high integrity graphite) HEU, Ft. St. Vrain 

20. U-Th carbide, (low integrity graphite) HEU, Peach Bottom 

21. U or U-Pu carbide, (low integrity non-graphite) MEU Fissile 
Gram Equivalent (FGE), Sodium Reactor Experiment & FFTF 
carb.  

"22. Mixed oxide (MOX), Zr clad, HEU FGE, General Electric Test 

23. MOX, SST clad, HEU FGE, FFTF -Driver Fuel Assembly 

24. MOX, Misc. clad, MEU & LEU FGE), FFTF-Test Assembly
Advanced Oxide 

25. U-Th oxide, Zr clad, HEU FGE, Light Water Breeder Reactor 

26. U-Th oxide, SST clad, HEU FGE, Dresden 

27. U-Zr hydride, SST & Incoloy clad, HEU, Training Research 
Reactor General Atomic (TRIGA) Fuel Life Improvement 
Program 

28. U-Zr Hydride, SST & Incoloy clad, MEU, TRIGA Std.  

29. U-Zr hydride, Al clad, MEU, TRIGA Al 

30. U-Zr hydride, Declad, HEU, Systems for Nuclear Auxiliary 
Power

6. U-Al alloy 

7. U- Siicide 

8. U-Th carbide (high integrity) 

9. U-Th carbide (low integrity) 

10. U-in carbide (non-graphite) 

11. Mixed Oxide 

12. U-Th oxide 

13. U-Zr hydride
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31. Na-Bonded, SSST & Misc. clad, HEU, MEU, &LEU, FERMI 
Blanket 

32. Navy, Classified HEU 

33. Canyon Stabilization, HEU &LEU, Savannah River Site Target 

34. Misc. Spent Fuels, HEU, MEU & LEU, Unknown

14. Na-bonded (will be treated) 

15. Navy 

Canyon (processed) 

16. Miscellaneous
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Table 6A-2. Categories of DOE SNF and Typical Members of Each Category.

Category Typical Spent Fuel 
1. Uranium metal N Reactor 
2. Uranium-Zirconium alloy Heavy Wnfmr r'- -,#n . .- r,,4 D,

3. Uranium-Molybdenum alloy FERMI (Enrico Fermi Reactor) 
4. Uranium oxide Commercial Pressurized Water Reactor (PWR) 
5. Uranium oxide (disrupted clad) Three Mile Island (TMI) core debris 
6. Uranium-Aluminum alloy Advanced Test Reactor (ATR) 
7. Uranium silicide Foreign Research Reactor-Materials Test Reactor (FRR-MTR) 
8. Uranium-Thorium carbide (high integrity) Fort St. Vrain 
9. Uranium-Thorium carbide (low integrity) Peach Bottom 
10. Uranium-Thorium carbide (non-graphite) Fast Flux Test Facility (FFTF) carbide 
11. Mixed oxide Fast Flux Test Facility (FFTF) oxide 
12. Uranium-Thorium oxide Shippingport Light Water Breeder Reactor (LWBR) 
13. Uranium-Ziroonium hydride Training Research Isotope-General Atomic (TRIGA) 
14 Sodium-bonded Will be treated prior to disposal 
15. Navy Not specified 
16. Miscellaneous Not specified
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Table 6A-3. Metric Tons Heavy Metal for Each Category of DOE SNF 
for the Total (2,496 MTHM) and Modified Inventories (2,333 MTHM).  

Total Modified-e 
Inventory Inventory bb Spent Fuel Type (MTHM) (MTHM) 

1 Uranium metal 2122.26 1979.88 
2 Uranium-Zirconium alloy 0.04 0.04 
3 Uranium-Molybdenum alloy 3.77 3.51 
4 Uranium oxide 98.68 92.06 
5 Uranium oxide (disrupted clad) 87.02 81.18 
6 Uranium-Aluminum alloy 8.74 8.15 
7 Uranium silicide 11.55 10.78 
8 Uranium-Thorium carbide (high integrity) 24.67 23.01 
9 Uranium-Thorium carbide (low integrity) 1.66 1.55 

10 Uranium-Thorium carbide (non-graphite) 0.15 0.14 
11 Mixed oxide 12.32 11.49 
12 Uranium-Thorium oxide 49.63 46.30 
13 Uranium-Zirconium hydride 2.03 1.89 
15 Navy 63.00 63.00 
16 Miscellaneous 10.73 10.01 

Total 2496.25 2332.99 
'Data provided by the National Spent Nuclear Fuel program (Stroupe, 1998).  
ý2Total Inventory reduced by approximately 7%, except for Category 15, to obtain the modified inventory of approximately 2,333 MTHM.
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Table 6A-4. ORIGEN2 Analyses Conducted to Obtain Radionuclide Inventories for.DOE SNF.

- Category ORIGEN2 Analyses Used to Represent Fuels in the Category 
1. Uranium metal Commercial Pressurized Water Reactor (PWR) Fuel 

N Reactor Fuel 
Oak Ridge Research Reactor (ORR) Fuel 
Single Pass Reactor Fuel 

2. Uranium-Zirconium alloy Advanced Test Reactor (ATR) Fuel' 
3. Uranium-Molybdenum alloy Enrico Fermi Reactor (FERMI) Fuel

"4. uranium OXioe

5. Uranium oxide 
(disrupted clad) 

6. Uranium-Aluminum alloy 

7. Uranium silicide

8. Uranium-Thorium carbide 
(high integrity)

9. Uranium-Thorium carbide 
(low integrity)

Commercial PWR 
Commercial Boiling Water Reactor (BWR) Fuel 
Pathfinder Fuel 
Power Burst Facility (PBF) Fuel 
Pulstar Buffalo Fuel 
Shippingport PWR Fuel 
Transient Reactor Test (TREAT) Fuel 
Fast Flux Test Facility (FFTF) Oxide Fuel 
ATR Fuel 

Commercial PWR 
Pulstar Buffalo Fuel 

Three Mile Island (TMI) 
PBF Fuel 
ATR Fuel Missouri University Research Reactor (MURR) Fuel 
Rhode Island Nuclear Science Center (RINSC) Fuel 
ORR Fuel 

MURR Fuel 
RINSC Fuel 
ORR Fuel 

MURR Fuel 
RINSC Fuel 
ORR Fuel

Fort St. Vrain (FSV) Fuel 

Peach Bottom Fuel

General Atomics-High Temperature Gas Cooled Reactor (GA-HTGR) Fuel
Peach Bottom Fuel

10. Uranium-Thorium carbide Fast Flux Test Facility (FFTF) Carbide Fuel 
(non-graphite) FSV Fuel 

ATR Fuel 
11. Mixed oxide FFTF Oxide Fuel 
12. Uranium-Thorium oxide Shippingport Light Water Breeder Reactor (LWBR) Fuel 
13. Uranium-Zirconium hydride Train Research Isotope-General Atomic (TRIGA) Fuel 
14. Sodium bonded Not analyzed 

15. Navy Classified 
16. Miscellaneous N Reactor Fuel 

FFTF Oxide Fuel 
MURR Fuel 
RINSC Fuel 
ORR Fuel 
Commercial PWR Fuel 
ATR Fuel 
FERMI Fuel
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Table 6A-5. Radionuclide Inventory for DOE SNF.1

Category 1 Category 2 Category 3 Category 4 Category 5 Category 6 Category 7 
Isotope (cilmthm) (cil/mthm) (cilmthm) (cil/mthm) (ciimthm) (Ci/mthm) (Ciimthm) 

17 Ac 4.74E-06 9.51 E-07 1.29E-04 3.93E-04 1.30E-04 2.95E-05 4.38E-06 
241,04M 2.43E+02 7.69E+01 8.46E-04 3.59E+03 6.98E+01 2.84E+02 7.07E+02 

"Am 1.41E-02 2.33E-01 0.00E+00 6.05E+00 1.35E-01 1.95E-01 2.55E-01 
2 4 3Am 5.96E-02 7.59E-01 1.36E-11 1.93E+01 2.14E-01 2.10E-01 6.96E-01 
itC 3.12E-01 1.63E-03 4.08E-02 2.37E-01 1.03E-02 8.53E-05 3.40E-04 
MCI 0.00E+00 0.00E+00 1.04E-04 8.02E-04 1.63E-04 0.OOE+00 0.OOE+00 

2 "Cm 1.81E+00 3.13E+01 1.27E-12 8.13E+02 8.89E+00 1.80E+00 5.77E+00 
24 5Cm 7.67E-04 1.60E-03 3.46E-18 3.31E-01 3.61E-03 1.53E-04 3.86E-04 

2Cm 1.14E-04 1.10E-04 1.14E-21 5.62E-02 6.12E-04 7.36E-06 2.85E-05 
13Ss 3.77E-02 1.54E+00 8.40E-02 4.09E-01 2.08E-01 2.42E+00 3.65E-01 

1291 3.46E-03 3.26E-01 2.15E-03 4.11E-02 7.18E-03 1.57E-01 7.38E-02 
93MNb 1.72E-01 1.73E+00 8.57E-02 1.56E+00 1.06E-01 1.33E+00 6.10E-01 

9Nb 1.21 E-06 3.27E-04 1.56E-02 1.70E-02 4.01 E-04 2.66E-04 1.44E-04 
59Ni 1,75E-02 O.OOE+00 1.28E-01 2.18E-01 2.23E-03 O.OOE+O0 O.OOE+00 
63Ni 1.66E+00 0.OOE+00 2.66E+00 6.86E+02 2.43E-01 1.95E-20 O.OOE+00 

237Np 3.65E-02 4.OOE+00 6.19E-03 4.14E-01 2.92E-02 1.00E+00 3.47E-01 
231pa 1.23E-05 4.57E-05 3.64E-04 6.90E-04 2.44E-04 3.57E-04 5.50E-05 
21OPb 6.89E-1 1 1.72E-10 2.67E-09 2.08E-07 5.01 E-08 1.78E-09 2.25E-1 0 
107Pd 7.09E-03 2.28E-01 2.38E-03 1.11E-01 7.90E-03 7.94E-02 6.84E-02 
2 38

Pu 5.34E+01 8.62E+03 3.09E-01 2.66E+03 5.51 E+01 1.48E+03 5.45E+02 
239pu 1.1OE+02 2.14E+02 3.66E+01 3.57E+02 1.20E+02 2.05E+02 4.33E+02 
24°pu 6.49E+01 1.22E+02 1.14E-01 5.54E+02 4.22E+01 1.06E+02 3.09E+02 
241Pu 8.19E+02 4.20E+04 1.12E-02 3.24E+04 2.80E+03 5.38E+03 1.36E+04 
242pu 3.43E-02 1.83E-01 7.10E-10 2.12E+00 2.90E-02 8.45E-02 3.02E-01 

"22Ra 9.87E-07 4.38E-10 1.20E-08 6.03E-07 1.90E-07 3.26E-08 4.40E-09 
22BRa 8.02E-11 2.48E-11 7.49E-08 3.12E-04 1.06E-04 6.27E-11 2.21E-11 
79Se 5.52E-02 5.88E+00 3.1OE-02 4.41E-01 1.53E-01 4.25E+00 2.01E+00 

1
31Sm 6.97E+01 5.30E+03 1.29E+02 1.22E+03 2.35E+02 3.56E+03 6.68E+02 
12 S8n 7.43E-02 5.26E+00 7.04E-02 5.57E-01 1.11E-01 1.42E+00 7.91E-01 

'TC 1.65E+00 1.98E+02 8.40E-01 1.52E+01 3.97E+00 8.83E+01 4.20E+01 
229"Th 8.36E-09 2.12E-08 4.38E-08 9.26E-04 3.04E-04 1.88E-07 2.35E-08 
23°Th 9.32E-07 1.71 E-06 2.13E-06 8.57E-05 2.79E-05 1.54E-05 2.31 E-06 
232Th 1.09E-10 4.05E-10 7.89E-08 3.28E-04 1.12E-04 1.61E-09 5.78E-10 

233U 5.28E-06 1.82E-04 1.83E-05 3.59E-01 1.16E-01 2.27E-04 3.41E-05 
234U 4.19E-01 1.71E-01 9.20E-03 3.85E-01 1.01E-01 1.87E-01 3.41E-02 

235U 1.79E-02 '1.63E+00 5.85E-01 3.93E-02 1.15E-01 1.54E+00 2.48E-01 
236u 7.OOE-02 6.71E+00 3.21E+01 3.19E-01 1.11E-01 3.14E+00 1.15E+00 

238U 3.32E-01 3.00E-02 2.66E-01 3.00E-01 3.23E-01 7.63E-02 3.03E-01 

"93Zr 2.16E-01 3.02E+01 1.24E-01 2.12E+00 4.80E-01 8.69E+00 4.06E+00
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Category 8 Category 9 Category 10 Category 11 Category 12 Category 13 Category 15 Category 16 
Isotope (CiIMTHM) (CilMTHM) (CiIMTHM) (Ci/MTHM) (CiIMTHM) (CiIMTHM) (Ci/MTHM) (CiIMTHM) 

"22Ac 0.OOE+00 1.02E-01 2.91E-07 4.47E-08 6.14E-01 2.78E-06 N/A' 2.93E-06 
241Am 7.57E+01 9.58E+01 7.68E+03 1.28E+04 1.19E+00 1.OOE+01 N/A 4.97E+02 

242MAM 2.05E-02 4.91E-02 1.34E+01 2.23E+01 1.25E-02 1.11E-01 N/A 6.62E-01 

"243Am 5.41 E-01 4.76E-02 2.20E-01 5.36E+00 2.38E-03 1.23E-02 N/A 2.08E+00 
14C 4.39E+00 1.35E+00 4.73E-04 2.95E-02 9.56E-01 4.19E+00 N/A 7.32E-03 

'CI 5.51E-02 3.83E-02 O.OOE+00 3.12E-04 2.13E-02 1.26E-01 N/A 1.81E-05 
2"Cm 1.70E+01 1.25E+00 9.06E+00 2.25E+02 2.29E-01 3.35E-01 N/A 8.19E+01 
245Cm 2.84E-03 1.44E-04 4.62E-04 9.22E-02 4.74E-05 6.84E-06 N/A 3.06E-02 
246Cm 1.41E-03 4.69E-06 3.18E-05 1.57E-02 3.13E-06 1.92E-07 N/A 5.16E-03 
11Cs 3.52E-01 9.52E-01 4.44E-01 9.53E-02 2.87E-01 1.59E+00 N/A 5.86E-01 

1291 4.21 E-02 2.64E-02 9.42E-02 1.07E-02 1.58E-02 3.57E-02 N/A 9.90E-02 
93MNb 1.88E-01 1.67E+00 5.02E-01 3.76E-01 4.40E-01 3.49E-01 N/A 7.07E-01 

9Nb 2.70E-03 1.77E-02 9.46E-05 5.67E-04 2.22E-02 2.29E-01 N/A 1.50E-04 
59Ni 3.51E-01 5.27E-02 0.OOE+00 6.09E-02 7.32E-02 2.45E+01 N/A 3.53E-03 
63Ni 8.43E+00 5.43E+00 1.62E+02 2.58E+02 8.92E+00 3.03E+03 N/A 4.36E-01 

237Np 3.31E-01 2.66E-01 1.22E+00 1.92E-01 1.01 E-03 9.51E-02 N/A 1.03E+00, 
231Pa 3.79E-01 1.74E-01 1.33E-05 3.70E-06 1.55E+00 4.44E-05 N/A 4.47E-05 
21°Pb 9.32E-05 9.39E-06 4.98E-11 9.22E-09 1.12E-04 6.74E-11 N/A 3.22E-09 
107Pd 1.77E-02 1.72E-02 6.59E-02 3.04E-02 3.43E-03 2.95E-02 N/A 7.82E-02 
238Pu 1.65E+03 6.63E+02 3.62E+03 2.36E+03 3.94E+00 1.05E+02 N/A 2.26E+03 
239pu 4.58E+00 1.48E+01 6.17E+03 9.52E+03 2.55E-01 2.24E+02 N/A 2.23E+02 
24°Pu 7.71E+00 1.16E+01 5.32E+03 8.28E+03 1.46E-01 8.72E+01 N/A 1.56E+02 
241Pu 0.00E+00 1.08E+03 5.62E+04 7.70E+04 3.47E+01 6.50E+03 N/A 1.51E+04 
24 2 Pu 0.OOE+00 1.53E-02 5.32E-02 5.90E-01 3.27E-04. 1.21 E-02 N/A 3.01 E-01 

' 8 Ra 9.90E-05 3.37E-05 7.38E-08 1.58E-07 6.44E-05 1.12E-10 N/A 1.77E-08 
2

8 Ra 1.33E-01 8.60E-02 2.25E-11 6.OOE-10 1.01E-01 1.72E-07 N/A 6.42E-11 
79Se 5.99E-01 4.86E-01 1.70E+00 1.OBE-01 3.52E-01 6.36E-01 N/A 1.99E+00 

13 1
Sm 9.18E+02 9.19E+02 5.98E+03 7.20E+03 1.30E+02 1.18E+03 N/A 1.61E+03 

12
6Sn 2.82E-01 4.49E-01 1.52E+00 1.42E-01 3.95E-01 5.89E-01 N/A 1.43E+00 

'Tc 1.51E+O1 1.46E+01 5.73E+01 3.78E+00 3.27E+00 2.14E+01 N/A 5.82E+01 
2 "1h 5.65E-01 2.47E-01 8.00E-09 5.03E-08 2.60E-01 5.66E-08 N/A 3.72E-08 
23°'rh 3.87E-02 4.76E-03 1.67E-05 3.46E-05 9.84E-03 1.90E-07 N/A 4.98E-06 
232Th 1.03E-01 9.06E-02 1.43E-10 1.62E-09 1.20E-01 5.09E-07 N/A 4.20E-10 
2
3U 1.40E+02 9.45E+01 5.61E-05 2.76E-05 1.69E+02 2.77E-04 N/A 6.81 E-05 

234 u 1.14E+01 1.57E+01 1.61E-01 2.37E-01 8.39E+00 1.04E-02 N/A 7.70E-02 

23S U 4.40E-02 2.44E-01 4.73E-01 6.39E-03 5.65E-04 4.87E-01 N/A 5.02E-01 

235U 4.33E-01 6.16E-01 1.97E+00 1.23E-01 1.16E-03 6.54E-01 N/A 1.91E+00 
238U 1.09E-03 2.55E-03 8.67E-03 8.08E-02 1.84E-05 2.85E-01 N/A 1.01 E-01 
93Zr 2.19E+01 2.31E+00 8.74E+00 5.05E-01 8.21E-01 3.84E+00 N/A 8.05E+00 
'Data provided by the National Spent Nuclear Fuel program (Stroupe 1998).  
42No inventory is given for Navy SNF; analyses are conducted using a release term at the boundary of the waste package.
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Table 6A-6. Radionuclide Inventory for Commercial Spent Nuclear Fuel (CSNF), Surrogate 
DOE SNF, and High-Level Waste (HLW) and Used in the TSPA-VA Base Case 

Commercial Spent Fuel Surrogate DOE SNF High-Level Waste 
Isotope (CUMTHM) (CilMTHM) (Ci/MTHM) 

7 Ac 1.86E-05 2.57E-05 9.43E-04 
241Am 3.87E+03 4.42E+02 3.47E+02 

242MAm 2.26E+01 3.89E-01 3.31 E-02 
243_Am 2.63E+01 9.04E-01 8.20E-02 

14C 1.44E+00 3.38E-01 O.OOE+00 
3Cl 1.15E-02 6.19E-04 O.OOE+00 

2 "4Cm 1.24E+03 3.74E+01 2.09E+01 
245Cm 3.65E-01 1.52E-02 8.83E-05 
2
1Cm 7.60E-02 2.58E-03 1.OOE-05 
11Cs 5.36E-01 7.21E-02 3.09E-01 

1291 3.57E-02 6.19E-03 1.49E-05 
93MNb 1.89E+00 2.33E-01 1.55E+00 

'Nb 8.47E-01 7.62E-04 5.31E-05 
59Ni 2.44E+00 2.90E-02 1.49E-01 
63Ni 3.20E+02 3.17E+01 1.31 E+01 

237Np 4.54E-01 5.96E-02 1.90E-01 
231Pa 3.42E-05 4.02E-03 1.53E-03 
21°pb 6.94E-07 9.88E-07 4.56E-08 
1 'Pd 1.31E-01 1.20E-02 4.42E-02 
2

1pu 3.22E+03 1.97E+02 6.50E+02 
239Pu 3.68E+02 1.69E+02 8.66E+00 
240Pu 5.47E+02 1.27E+02 5.51 E+00 
241pu 3.52E+04 2.63E+03 2.25E+02 
242pu 2.10E+00 1.24E-01 7.12E-03 
2

6Ra 2.57E-06 1.96E-06 1.59E-07 
22Ra 3.21 E-1 0 1.41 E-03 1.64E-04 
7'Se 4.58E-01 9.66E-02 1.02E-01 

131Sm 3.67E+02 1.83E+02 7.63E+02 
126Sn 8.85E-01 1.04E-01 6.76E-01 

'Tc 1.45E+01 2.78E+00 1.05E+01 
2''h 3.77E-07 5.97E-03 2.36E-05 
23Th 3.69E-04 4.12E-04 2.14E-05 
232Th 4.50E-10 1.1 OE-03 1.65E-04 

233 U 7.31 E-05 1.49E+00 9.33E-04 

23U 1.39E+00 5.19E-01 8.69E-02 
235U 1.71 E-02 2.83E-02 3.16E-04 
23

6U 2.81 E-01 9.75E-02 1.14E-03 

238U 3.15E-01 3.25E-01 9.91E-03 

93Zr 2.47E+00 5.66E-01 1.87E+00
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Table 6A-7. Release Source Term at the Boundary of a Failed Waste Package 
for Category 15 (Navy) Spent Fuel.'

241 Am 'Am 14C 
(CiIYr) (CiIYr) (CiIYr)

O.OE+00 O.OE+00 I O.OE+00
0.0E+00

6.3E-12

-, -- 1
35c1

ICII~r1 IciNAr

2Cm "135Cs 
I tNI V ,•

0.02+00 0 OE+flf n nrF+nn AA~A

1291 

(CiIYr) 
A• nr• ::: r r

0.0E+00 0.0E+00
0.02+00 0.OE+00 0 OE+flA

2.6E-10
8500 1.OE-11 4.3E-10 1.7E-05 7.8E-08 1.OE-11 1.6E-11 1.9E-10 
9000 7.5E-12 3.7E-10 2.7E-05 6.1E-08 8.OE-12 1.2E-11 3.1E-10 
9500 6.6E-11 2.6E-09 5.3E-05 5.7E-07 6.7E-11 1.1E-10 6.3E-10 
10000 1.2E-10 4.7E-09 7.7E-05 1.1E-06 1.2E-10 2.2E-10 9.4E-10 
11000 3.OE-10 1.1E-08 1.3E-04 3.0E-06 3.OE-10 5.9E-10 1.7E-09 
12000 4.4E-10 1.7E-08 1.7E-04 4.8E-06 4.5E-10 9.6E-10 2.5E-09 
13000 5.6E-10 2.1E-08 2.OE-04 6.6E-06 5.7E-10 1.3E-09 3.2E-09 
14000 6.5E-10 2.4E-08 2.2E-04 8.4E-06 6.6E-10 1.7E-09 4.0E-09 
5000 7.4E-10 2.7E-08 2.3E-04 1.0E-05 7.5E-10 2.0E-09 4.8E-09 

16000 8.4E-10 3.0E-08 2.2E-04 1.3E-05 8.4E-10 2.5E-09 5.1 E-09 
18000 1.0E-09 3.6E-08 2.0E-04 1.8E-05 1.0E-09 3.6E-09 5.8E-09 
20000 1.2E-09 3.9E-08 1.8E-04 2.4E-05 1.2E-09 4.8E-09 6.4E-09 
25000 9.7E-10 3.1E-08 9.0E-05 3.1E-05 9.7E-10 6.1E-09 5.0E-09 
30000 7.4E-10 2.2E-08 4.3E-05 3.3E-05 7.4E-10 7.2E-09 3.6E-09 
35000 3.2E-10 8.9E-09 1.4E-05 2.1E-05 3.2E-10 4.6E-09 2.1E-09 
40000 9.9E-11 2.7E-09 2.6E-06 9.9E-06 9.9E-11 2.1E-09 4.8E-10 
45000 1.3E-10 3.3E-09 5.2E-06 2.OE-05 1.3E-10 4.3E-09 3.1E-09 
50000 1.0E-10 2.3E-09 3.7E-06 2.3E-05 1.0E-10 5.0E-09 4.3E-09 
55000 7.4E-11 1.6E-09 2.2E-06 2.5E-05 74E-1 1 5.3E-09 4.9E-09 
60000 5.3E-11 1.1E-09 1.4E-06 2.7E-05 5.4E-11 5.8E-09 5.4E-09 
65000 3.9E-11 7.4E-10 8.1 E-07 2.7E-05 3.9E-11 6.4E-09 5.9E-09 
70000 2.9E-11 5.1E-10 4.8E-07 2.9E-05 2.6E-11 6.8E-09 6.6E-09 
75000 2.0E-11 3.5E-10 2.8E-07 3.2E-05 2.OE-11 7.5E-09 7.0E-09 
80000 1.4E-11 2.3E-10 1.6E-07 3.4E-05 1.4E-11 7.7E-09 7.3E-09 
85000 1.1E-11 1.6E-10 9.6E-08 3.7E-05 1.1E-11 8.4E-09 7.7E-09 
90000 6.4E-12 8.3E-11 4.5E-08 3.2E-05 6.2E-12 7.3E-09 6.8&-09 
95000 4.2E-12 5.1E-11 2.3E-08 3.1E-05 3.9E-12 6.9E-09 6.1E-09 
100000 2.0E-12 2.3E-11 9.4E-09 2.3E-05 1.9E-12 5.2E-09 4.6E-09
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Table 6A-7, (continued)1

93MNb 4Nb 9Ni 237Np 2m'Pb P07Pd 239Pu Year (Ci/Yr) (Ci/Yr) (Ci/Yr) (Ci/Yr) (Ci/Yr) (Ci/Yr) (Ci/Yr) 

7000 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 

7500 0.OE+00 0.OE+00 0.OE+00 0.OE+00 0.OE+00 0.OE+00 0.OE+00 

8000 3.2E-07 3.6E-07 6.5E-06 3.3E-11 9.8E-13 2.4E-12 1.5E-08 

8500 5.4E-07 7.OE-07 1.3E-05 5.7E-11 1.8E-12 4.1E-12 2.6E-08 

9000 4.3E-07 1.1E-06 2.2E-05 4.5E-11 1.6E-12 3.2E-12 2.1E-08 

9500 4.OE-06 2.3E-06 4.3E-05 4.2E-10 1.5E-11 3.OE-11 1.8E-07 

10000 7.6E-06 3.3E-06 6.4E-05 7.9E-10 3.1E-11. 5.7E-11 3.3E-07 

11000 2.1E-05 5.9E-06 1.2E-04 2.2E-09 9.6E-11 1.5E-10 8.8E-07 
12000 3.3E-05 8.2E-06 1.7E-04 3.5E-09 1.7E-10 2.5E-10 1.4E-06 

13000 4.6E-05 1.OE-05 2.1E-04 4.8E-09 2.6E-10 3.5E-10 1.8E-06 

14000 5.9E-05 1.2E-05 2.6E-04 6.2E-09 3.6E-10 4.4E-10 2.3E-06 

15000 7.2E-05 1.4E-05 3.1E-04 7.5E-09 4.6E-10 5.4E-10 2.7E-06 
16000 8.8E-05 1.5E-05 3.3E-04 9.2E-09 7.1E-10 6.5E-10 3.2E-06 

18000 1.3E-04 1.6E-05 3.6E-04 1.3E-08 1.1E-09 9.5E-10 4.4E-06 

20000 1.7E-04 1.6E-05 3.9E-04 1.7E-08 1.7E-09 1.3E-09 5.4E-06 

25000 2.1E-04 1.1E-05 2.9E-04 2.2E-08 2.6E-09 1.6E-09 6.1E-06 

30000 2.5E-04 6.6E-06 2.OE-04 2.6E-08 3.6E-09 1.9E-09 6.1 E-06 

35000 1.6E-04 3.1 E-06 1.1 E-04 1.7E-08 2.5E-09 1.2E-09 3.4E-06 

40000 7.4E-05 6.3E-07 2.3E-05 7.8E-09 1.3E-09 5.6E-1 0 1.4E-06 

45000 1.5E-04 3.3E-06 1.5E-04 1.5E-08 2.8E-09 1.1E-09 2.3E-06 
50000 1.7E-04 3.9E-06 2.OE-04 1.8E-08 3.7E-09 1.3E-09 2.3E-06 
55000 1.8E-04 3.7E-06 2.2E-04 1.9E-08 4.1E-09 1.4E-09 2.3E-06 

60000 2.OE-04 3.4E-06 2.3E-04 2.1E-08 4.7E-09 1.5E-09 2.I E-06 

65000 2.2E-04 3.2E-06 2.4E-04 2.3E-08 5.4E-09 1.7E-09 2.0E-06 
70000 2.3E-04 2.9E-06 2.6E-04 2.4E-08 6.3E-09 1.8E-09 1.8E-06 
75000 2.6E-04 2.6E-06 2.6E-04 2.7E-08 6.9E-09 2.OE-09 1.8E-06 

80000 2.7E-04 2.3E-06 2.6E-04 2.8E-08 7.7E-09 2.1 E-09 1.6E-06 
85000 3.OE-04 2.1E-06 2.6E-04 3.1E-08 8.7E-09 2.3E-09 1.6E-06 

90000 2.6E-04 1,5E-06 2.2E-04 2.7E-08 7.9E-09 2.OE-09 1.1E-06 

95000 2.4E-04 1.1E-06 1.9E-04 2.6E-08 7.8E-09 1.9E-09 9.5E-07 

100000 1.8E-04 7.3E-07 1.4E-04 1.9E-08 5.9E-09 1,4E-09 6.3E-07
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Table 6A-7. (continued)1

240pu 241 Pu 242Pu 22SRa 79Se 12'Sn 99Tc 
Year (CiIYr) (CiIYr) (CipYr) (CiIYr) (CiJYr) (Ci/Yr) (Ci!Yr) 
7000 0.OE+00 0.OE+00 0.OE+00 O.OE+00 0.OE+00 0.OE+00 0.OE+00 
7500 0.OE+00 0.OE+00 O.OE+00 0.OE+00 0.OE+00 0.OE+00 0.OE+00 
8000 2.3E-09 6.OE-12 4.5E-11 9.8E-13 1.2E-11 1.9E-11 2.3E-08 
8500 3.8E-09 9.6E-12 8.OE-11 1.8E-12 2.IE-11 3.5E-11 4.6E-08 
9000 3.2E-09 7.1E-12 7.5E-11 1.6E-12 2.2E-11 4.5E-11 7.6E-08 
9500 2.3E-08 6.6E-11 5.3E-10 1.5E-11 1.3E-10 1.8E-10 1.5E-07 
10000 4.1E-08 1.2E-10 9.8E-10 3.1E-11 2.4E-10 3.1E-10 2.3E-07 
11000 9.9E-08 3.OE-10 2.6E-09 9.6E-11 6.3E-10 7.7E-10 4.2E-07 
12000 1.4E-07 4.4E-10 4.2E-09 1.7E-10 9.6E-10 1.2E-09 6.OE-07 
13000 1.8E-07 5.6E-10 5.8E-09 2.6E-10 1.3E-09 1.6E-09 7.8E-07 
14000 2.1E-07 6.5E-10 7.4E-09 3.6E-10 1.7E-09 2.OE-09 9.7E-07 
15000 2.3E-07 7.4E-10 9.OE-09 4.6E-10 2.OE-09 2.4E-09 1.1E-06 
16000 2.5E-07 8.4E-10 1.1E-08 7.1E-10 2.4E-09 2.9E-09 1.2E-06 
18000 2.9E-07 1.OE-09 1.6E-08 1.1E-09 3.4E-09 4.1E-09 1.4E-06 
20000 3.0E-07 1.2E-09 2.1E-08 1.7E-09 4.2E-09 5.OE-09 1.5E-06 
25000 2.3E-07 9.9E-10 2.6E-08 2.6E-09 5.1 E-09 5.9E-09 1.2E-06 
30000 1.5E-07 7.4E-10 3.OE-08 3.6E-09 5.6E-09 6.6E-09 8.4E-07 
35000 5.9E-08 3.2E-10 2.OE-08 2.5E-09 3.4E-09 4.1E-09 4.7E-07 
40000 1.7E-08 9.9E-11 9.1E-09 1.3E-09 1.5E-09 1.8E-09 1.1E-07 
45000 2.OE-08 1.3E-10 1.8E-08 2.8E-09 2.9E-09 3.5E-09 6.7E-07 
50000 1.3E-08 1.OE-10 2.OE-08 3.7E-09 3.2E-09 4.2E-09 9.3E-07 
55000 8.5E-09 7.4E-11 2.1E-08 4.1E-09 3.2E-09 4.3E-09 1.OE-06 
60000 5.4E-09 5.3E-1 1 2.3E-08 4.7E-09 3.4E-09 4,4E-09 1.1 E-06 
65000 3.5E-09 3.9E-1 1 2.5E-08 5.4E-09 3.5E-09 4.BE-09 1.2E-06 
70000 2.2E-09 2.9E-1 1 2.7E-08 6.3E-09 3.5E-09 4.9E-09 1.3E-06 
75000 1.4E-09 2.OE-1 1 2.9E-08 6.9E-09 3.6E-09 5.4E-09 1 .4E-06 
80000 9.OE-10 1.4E-11 3.1E-08 7.7E-09 3.8E-09 5.3E-09 1.4E-06 
85000 5.8E-10 1.1E-11 3.3E-08 8.7E-09 3.8E-09 5.5E-09 1.5E-06 
90000 3.OE-10 6.2E-12 2.9E-08 7.9E-09 3.3E-09 4.8E-09 1.3E-06 
95000 1.7E-10 3.9E-12 2.7E-08 7.8E-09 2.9E-09 4.2E-09 1.1E-06 
100000 7.4E-11 1.9E-12 2.OE-08 5.9E-09 2.1E-09 3.2E-09 8.5E-07
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Table 6A-7. (continued)'

229Th 230Th 933u 2U 236U S3Zr 

Year (CiIYr) (CiIYr) (CiIYr) (Ci/Yr) (CiIYr) (Ci/Yr) 

7000 O.OE+00 O.OE+00 0.OE+00 O.OE+00 O.OE+00 O.OE+00 

7500 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 O.OE+00 

8000 3.5E-11 1.4E-12 6.7E-11 1.9E-11 9.5E-13 3.2E-07 

8500 6.6E-11 2.5E-12 1.1E-10 3.2E-11 1.6E-12 5.5E-07 

9000 5.2E-1 1 2.OE-12 8.9E-1 1 2.5E-1 1 1.3E-12 4.4E-07 

9500 4.8E-10 2.OE-1I 8.3E-10 2.4E-10 1.3E-11 4.OE-06 

10000 I.0E-09 4.OE-11 1.6E-09 4.5E-10 2.5E-11 7.6E-06 

11000 2.7E-09 1.2E-10 4.3E-09 1.2E-09 7.1E-11 2.1E-05 

12000 4.8E-09 2.1E-10 7,OE-09 1.9E-09 1.2E-10 3.4E-05 

13000 7.1 E-09 3.1 E-10 9.6E-09 2.7E-09 1,7E-10 4.6E-05 

14000 9.1E-09 4.2E-10 1.2E-08 3.4E-09 2.2E-10 5.9E-05 

15000 1.1E-08 5.4E-10 1.5E-08 4.2E-09 2.8E-10 7.2E-05 

16000 1.4E-08 7.1E-10 1.8E-08 5.1E-09 3.5E-10 8.8E-05 

18000 2.2E-08 1.1E-09 2.7E-08 7.3E-09 5.2E-10 1.3E-04 

20000 2.9E-08 1.7E-09 3.5E-08 9.6E-09 7.OE-10 1.7E-04 

25000 4.OE-08 2.6E-09 4.2E-08 1.2E-08 9.4E-10 2.1E-04 

30000 5.OE-08 3.6E-09 5.OE-08 1.4E-08 1.1 E-09 2.5E-04 

35000 3.2E-08 2.5E-09 3.2E-08 8.9E-09 7.5E-10 1.6E-04 

40000 1.5E-08 1.3E&09 1.5E-08 4.OE-09 3.5E-10 7.4E-05 

45000 2.9E-08 2.8E-09 2.9E-08 8.OE-09 6.9E-10 1.5E-04 

50000 3.5E-08 3.7E-09 3.5E-08 9.2E-09 8.3E-10 1.7E-04 

55000 3.7E-08 4.1E-09 3.5E-08 9.7E-09 8.8E-10 1.8E-04 

60000 3.8E-08 4.7E-09 3.8E-08 1.OE-08 9.6E-10 2.OE-04 

65000 4.2E-08 5.4E-09 4.2E-08 1.1E-08 1.1E-09 2.2E-04 

70000 4.5E-08 6.3E-09 4.5E-08 1.2E-08 1.1E-09 2.3E-04 

75000 4.9E-08 6.9E-09 4.9E-08 1.3E-08 1.2E-09 2.6E-04 

80000 5.2E-08 7.7E-09 5.2E-08 1.3E-08 1.3E-09 2.7E-04 

85000 5.7E-08 8.7E-09 5.4E-08 1.5E-08 1.4E-09 3.OE-04 

90000 5.OE-08 7.9E-09 4.7E-08 1.3E-08 1.3E-09 2.6E-04 

95000 4.7E-08 7.8E-09 4.4E-08 1.2E-08 1.2E-09 2.4E-04 

100000 3.6E-08 5.9E-09 3.3E-08 8.8E-09 9.0E-10 1.8E-04 

'Isotopes having releases of 10"10 Ci/yr or lower are omitted from the table.
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Table 6A-8. Number and Type of Waste Packages for the Total Inventory 
of DOE SNF (2,496 MTHM) by Category.* 

Package Package Package Package Package Type Type Type Type Type 
( 2 x 1), x( 1 (3 x 1)4 (3 x 1) (0 x 4)5 Category Short Long Short Long Long 1 2 

101 
2 2 6 
3 70 
4 66 127 5 
5 298 388 
6 673 33 
7 165 50 
8 503 
9 60 

10 3 2 
11 38 329 
12 15 9 47 
13 92 8 
15 

16 24 20 
Total 1448 1539 47 106 

"Data provided by the National Spent Nuclear Fuel program (Stroupe, 1998).  
'A 5 x I package contains five 6 10 mm (24 inch) canisters of HLW and one 432 mm (17 inch) canister of spent fuel.  
'A short package contains canisters that are 3.05 m (10 feet) in length.  
3A long package contains canisters that are 4.57 m (15 feet) in length.  
'A 3 x 1 package contains three 610 mm (24 inch) canisters of HLW and one 6 10 mm (24 inch) canister of spent fuel.  
5A 0 x 4 package contains four 610 mm (24 inch) canisters of spent fuel.  6
A 21 package is a standard PWR package for 21 spent fuel assemblies.  
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Table 6A-9. Number of Waste Packages and HLW Canisters for Disposal of the Total Inventory 
of DOE Spent Fuel (2,496 MTHM).  

Number of Short' Number of Long 2 

Category Number of Packages HLW Canisters HLW Canisters 

1 107 10 20 
2 8 10 30 

3 70 350 
4 214 330 635 

5 686 1490 1940 

6 706 3365 165 
7 215 825 250 

8 503 2515 
9 60 300 

10 5 15 10 
11 367 190 1645 
12 71 75 186 
13 .100 460 40 

15 
16 44 120 100 

Total 3156 7240 7836 
'A short package contains canisters that are 3.05 m (10 feet) in length.  
2A long package contains canisters that are 4.57 m (15 feet) in Length.
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Table 6A-10. Number and Type of Waste Packages for the Modified Inventory of DOE 
SNF (2,333 MTHM) by Category.*

Package Package Package Package Pack 
Type Type Type Type TyI (5 x 1) (5 x 11 (3 x 1)4  (3 x 1) (0 x Category Short2  Long Short Long Lo 

1 2 4 2 2 
2 2 6 3 66 

4 62 120 5 
5 279 363 

6 628 31 
7 154 47 

8 470 
9 56 
10 3 2 
11 36 308 
12 14 9 44 
13 86 8 
15 

16 23 19 
Total 1355 1443 44 100 

"Data provided by the National Spent Nuclear Fuel program (Stroupe, 1998).  
'A 5 x I package contains five 6 10 mm (24 inch) canisters of HLW and one 432 mm (17 inch) canister of spent fuel.  2A short package contains canisters that are 3.05 m (10 feet) in length.  3 A long package contains canisters that are 4.57 rn (15 feet) in length.  
4A 3 x I package contains three 610 mm (24 inch) canisters of HLW and one 610 mm (24 inch) canister of spent fuel.  5A 0 x 4 package contains four 610 mm (24 inch) canisters of spent fuel.  
6A 21 package is a standard PWR package for 21 spent fuel assemblies.
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Table 6A-1 1. Number of Waste Packages and HLW Canisters for Disposal of the Modified 
Inventory of DOE Spent Fuel (2,333 MTHM).  

Number of Short' Number of Long 2 

Category Number of Packages HLW Canisters HLW Canisters 

1 101 10 20 

2 8 10 30 

3 66 330 

4 202 310 600 

5 642 1395 1815 

6 659 3140 155 

7 201 770 235 

8 470 2350 

9 56 280 

10 5 15 10 

11 344 180 1540 

12 67 70 177 

13 94 430 40 

15 

16 42. 115 95 

Total 2957 6775 7347 
'A short package contains canisters that are 3.05 rn (10 feet) in length.  
2A long package contains canisters that are 4.57 m (15 feet) in length.
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Table 6A-12. Physical Characteristics of DOE SNF.'

Air Matrix Matrix 
Alteration Dissolution Surface 

Rate Rate Area Category (fractionlyr) (g/m 2/yr) (m21g) 
1 0 metal model 7.OE-05 
2 0 metal model 6.5E-03 
3 0 metal model x 10 4.OE-04 
4 0 oxide model 9.5E-04 
5 0 oxide model 9.5E-02 
6 0 metal model x 0.1 7.4E-03 
7 0 metal model x 0.1 1.4E-02 
8 0 Si carbide model 2.2E-02 
9 0 metal model x 10 2.2E-02 
10 - 0 metal model x 100 2.6E-03 

11 0 oxide model 9.5E-04 

12 0 ceramic model 5.0E-04 

13 - 0 oxide model x 0. 1 1.0E--04 

15 - N/A 2 - N/A N/A 

16 0 metal model 7.0E-05 

'Data provided by the National Spent Nuclear Fuel program (Stroupe 1998).  
2Navy SNF is analyzed using a release source term at the boundary of the waste package.

Failed 
Cladding 

(%) 
100 

10 

10 

100 
100 
100 

100 

1 
60 

10 

10 

N/A 

100

Free Gap 
Radionuclide Radionuclide 

Inventory Inventory 
(fraction) (fraction) 

0.001 0 

0.00001 0 

0.00001 0 

0 .01-.02 

0 0.0001 

0.0001 0 

0.0001 0 

0.00001 0 

0.1 0.001 

0 .01-.02 

0 .01-.02 

0 .01-02 

0.00001 0.00001 

N/A N/A 

0.001 0
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CHAPTER 6 

APPENDIX B 

ANALYSIS OF PLUTONIUM DISPOSITION WASTES
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APPENDIX B 
ANALYSIS OF PLUTONIUM DISPOSITION WASTES 

B-1. SOURCE TERM FOR PLUTONIUM WASTE FORMS 

The source term is a description of the rate and duration of radionuclide release from the 
engineered barrier system. It is a function of: the total radionuclide inventory; the number of 
waste packages; the package failure rate, the waste form alteration/dissolution (leaching) rate; 
waste form surface area; solubility of radionuclides; and the mode of radionuclide migration 
through the failed barrier system (i.e., by advection or diffusion). Temperature, amount water, 
water movement, and water chemistry affect the source term. This chapter describes the primary 
components of the source term used for each waste form. It includes the radionuclide inventory, 
the waste packaging, the physical characteristics of the waste, and the dissolution/alteration 
model.  

B-I.1 WASTE FORMS 

For disposal of plutonium two waste forms are being considered, mixed oxide (MOX) nuclear 
fuel and can-in-canister ceramic. About 5% plutonium, by weight, is incorporated into the 
(MOX) fuel and it is assumed to be burned in a current pressurized water reactor (PWR). The 
resulting spent fuel is assumed to be a mixture of two- and three-cycle burn, with the two-cycle 
being burned for 35 GWd/ton and the three-cycle being burned for 52.5 GWd/ton (Murphy, 
1997). The mixture is assumed to be 46.3% two-cycle and 53.7% three-cycle (Murphy 1998).  
These percentages were used to determine the average radionuclide inventory for the MOX spent 
fuel analyzed based on ORIGIN analyses inventory for two-cycle (Murphy, 1998) and three
cycle (Primm 1997; Murphy 1998) MOX spent fuel that is 30 years old.  

The can-in-canister ceramic is a waste form where plutonium ceramic disks are contained in 28 
cans that are then encapsulated in high-level waste (HLW) in a HLW canister (Gould, 1998).  
The 28 cans displace about 12% of the volume of a standard I-LW canister (Figure 6B-l).  

B-1.2 RADIONUCLIDE INVENTORIES 

The radionuclide inventory for the MOX spent fuel is presented in Table 6B-1. Both the two
and three-cycle inventories are presented along with the average inventory. As stated earlier the 
average inventory is assumed to be 46.3% two-cycle and 53.7 percent three-cycle MOX 
(Murphy 1998). For comparison Table 6B-2 shows the radionuclide inventories for commercial 
spent fuel and HLW that are used in the base case. Table 6B-3 shows the Radionuclide 
inventory for the surplus plutonium used in the ceramic of the can-in-canister ceramic for both 
the 17-ton case and the 50-ton case (Gould, 1998).  

B-1.3 WASTE PACKAGE TYPES AND LOADING 
I 

The MOX spent fuel is packaged in 21 assembly Pressurized Water Reactor spent fuel packages.  
For disposal of 33 metric tons of plutonium as MOX spent fuel there are 1,567 spent fuel 
assemblies that can be disposed in 75 PWR packages.
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The can-in-canister ceramic is encapsulated in four canisters that are contained in a HLW 
package (Figure 6B-2). For the 17 ton case disposal requires 159 packages, and for the 50 ton case disposal requires 436 packages (Gould 1998). The former case is called the 17-ton case for historical reasons even though the total quantity of material in it is closer to 18.2 metric tons.  
The 18.2 tons of plutonium is impure and is only suitable for disposal as an encapsulated waste 
form. This nomenclature has been extended to the MOX spent fuel that is referred to as the 33
ton case.  

B-1.4 PHYSICAL CHARACTERISTICS OF WASTE FORMS 

The MOX spent fuel is assumed to have the same physical properties as commercial spent fuel.  The HLW is assumed to have the same physical characteristics as the HLW in the TSPA-VA 
base case with the exception that there is about 12% (by volume) less per canister because of the displacement of the cans of ceramic. Table 6B-4 shows the physical characteristics of Commercial spent fuel, HLW and plutonium ceramic. The MOX spent fuel is assumed to have 
the same physical characteristics as commercial spent fuel.  

B-1.5 WASTE FORM DISSOLUTION MODELS 

B-1.5.1 Ceramic 

The dissolution model for ceramic was taken from Lappa (1995). The composition of the ceramic was assumed by Lappa to be similar to that of Synroc-C, a titanate ceramic. Reeve et al.  
(1989) proposed that the cumulative release from Synroc to be: 

Q = Q0 + 0 + SFt/A (6B-1) 

where 

Q = release rate per unit surface area (g/m 2), 

Q0 = instantaneous release from grain boundaries and metastable phases (g/m 2), 

0 = kinetic function that accounts for ionic diffusion, selective matrix attack, etc 
(g/m), 

S = solubility of the matrix (g/m 2), 

F = ground-water flow rate (m3/ day), 

A = surface area (m 2), and 

T = time (days).  

Lappa states that it is likely that the long-term release from the Synroc is controlled by the third term of the equation. Existing data indicate that S is less than or equal to 0.007 g/m 3 based on a long-term leaching rate of less than or equal to 10-4 g/m 2/day when SA/C is 10 m1 at 70 degrees 
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Centigrade in deionized water (Lappa, 1995). The leaching rate also increases with increasing 
temperature (Ringwood et. al., 1988). This temperature effect is described by: 

R = c 10"(1OOI°° (6B-2) 

where 

R = leaching rate ý-(g/m2 day) 

T = temperature in degrees K, and 

ox and f3 = are constants.  

Based on the Synroc data of Ringwood et. al. (1988), 13 1.0 and cc = 0.082 g/m 2/day when SA/C 
is 10 m-1 at 70 degrees Centigrade. These are the same conditions that were assumed in TSPA 
1995 for HLW glass. The release rate can be calculated by multiplying R by the surface area (S) 
and the elapsed time (t). The radionuclides are released from the waste form based on its 
alteration rate, and are then transported at a rate dependant on whether they are alteration 
controlled or solubility-limited radionuclides.  

The alteration/dissolution rate presented above is for a monolithic form, and if the monolith is 
cracked the release rate could be significantly different. The release rate should be measured in 
the ongoing research and development program to provide a more valid release in the repository 
environment.  

B-1.5.2 Oxide (Commercial) Spent Fuel 

See Section 6.3.1.3.2.  

B-1.5.3 High-Level Waste Glass 

See Section 6.3.3.3.  

B-2. DOSE TO HUMANS 

The plutonium waste forms were analyzed by placing them, one at a time, in the environment of 
the TSPA-VA base case and calculating the expected-value dose history attributed to that waste 
form for an individual using water from a well 20 kilometers down gradient from the repository.  
The dose to the individual is from all sources: ingestion of food and water, inhalation, and 
exposure to contaminated areas and water.  

B-2.1 DOSE ATTRIBUTED TO EACH WASTE FORM 

Two waste forms are analyzed. They are MOX spent fuel and can-in-canister ceramic. Two 
cases of disposal of 50 metric tons of surplus plutonium were analyzed; the first for disposal of
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33 tons as MOX spent fuel and 17 tons as can-in-canister ceramic, and the second for disposal of 
50 tons as can-in-canister ceramic. The 17-ton case for can-in-canister actually uses 18.2 metric 
tons of plutonium.  

B-2.1.1 Mixed Oxide (MOX) Spent Fuel 

The expected-value dose history attributed to the MOX spent fuel that is disposed in 75 PWR 
packages is shown in Figure 6B-3. The 75 packages contain the MOX spent fuel that results 
from disposal of 33 tons of surplus plutonium. The four spikes in dose observed on this figure, 
for alteration-controlled radionuclides (Tc-99, 1-129, and C-14), represent individual waste 
package failures. Of the 75 packages analyzed, only four are expected to fail over 100,000 years.  
When a package fails, the alteration-controlled radionuclides are "rapidly" flushed from the 
package. Here, "rapidly" is over a period of a few thousand years. The dose curves for other 
radionuclides are smoother because of three factors: the effects of the Zircaloy cladding, there 
solubility limit, and sorption along the transport pathway. For comparison, the expected value 
dose history for 75 packages of commercial spent fuel is shown in Figure 6B-4. Comparison of 
Figures 6B-3 and 6B-4 shows that the dose from the MOX spent fuel is about the same as that 
from an equivalent amount of commercial spent fuel.  

B-2.1.2 Can-In-Canister Ceramic 

The expected-value dose history from disposal of 159 packages of can-in-canister is shown in 
Figure 6B-5. The figure was developed by adding the results of analyses of 159 packages of 
only the ceramic to the analysis of 159 packages of only the HLW used to encapsulate the 
ceramic. This approach was used in order to apply the ceramic dissolution model to the ceramic 
and the glass dissolution model to the HLW, because two different dissolution models cannot be 
applied within the same waste package. The result is conservative because the approach assumes 
that leaching of both waste forms, the ceramic and the glass, begins at the time the package is 
breached. A less conservative approach would be to delay the leaching of the ceramic for a time 
equal to that necessary to dissolve enough glass to expose the cans of ceramic. Figure 6B-6 
shows the expected-value dose history for 159 packages of HLW. Comparison of the two 
figures, Figure 6B-5 and 6B-6, shows that the total dose for the two are essentially the same, but 
there is an increase in the dose from Pu-239 and Pu-242 for the can-in-canister ceramic, as would 
be expected. However, this increase is not enough to affect the total dose.  

B-2.2 DOSE ATTRIBUTED TO COMBINED WASTE FORMS 

B-2.2.1 Combinations of Plutonium Waste Forms 

Figure 6B-7 shows the expected-value dose history for disposal of 50 metric tons of surplus 
plutonium as a combination of MOX and can-in-canister ceramic (33 tons in MOX and 17 tons 
in ceramic). The total dose form these combined waste forms may be compared to disposal of 
50 tons of surplus pldtonium as can-in-canister ceramic, Figure 6b-8(b). Comparison of Figures 
6B-7 and 6B-8(b) indicates that the total dose from disposal of 50 metric tons of plutonium as a 
combination of MOX and can-in-canister ceramic is somewhat lower than disposal of all of it as 
can-in-canister ceramic. The expected value dose history for disposal of 436 packages of HLW is
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shown in Figure 6B-9, and is nearly identical to that of an equal number of packages of can-in
canister ceramic.  

B-2.2.2 TSPA-VA Base Case 

The base case for the TSPA-VA is for a repository that contains 63,000 MTHM of commercial 
spent fuel, 2,333 MTHM of DOE spent fuel, and 4,667 MTHM of HLW. The plutonium waste 
forms are not explicitly included in the base case. However, if a portion of the base case HLW is 
considered to be can-in-canister ceramic and a portion of the commercial spent fuel is consider to 
be MOX, then the plutonium waste forms would be implicitly in the base case. This implied 
inclusion in the base case is possible because the dose from the MOX and the can-in-canister 
ceramic is not significantly different than that from commercial spent fuel and HLW, 
respectively. The expected-value dose history for the TSPA-VA base case is shown in 
Figure 6B- 10.  

B-2.3 COMPARISON OF RESULTS 

Figure 6B-4 shows the comparison of expected-value total dose history for 75 packages of MOX 
spent fuel as compared to 75 packages of commercial spent fuel. The two dose curves are nearly 
equivalent with the curve for the MOX being somewhat higher than that for the commercial 
spent fuel. The difference between the two curves is due to the inventory analyzed in each case.  
The MOX spent fuel was packaged with 21 assemblies per package (about 9.7 MTHM per 
package) and this was compared to average commercial spent fuel packages used in the base 
case that contain about 8.1 MTHM per package. This indicates that disposal of 33 tons of 
plutonium as MOX would have an insignificant affect on the dose from the entire repository, 
especially when it is assumed to replace an equivalent amount of commercial spent fuel. If the 
MOX were assumed to be in addition to the commercial spent fuel the affect would still be 
insignificant. To see this, compare Figure 6B-1 1 with Figure 6B-10. This comparison shows 
that the dose from the MOX is about two orders of magnitude below that from the entire 
repository (i.e., about 700 MTHM4 of MOX as compared to 63,000 MTHM of commercial spent 
fuel).  

Figure 6B-12 shows the expected-value total dose history for 159 packages of can-in-canister 
ceramic compared to the same number of packages of HLW. These curves are nearly identical 
because the ceramic waste form does not contribute significantly to the total dose. The curves 
differ by only about 12% due to the decrease of 12% in HLW in the packages of can-in-canister 
ceramic. Figure 6B-13 shows the expected-value dose history for disposal of 436 packages of 
can-in-canister ceramic as compared to an equivalent number of packages of HLW.
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B-3. EVALUATION OF SENSITWITY AND UNCERTAINTY

B-3.1 WASTE FORM DISSOLUTION RATE AND SURFACE AREA 

The dissolution model for commercial spent fuel was used for the MOX spent fuel because both 
are oxide fuels. The dissolution rate of MOX spent fuel is somewhat uncertain because of the 
differences in composition of the fuel. To determine the potential effects of this uncertainty, the 
dissolution rate was increased and decreased by three orders of magnitude and the results are 
shown in Figure 6B-14. The increase in dissolution rate, of three orders of magnitude, had no 
effect, and the decrease reduced the peak dose by about an order of magnitude.  

The dissolution of the MOX spent fuel is also affected by surface area that is also somewhat 
uncertain because of differences between commercial spent fuel and MOX spent fuel.  
Figure 6B-15 shows the results for a two order of magnitude increase and decrease in surface 
area of the MOX spent fuel. The increase has no significant effect and the decrease tends to 
reduce the dose from Tc-99 and 1-129 but has little influence on the dose from Np-237 (i.e., it 
smoothes out the spikes caused by release of Tc-99 and 1-129). For individual radionuclides see 
Figure 6B-3. The reason that there is no effect of the increased dissolution rate is that the Tc-99 
and 1-129 are released nearly instantaneously in either case as compared to the length of a model 
time step, and release of Np-237 release is controlled by its solubility. The decrease in 
dissolution rate begins to effect even the highly soluble elements (Tc-99 and 1-129) because it 
limits the amount available for transport. Even at the lower dissolution rate there is still more 
Np-237 dissolved than can be transported at its solubility limit so its release is not affected.  

The sensitivity of dose from the plutonium ceramic to uncertainty in dissolution rate is shown in 
Figure 6B-16. There is a significant effect for both a three order of magnitude increase or 
decrease in dissolution rate. However, the peak dose for the increase is the same as that for no 
increase. The three order of magnitude decrease in dissolution rate has a corresponding decrease 
in dose of about a factor of eight.  

The sensitivity of dose to uncertainty in surface area is shown in Figure 6B-17. As in the case of 
dissolution rate, the increase in surface area does not change the peak dose. Also, the decrease in 
surface area, by three orders of magnitude, does not change the peak dose. However, the dose 
from the plutonium ceramic is sensitive to changes in both dissolution rate and surface area prior 
to the peak dose that occurs at 100,000 years.(Figures 6B-16 and 6B-17, respectively).  

B-3.2 WASTE FORM DISSOLUTION MODEL 

The choice of the oxide spent fuel dissolution model for the MOX spent fuel is relatively certain 
because of the similarity of the radionuclides contained in the fuel and the fact that the 
manufacture of the fuel would be similar to the manufacture of commercial fuel for a PWR.  
Because of this similarity, the sensitivity of dose to choice of dissolution model for MOX was 
not analyzed.  

The sensitivity of the dose from the plutonium ceramic is analyzed to investigate the effect of 
uncertainty in the choice of dissolution model. In the extreme, it is felt that the ceramic
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dissolution could be no faster than that of the HLW glass. Figure 6B-18 shows a comparison 
between the glass and ceramic models for the plutonium ceramic contained in 436 packages.  
The two curves are almost identical and the peak dose for the glass and ceramic dissolution 
model is the same.  

B-3.3 NUMBER OF WASTE PACKAGES 

The number of waste packages needed for disposal of MOX spent fuel and can-in-canister 
ceramic is uncertain because the analyses of criticality are being conducted in parallel with the 
analyses of performance. For the analyses of performance discussed in this report, the two waste 
forms are assumed to be packaged in the minimum number of packages. The waste forms are 
assumed to be packaged with 21 assemblies of MOX spent fuel in a PWR package and four 
canisters of can-in-canister ceramic in a HLW package. Figure 3.3-1 shows dose attributed to 
disposing the can-in-canister ceramic in twice as many packages (872 packages), and the 
assumption of glass and ceramic models for the plutonium ceramic. A comparison of 
Figure B- 19 to 6B- 18 shows the difference in disposing of 50 tons of plutonium ceramic in 872 
and 436 packages, respectively. This comparison is done to examine the potential effect of 
having to dispose of the can-in-canister ceramic with only two canisters per waste package 
because of criticality considerations. As can be seen, the increase in the number of waste 
packages by a factor of two has a corresponding increase in peak dose.  

Figure 6B-20 shows the effect of disposing of the MOX spent fuel in twice as many packages 
(150 as compared to 75). The dose peaks for Tc-99 and 1-129 are lower for the larger number of 
packages because of the decreased inventory of these radionuclides in each package (by a factor 
of two). The dose from Np-237 increases because for the larger number of packages because 
there are more waste package failures (i.e., there are more failed packages releasing Np-237 at its 
solubility limit).
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B-4. CONCLUSIONS

The analyses of performance of plutonium waste forms were conducted by placing the waste 
forms, one at a time, in the environment of the base case repository for the viability assessment 
of the Yucca Mountain repository site. The base case repository contains 70,000 MTHIM of 
waste that is comprised of 63,000 MTHM of commercial spent fuel, 2,333 MTHM of DOE spent 
fuel, and 4,667 MTHM of HLW (DOE 1998). The area mass loading of the repository is 85 
metric tons per acre based on commercial spent fuel. The plutonium waste forms were assumed 
to be disposed in Region 6 of the base case repository. It Region 6 has the highest flux of the six 
regions in the footprint of the repository is divided into for the purpose of calculations, and the 
results are expected to be conservative. The MOX spent fuel was assumed to have Zircaloy 
cladding and was compared to an equivalent amount of commercial spent fuel that identical 
cladding.  

The expected value base case model assumes current dry climate for the first 5,000 years that 
switches to the long-term average for the remainder of the 100,000 year period that is simulated 
for the analyses of plutonium waste forms. The expected value percolation flux (net infiltration) 
is 7.7 mm/yr for the current dry climate and 42 mmn/yr for the long-term average climate. For the 
central-central region (Region 6), 9.3% of the waste packages are expected to be exposed to 
drips for the current dry climate and 33% are expected to be exposed to drips for the long-term 
average climate.  

Two cases were examined for disposal of 50 metric tons of surplus plutonium; a combination of 
33 tons in MOX spent fuel and 17 tons in can-in-canister ceramic, and 50 tons of plutonium in 
can-in-canister ceramic. The MOX spent fuel is packaged in 75 PWR waste packages, the 17 
tons of can-in-canister plutonium is in 159 four canister HLW packages, and the 50 tons of can
in-canister plutonium is packaged in 436 HLW packages.  

The waste packages have a 10-cm corrosion allowance outer barrier and a 2-cm corrosion 
resistant inner barrier. The outer barrier is composed of carbon steel and the inner barrier is 
composed of Alloy C-22. Because the Alloy C-22 is expected to fail by general corrosion, the 
lifetime of the waste package has been increased when compared to prior analyses (Duguid et. al.  
1997).  

The analyses for two plutonium waste forms were conducted: MOX spent fuel and can-in
canister ceramic. The MOX spent fuel is similar in composition and manufacture, is burned in a 
commercial PWR reactor, and the spent fuel is disposed in a 21 assembly PWR waste package.  
The can-in-canister ceramic is a plutonium waste form that contains small cans of plutonium 
ceramic that are encapsulated in HLW in a HLW canister. Four canisters are disposed in a HLW 
package. Both the PWR and HLW waste packages have the same inner and outer barrier 
materials and thickness (described above).  

The expected-value dose history of an individual located 20 kilometers down gradient from the 
repository was analyzed for each of the plutonium waste forms. The results for the MOX spent 
fuel were compared to an equivalent amount of commercial spent fuel, and the results for the 
can-in-canister ceramic were compared to the same number of canisters of HLW.
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Based on comparisons of analyses, MOX spent fuel and can-in-canister ceramic and the 
comparison of these waste forms to commercial spent fuel and HILW, respectively, the following 
conclusions are drawn: 

" The disposal of 50 metric tons of surplus plutonium in the repository has an 
insignificant effect on the dose from the entire repository 

" The dose from MOX spent fuel is about the same as that from an equivalent amount of 
commercial spent fuel. Any difference is insignificant compared to the dose from the 
entire repository, and substitution of the MOX for an equivalent amount of commercial 
spent fuel (about 700 MTHM) would not have a significant effect on dose from the 
repository.  

" The dose from can-in-canister ceramic, either 159 packages or 436 packages, is nearly 
identical to that from an equivalent number of HLW packages. This means that 
disposal of plutonium in the form of can-in-canister ceramic would have no effect on 
the dose from the repository if an equal number of packages of can-in-canister ceramic 
were substituted for HLW.  

" Assuming a three order of magnitude higher dissolution rate for MOX spent fuel has no 
significance on the dose. This is attributed to there being more radionuclides dissolved 
than can be transported from the failed waste package. A three order of magnitude 
decrease in dissolution rate for MOX spent fuel reduces the peak dose by about one 
order of magnitude. The reduced dissolution rate is the limiting factor in transport from 
the failed waste package.  

" Assuming a two order of magnitude increase in MOX spent fuel, surface area has no 
effect on dose. The dissolution rate of the fuel is proportional to surface area (i.e., there 
are more radionuclides dissolved than can be transported from the failed waste 
package). A two order of magnitude decrease in surface area reduces the dose spikes 
that are caused by Tc-99 and 1-129, but has little affect on the dose from Np-237. The 
dissolution rate decreases the availability of alteration controlled radionuclides, but is 
not low enough to affect the solubility limited radionuclide (i.e., there is more Np-237 
dissolved than can be transported from the failed waste package).  

"* There is little sensitivity of peak dose from plutonium ceramic to a three order of 
magnitude increase in dissolution rate. A corresponding decrease in dissolution rate 
decreases the peak dose by about a factor of eight.  

" There is little sensitivity of the peak dose from plutonium ceramic to either a two order 
of magnitude increase or a corresponding decrease in surface area.  

" Doubling the number of waste packages by a factor of two has a corresponding increase 
in peak dose from the plutonium ceramic.
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The peak dose from the plutonium ceramic in can-in-canister ceramic is more than 
three orders of magnitude below that of the HLW used to encapsulate it.  

Increasing the number of waste packages of the MOX spent fuel by a factor of two 
lowers the dose spikes caused by Tc-99 and 1-129 by a factor of two (i.e., there is half 
as much of these radionuclides per waste package). The same increase in waste 
packages increases the dose from Np-237 (i.e., there are more failed packages releasing 
Np-237 at its solubility limit).  
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Figure 6B-2. Waste Package Used for Disposal of High-Level Waste and Can-in-Canister Ceramic.
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Figure 6B-3. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 75 Packages of 
Mixed Oxide Spent Fuel (33 metric ton case).
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Figure 6B-4 Expected-Value Dose History at 20 Kilometers over 100,000 Years from 75 Packages of 
Commercial Spent Fuel.
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159 Packages with reduced DHLW 
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Figure 6B-5. Expected-Value Dose History at 20 Kilometers over 100,000 Years from 159 Packages of 
Can-in-Canister Ceramic (17 metric ton case).
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Figure 6B-6. Expected-Value Dose History at 20 Kilometers over 100,000 Years from 159 Packages of 

HLW.
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Total Release for 33 MTHM and 17 MTHM Plutonium Cases 
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Figure 6B-7. Expected-Value Dose History at 20 Kilometers over 100,000 Years from 75 Packages of 
Mixed Oxide Spent Fuel and 159 packages of Can-in-Canister Ceramic (33 metric tons of MOX and 17 
metric tons of ceramic).
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436 Packages with 50 MTHM Plutonium (ceramic model) 
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Figure 6B-8. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 436 Packages of 
Can-in-Canister Ceramic (50 metric ton case).
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Figure 6B-111 Expected-Value Dose History at 20 Kilometers over 100,000 Years from 75 Packages of 
MOX Spent Fuel Compared to 75 Packages of Commercial Spent Fuel.
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Total Release for 159 Pkg. HLW and 159 Pkg. Can-in Canister PU 
100,000-yr Expected-Value Dose History 
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Figure 6B-12. Expected-Value Dose History at 20 Kilometers over 100,000 Years from 159 Packages of 
Can-in-Canister Ceramic Compared to 159 Packages of HLW.
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Total Release for 436 Pkg. HLW and 436 Pkg. Can-in Canister Pu 
100,000-yr Expected-Value Total Dose Rate History
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Figure 6B-13. Expected-Value Dose History at 20 Kilometers Over 100,000 Years from 436 Packages of 

Can-in-Canister Ceramic Compared to 436 Packages of HLW
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75 Packages of MOX (33 metric tons) 
100,000-yr Expected-Value Dose History 

All Pathways, 20 km

Total Release as a function 
of dissolution rate 
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Figure 6B-14. Effects of Uncertain Dissolution Rate on Dose from Mixed Oxide Spent Fuel.
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Figure 6B-15. Effects of Uncertain Surface Area on Dose from Mixed Oxide Spent Fuel.
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436 Packages with 50 MTHM Plutonium (ceramic model) 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km
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Figure 6B-16. Effects of Uncertain Dissolution Rate on Dose from Plutonium Ceramic.
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436 Packages with 50 metric ton Plutonium (ceramic diss. model) 
100,000-yr Expected-Value Total Dose Rate History 
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Figure 6B-17. Effects of Uncertain Surface Area on Dose from Plutonium Ceramic.  
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436 Packages with Plutonium 
100,000-yr Expected-Value Total Dose Rate History

All Pathways, 20 km
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Figure 6B-18. Effects of Uncertain Dissolution Model on Dose from Plutonium Ceramic; Ceramic Using the Ceramic Dissolution Model Compared to Ceramic Using the HLW Glass Model for 50 metric tons of 
Plutonium in 436 Packages.
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872 Packages with Plutonium 
100,000-yr Expected-Value Total Dose Rate History 

All Pathways, 20 km 
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Figure 6B-19. Effects of Uncertain Dissolution Model on Dose from Plutonium Ceramic; Ceramic Using 
the Ceramic Dissolution Model Compared to Ceramic Using the HLW Glass Model for 50 metric tons of 
Plutonium in 872 Packages.
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33 metric tons MOX 
100,000-yr Expected-Value Dose History 
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Figure 6B-20. Sensitivity of Dose from Mixed Oxide Spent Fuel to Number of Waste Packages; 75 
Packages Compared to 150 Packages for the 33 Metric Ton Case.
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Table 6B-1. Radionuclide Inventory for Mixed Oxide (MOX) Spent Fuel.

Two-Cycle MOX Three-Cycle MOX Average' MOX 

Isotope (Cilassembly) (Cilassembly) (Cilassembly) 
27Ac 8.32E-07 1.1OE-06 9.76E-07 

24_Am 6.33E+03 6.82E+03 6.59E+03 

242MAMT 2.56E+01 3.70E+01 3.17E+01 

243_Am_ 2.39E+01 5.75E+01 4.19E+01 

I4t 3.36E-01 5.54E-01 4.53E-01 

36Cl 1.26E-08 3.89E-08 2.67E-08 

244Cm 9.35E+02 3.42E+03 2.27E+03 

2450m 3.63E-01 1.71 E+00 1.09E+00 

246Cm 3.10E-02 2.64E-01 1.56E-01 

135Cs 3.94E-01 5.48E-01 4.77E-01 

1291 2.1OE-02 3.OOE-02 2.58E-02 

93MNb 3.09E-01 4.57E-01 3.88E-01 

9Nb 8.03E-05 1.09E-04 9.57E-05 
59Ni 1.13E+00 1.74E+00 1.46E+00 
63Ni 1.22E+02 1.99E+02 1.63E+02 

237Np 8.34E-02 1.04E-01 9.45E-02 
231Pa 1.60E-06 1.90E-06 1.76E-06 
21°Pb 2.88E-08 4.27E-08 3.63E-08 

1
07Pd 1.22E-01 1.84E-01 1.55E-01 

2 3 8
pu 8.75E+02 2.14E+03 1.55E+03 

2 39 Pu 5.58E+02 3.91E+02 4.68E+02 
240Pu 8.73E+02 8.69E+02 8.71 E+02 
241PU 5.70E+04 6.04E+04 5.88E+04 

2 42
Pu 1.94E+00 3.77E+00 2.92E+00 

226 Ra 1.22E-07 1.92E-07 1.60E-07 

22
8

Ra ....  

79Se 3.16E-02 4.54E-02 3.90E-02 

131Sm 3.72E+02 3.87E+02 3.80E+02 

126Sn 5.04E-01 7.17E-01 6.18E-01 
99Tc 6.43E+00 9.03E+00 7.83E+00 

229-, 1.31E-08 2.14E-08 1.76E-08 

23oTh 2.20E-05 3.82E-05 3.07E-05 
2 32Th ....  

23u 8.92E-06 1.15E-05 1.03E-05 

234 u 1.18E-01 2.34E-01 1.80E-01 

2 35 u 9.95E-04 6.43E-04 8.06E-04 

236u 6.84E-03 8.30E-03 7.62E-03 

238U 1.44E-01 1.42E-01 1.43E-01 

93Zr 4.18E-01 6.10E-01 5.21E-01 

'Average based on 46.3% two-cycle and 53.7% three-cycle MOX.
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Table 6B-2. Radionuclide Inventories for Commercial Spent Fuel and High-Level Waste (HLW).  

Commercial Spent Fuel High-Level Waste Isotope (CIIMTHM) (Ci/MTHM) 
"Ac 1.86E-05 9.43E-04 241Am 3.87E+03 3.47E+02 

242MAM 2.26E+01 3.31 E-02 
243Am 2.63E+01 

8.20E-02 
14C 1.44E+00 

0.OOE+00 
'CI 1.15E-02 0.OOE+00 2,Cm 1.24E+03 2.09E+01 245Cm 3.65E-01 8.83E-05 2

4Cm 7.60E-02 1.00E-05 
135 CS 5.36E-01 3.09E-01 1291 3.57E-02 1.49E-05 
93MNb 1.89E+00 1.55E+00 

4Nb 8.47E-01 5.31 E-05 59Ni 2.44E+00 1.49E-01 
P3Ni 3.20E+02 1.31E+01 237RNp 4.54E-01 

1.90E-01 231Pa 3.42E-05 1.53E-03 21°Pb 6.94E-07 4.56E-08 

1
7°Pd 1.31E-01 

4.42E-02 238 pu 3.22E+03 6.50E+02 

23pu 3.68E+02 8.66E+00 
240pu 5.47E+02 5.51E+00 241pu 3.52E+04 2.25E+02 
2423pu 22.12E-03 
2
2 6Ra 2.57E-06 

1.59E-07 
228Ra 3.21 E-10 1.64E-04 
79Se 4.58E-01 1.02E-01 131Sm 3.67E+02 7.63E+02 

123Sn 8.85E-01 6.76E-01 
"9Zlc 1.45E+01 1.05E+01 229Trh 3.77E-07 2.36E-05 
230Th 3.69E-04 2.14E-05 

232 Th 4.50E-10 1.65E-04 
233U 7.31 E-05 9.33E-04 
234u 1.39E+00 8.69E-02 
2'35U 1.71 E-02 3.16E-04 
236u 2.81 E-01 1.14E-03 
238 U 7 - 3.15E-01 9.91 E-03 
'3Zr 2.47E+00 1.87E+00
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Table 6B-3. Radionuclide Inventory for Surplus Plutonium Used in Can-In-Canister Ceramic.  

17-Ton Case 50-Ton Case Isotope (Ci/canister)l (Ci/canister)l 
23pu 122.0 60.0 239Pu 1613.0 1653.0 
24°pu 550.0 430-0 24 1Pu 4732.0 2849.0 
242pu 9.8 E-2 4.6 E-2 

241Am 718.0 432.0 
234U < 1.5 E -5 < 1.5 E -5 
235U 2.34 E-3 1.1 E -3 
238U 1.89 E -5 1.91 E -2 23ZTh < 1.5 E-5 < 1.5 E-5 

'Includes only the radionuclides in the ceramic in the year 2010. Does not include radionuclides in the HLW.  

Table 6B-4. Physical Characteristics of Commercial Spent Fuel, HLW, and Plutonium Ceramic.

Waste Type 

Commercial Spent 
Fuel 

High-Level Waste 

Plutonium Ceramic

Air Alteration 
Rate 

(fraction/yr) 

0 

0 

0

Matrix Dissolution 
Rate 

(g/m2/yr) 

Oxide model 

Glass model 

Ceramic model

Matrix 
Surface Area 

(m 2g) 
3.96E-03 

5.705E-05 
1.51E-

Gap 
Failed Radionuclide 

Cladding Inventory 
(%) (fraction) 

1.25 0.02 

N/A N/A 

N/A N/A
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APPENDIX C 
RADIONUCLIDE SELECTION AND CHAIN DECAY 

C-1. SELECTION OF RADIONUCLIDES FOR TSPA-VA 

Nine radionuclides are selected for all the performance assessment analyses in TSPA-VA. These 
nine radionuclides are a subset of the thirty-nine radionuclides considered in TSPA-1995 
(CRWMS M&O 1995). A listing of these radionuclides along with their decay chains and half
lives is given in Table 6C-1, with the ones selected in TSPA-VA highlighted in bold. The set of 
thirty-nine radionuclides were obtained by screening the different waste streams based on 
contribution of the radionuclide to : (1) potential release normalized to 40 CFR 191 Table 1 
values over time periods from 1,000 to 1,000,000 years, and (2) potential average annual whole 
body dose over time periods from 1,000 to 1,000,000 years. More information on the screening 
methodology can be found in TSPA-1995.  

For TSPA-VA, fewer radionuclides are selected, because of computational limitations in 
modeling all the thirty-nine radionuclides with decay chains and ingrowth, in the models used for 
the radionuclide transport in the unsaturated zone (UZ) and the engineered barrier system (EBS).  
The three dimensional, dual-permeability, FEHM particle tracker (Robinson et al. 1997; 
Zyvoloski et al. 1996) is used for simulating radionuclide transport in the unsaturated zone.  
Simulations run for long time frames (1,000,000 years) require using large number of particles 
(1,000,000) for each radionuclide to capture the transport processes accurately. This would 
impose a huge computational restraint when all the thirty-nine radionuclides are considered 
along with decay chains and ingrowth. Spatial heterogeneity in infiltration and thermal behavior 
is modeled by dividing the repository into six regions. This combined with the three waste types 
and the three different dripping conditions to which waste packages are exposed in the three 
climate states, would result in a large network of mixing cells', requiring huge computational 
times, when decay chains are included for modeling EBS transport in RIP (Golder 1998).  
Especially these computational constraints are magnified while running probabilistic analyses, 
which are an integral part of performance assessment calculations.  

The nine radionuclides listed in bold in Table 6C-1, were chosen based on six criteria (not 
necessarily in order of significance): high solubility, low sorption affimity, size of inventory (plus 
ingrowth generated by parent radionuclide), high biosphere dose conversion factor, half-life long 
enough to survive transport, and existence as colloidal particles. The experience obtained from 
previous Yucca Mountain TSPA's (Wilson et al. 1994; CRWMS M&O 1995; NRC 1995; 
Kessler and McGuire 1996) also helped in excluding many radionuclides out of the thirty-nine, 
which were found to be inconsequential in their dose effects. Also some verification simulations 
were performed using all the thirty-nine radionuclides with their decay chains in order prevent 
the exclusion of important radionuclides from the performance assessment calculations. The 
results of these simulations will be presented in the following sections. Since the selected nine 
radionuclides, do not include decay chains and ingrowth, the inventory of these radionuclides 

A series of mixing cells are used within RIP for modeling EBS transport. Mixing cells are equivalent to equilibrium batch 
reactors, with all the mass assumed to be instantaneously and completely mixed throughout the cell.
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need to be adjusted. This is a concern only for the actinides (Pa-231, Pu-239, Pu-242, Np-237 
and U-234) listed in the table. For the actinides (Pu-239, Pu-242, Np-237 and U-234) that have 
longer half-lives than that of their parents, the adjustment to their inventory is done by assuming 
artificial decay of all their parents at time zero and thus increasing their inventory. This is a conservative assumption as all the parents in a given chain are assumed to decay instantaneously 
rather than progressively over time. For Pa-23 1, this procedure is not appropriate because, the 
half-life is much shorter than that of the parent U-235, which has a half-life of almost a billion 
years. So to allow for the neglect of decay, it was assumed that Pa-231 was, at all time, in 
secular equilibrium with the U-235 parent (that is for every curie of U-235 in the waste form 
there was a curie of Pa-23 1). This was done by specifying the inventory of Pa-231 in grams (not activity) that would be in secular equilibrium with U-235. To avoid an unnatural "rapid" decay 
of the Pa-231, the half-life of U-235 was used to characterize the decay of Pa-231. This will result in an over-estimate of Pa-231 inventory at early times till it reaches secular equilibrium, 
but after that correct inventory of Pa-231 will be present. The radionuclide inventory in curies 
for all the thirty-nine radionuclides is given in Table 6C-2. The inventory for the nine 
radionuclides with the adjustments for ingrowth as discussed above is presented in Table 6C-3.  

The results of the simulations conducted to verify the effects of using a smaller subset of radionuclides in performance assessment calculations are presented in various forms to discuss 
the inaccuracy caused due to this assumption. In Figure 6C-1, the normalized dose using the concentration at the water table from the outflowing unsaturated zone groundwater is presented.  
These calculations are done by using all the thirty-nine radionuclides with decay chains in the FEI-Wv particle tracker till the base of the UZ. The methodology in the FE-I{M particle tracker 
for modeling decay chains with ingrowth is discussed in Section C6-2 of this appendix. The 
average concentrations from the outflowing unsaturated zone groundwater, flowing into the 
saturated zone at the water table was calculated using the total liquid flux and the total activity released at the base of the UZ. These concentrations are converted to dose using the biosphere 
dose conversion factors for all the thirty-nine radionuclides. Further the normalized dose, instead of the actual dose is presented, as these values do not reach the accessible environment, 
but instead helps in identifying the important radionuclides at the water table. For 10,000 years, 
these normalized dose are computed by dividing all calculated dose by the peak Tc-99 dose 
within 10,000 years. For 100,000 and 1,000,000 years, the peak Np-237 dose is used as the normalizing factor. In the 10,000 year case, the top four radionuclides are plotted and as seen in 
the figure, Tc-99 is clearly the dominant radionuclide. The only radionuclide which does not belong to the list of nine that appears in this time frame is C1-36, but the contribution from this is very minimal compared to other radionuclides. For 100,000 years, none of the additional thirty 
radionuclides were found to be important and are not plotted. For 1,000,000 years, two additional radionuclides are shown that become somewhat important after 200,000 years, that is, 
after the point at which Np-237 is no longer solubility limited. These radionuclides are U-233 
and Th-229, which are in the Np-237 chain. U-233 is the daughter of Np-237 and Th-229 is the daughter of U-233. After 200,000 years, U-233 and Th-229 have dose rates that are slightly less 
than Pu-242. Omittin& these radionuclides makes the total dose at the water table about 15 to 20 
percent lower than it should be.  

Because U-233 and Th-229 are found to be important at the water table, the Np-237 chain 
containing these two radionuclides is modeled all the way through the saturated zone to calculate 
the impact of omitting these two radionuclides on the total dose at the accessible environment.  
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The transport through the unsaturated zone is modeled using the FE{IIM particle tracker with the 
entire decay chain and ingrowth. The saturated zone transport is modeled with six one 
dimensional flow tubes using FEHMN ((Zyvoloski et al. 1995)), a computer code for simulating 
heat and mass transfer for finite elements. The mass flux at the water table is used as the input 
for each of the streamtubes and the output concentrations at the end of the SZ is converted to 
dose using biosphere dose conversion factors. This methodology is different from that used for 
the nine radionuclides case, where the convolution integral is used to combine the unit 
breakthrough curves obtained using one-dimensional flow tubes. This is done due to the 
limitation in the convolution approach for including decay chains and ingrowth. The results of 
the expected-value simulation are presented in Figure 6C-2. Similar to Figure 6C-1, both U-233 
and Th-229 show up on the plot in addition to Np-237, but the relative importance of these 
radionuclides compared to Np-237 has decreased. U-233 is about a factor of 50 lower than Np
237 in peak dose rate, and the difference is higher during early times till 300,000 years and then 
decreases to about a factor of 20 at 1,000,000 years. Th-229 is about four orders of magnitude 
lower than Np-237, making its contribution very minimal to the total dose rate. Since Np-237 is 
the radionuclide contributing the most to the peak dose in 100,000 years and 1,000,000 years, the 
dose from this is compared from the thirty-nine radionuclides case, where the entire decay chain 
with ingrowth is included against the nine radionuclides case, where the ingrowth from the 
parents of Np-237 is accounted by decaying them at time zero. The dose rate time histories for 
both these cases is shown in Figure C6-3. This figure shows, the approach taken for accounting 
the radionuclide inventory for Np-237 due to ingrowth from the parent radionuclides is 
reasonable for performance assessment calculations.  

The cumulative activity released at the various boundaries of the repository system is presented 
in Figure C6-4 for both the thirty-nine and nine radionuclide case. Along with this, the total 
inventory as a function of time is also plotted, showing the decrease of inventory over a period 
of 1,000,000 years just due to radioactive decay. The release from the EBS is nearly equal for 
both cases till 20,000 years, but after that they diverge and by one million years, the release from 
thirty-nine radionuclide case is about 20 times greater than that from nine radionuclides. But this 
difference disappears after the transport of radionuclides through the unsaturated zone, due to 
sorption of radionuclides to the rock matrix and also the radionuclides with short half-lives 
undergoing decay to insignificant levels by the time they exit at the base of the UZ. This 
indicates the nine radionuclides are adequate for conducting performance assessment analyses 
and provide reasonable estimates of activity released over time.
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C-2. MODELING OF CHAIN-DECAY PROCESSES IN THE 
UNSATURATED-ZONE TRANSPORT MODEL 

In this section, the details of the process-based chain decay model developed for simulating 
radionuclide transport in the unsaturated zone with radioactive decay and ingrowth is discussed.  
First the mathematical details for modeling this process is discussed and then the results 
conducted for verifying the alogrithm is presented.  

Process Model of Chain-Decay - The equation to include decay-ingrowth calculation for 
species i with a decay rate X decays into speciesj is: 

N, 

N1 = -:{1- exp[- 2(t- t)] 
m=1 (6C-1) 

where Nj is the number of particles of species j decayed from species i, Ni is the number of 
particles of species i, and t,, is the time at which the m th particle is injected into the system. In 
this case, the decay products, Nj, may be radionuclides. Using this equation, if 500,000 particles 
of species I are injected into the system, then at each time step, the number of mathematical 
operations for decay calculations alone are around 2.5 million. To simulate a time period of 1 million years, the typical calculation requires about 200 timesteps. Therefore, the total number 
of operations will reach 0.5 billion. This suggests that for large-scale simulations, the use of 
Equation (C-1) is inefficient.  

To reduce the computational burden in simulations, the decay-ingrowth Equation (C-i) is 
approximated with an integral. Multiplying both sides of Equation (C-I) by dtm and 
approximating the summation by an integral from t1 to tNN, the average injection time interval 
between particles, the equation becomes: 

Nj = ((r2 -"1)+-1[exP(-' 2)-exp(-Ar1)] /dt, (6C-2) 

where tr = t - tMi and T2 = t - tl. Using Equation (C-2), the amount of operations within one time step is reduced from millions of operations to just 10, which greatly increases the speed of 
simulations.  

The accuracy of the integral approach depends on the number of particles and their release 
history. In general, the use of more particles increases the accuracy. When the same number of 
particles is used in simulations, the one with the constant release rate has less error. If the release 
rate changes with time, the release period is divided into several segments, such that, within each 
segment the release rate can be treated as constant. Then, the decay-ingrowth calculations are 
carried out corresponding to each segment. The accuracy of the approximation (Equation [C-2]) 
is also dependent on the magnitude of the injection time between particles (dt) times the decay 
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constant, X. If this product is small compared with one, then the approximation is accurate, that 
is if: 

C- dt ;z 1-, dt (6C-3) 

The integral approach was tested against the discrete formula given in Equation (C-1). For most 
of the simulations, at least 100,000 particles were released for each species over the repository 
area (represented by 100 nodes) at a constant rate. The duration of releasing period varied from 
1,000 to 10,000 years. The results from the integral approach was generally in close agreement 
with those obtained using Equation (C-i). The relative error was less than 1%. But, the 
computational burden was greatly reduced from millions of operations to just 10 operations 
within each time step.  

Another issue that relates to decay simulations is the spatial distribution of the decayed 
radionuclides. This problem is treated by using the rule of first in and first out. This rule states 
that the decay will proceed from the oldest to the youngest particle such that the total number of 
particles that have decayed equals the number computed in Equation (C-2). This implemented 
by assigning an injection time to each particle. This "rule" is not strictly correct, however, 
because radionuclide decay is a statistical process based on age, it cannot be deterministically 
predicted. To improve this approximation, the radionuclides are assigned to groups based on 
injection times. The time intervals for each group is based on the time-step selections used for 
the TSPA-VA calculations. Then the radionuclide decay calculation (Equation [C-2]), along 
with the first in, first out rule, is applied to each injection-time-interval group. In the case where 
several particles are injected at the same time, a uniform random number generator is used to 
randomly select the decayed particle(s). The new particle(s) generated due to decay-ingrowth 
takes over the location of the old particle(s) but with its (their) own transport properties.  

Comparison of Chain-Decay Algorithm used in FEIHM Particle Tracker with RIP - The 
multiple species ingrowth particle tracking model was tested against the RIP(Golder, 1998) using 
a 1 meter long, 1-dimensional saturated field with artificial (with user-defined half lives) 
radionuclides. A constant flow field was established so that the travel time for conservative 
tracers was 3,900 years. Also a dispersivity of 0.025 m was used in both the calculations. A 
total of 7 species with the same transport properties were simulated. A multiple decay chain 
starting from species 1 and then sequentially decaying into species 6 (l->2->3->4->5->6) was 
assumed in the simulations. The half-lives of species 1 to species 5 were: 10, 100, 1,000, 10,000, 
and 100,000 years, respectively. 500,000 particles of species 1 (representing 100 gram 
radionuclides) were injected into the system at a constant rate from 0 to 5,000 years. Species 2 
to species 6 had initial concentrations of zero. Species 7, was assumed to be similar to species 1 
but without decay and was used for comparison.  

The mass flow rate curves at the outflow boundary from FEHM and RIP simulations are plotted 
in Figure C6-5. Due to numerical dispersion, the RIP curves have longer tails than the FEHM 
curves. The mass flcWv rates of species 1 and 2 at the outflow boundary are extremely low 
because of their short half lives, 10 and 100 years, respectively, and the relative long travel time 
(3,900 years). In fact, species 1 was not observed at the outflow boundary during the 
simulations. On the other hand, the long half life of species 5 (100,000 years) and the relative
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short travel time (3,900 years) resulted in very little decay of species 5. Thus, the mass flow rate 
of species 6 is also very low. It is clear that the FEHM curves match the RIP curves very well.  
The normalized cumulative curves from the FEHNM simulation are plotted in Figure C6-6. At 
any given time, the summation of the cumulative breakthrough values for species 1 through 
species 6 equals the cumulative breakthrough value for species 7, which is a check on 
conservation of mass in the system.
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Figure C6-1. Normalized dose rate at water table using the concentrations of the out flowing unsaturated 
zone groundwater for the thirty-nine radionuclide case.
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Figure C6-2. Expected-value dose rate time history over a period of 1,000,000 years for the radionuclides in the Np-237 chain. Only Np-237, U-233 and Th-229 show up in the plot.  
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Figure C6-3. Comparison of Np-237 dose rate from the 39 radionuclide case, where decay chains and 
ingrowth are included with the 9 radionuclide case, where the decay and ingrowth from the parents are 
accounted at time zero.
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Figure C6-4. Cumulative activity released from different boundaries of the repository system.  
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Figure C6-5. Comparison of mass flow rate curves from RIP and FEHM including chain-decay. The 
mass flow rates of species 1, 2, and 6 are too low to be seen in the plot.
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of species 1, 2, and 6 are too low to be seen in the plots.
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Table 6C-1. Radionuclides Used in TSPA Simulations, along with their half-lives-Arranged by chains.  
The nine radionuclides used for the TSPA-VA base case are highlighted in bold.  

Half life 

No. Chain Radionuclide (years) 

1 Am-243 Am-243 7.38E+03 

2 Pu-239 2.41 E+04 

3 U-235 7.04E+08 

4 Pa-231 3.28E+04 

5 Ac-227 2.16E+01 

6 Cm-245 Cm-245 8.50E+03 

7 Pu-241 1.44E+01 

8 Am-241 4.32E+02 

9 Np-237 2.14E+06 

10 U-233 1.59E+05 

11 Th-229 7.34E+03 

12 Cm-246 Cm-246 4.73E+03 

13 Pu-242 3.87E+05 

14 U-238 4.47E+09 

15 Am-242m 1.52E+02 

16 Pu-238 8.77E+01 

17 U-234 2.45E+05 

18 Th-230 7.70E+04 

19 Ra-226 1.60E+03 

20 Pb-210 2.23E+01 

21 Cm-244 Cm-244 1.81E+01 

22 Pu-240 6.54E+03 

23 U-236 2.34E+07 

24 Th-232 1.41E+10 

25 Ra-228 6.7E+00 

26 No Chain C-14 5.73E+03 

27 CI-36 3.01 E+05 

28 Cs-i 35 2.30E+06 

29 1-129 1.57E+07 

30 Nb-93m 1.36E+01 

31 Nb-94 2.03E+04
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Table 6C-1.  

Half life 
Radionuclide (years) 

Ni-59 8.OE+04 
Ni-63 9.20E+01 
Pd-107 6.50E+06 
Se-79 6.50E+04 
Sm-151 9.OOE+01 
Sn-126 I.OOE+05 
Tc-99 2.13E+05 
Zr-93 1.53E+06
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ChainNo.  

32 

33 
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35 
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37 

38 

39
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Table 6C-2. Radionuclide inventory for the 39 radionuclides with decay chains.

I No
I I

Radionuclide

CSNF1  HLW 2  DSNF 3 

1 Ac-227 1.17E+00 4.40E+00 5.99E-02 
2 Am-241 2.44E+08 1.62E+06 1.03E+06 
3 Am-242m 1.42E+06 1.54E+02 9.07E+02 
4 Am-243 1.66E+06 3.83E+02 2.11 E+03 
5 C-14 9.06E+04 0.OOE+00 7.89E+02 

6 CI-36 7.22E+02 O.OOE+00 1.44E+00 
7 Cm-244 7.84E+07 9.74E+04 8.73E+04 
8 Cm-245 2.30E+04 4.12E-01 3.55E+01 

9 Cm-246 4.79E+03 4.67E-02 6.02E+00 
10 Cs-135 3.37E+04 1.44E+03 1.68E+02 

11 1-129 2.25E+03 6.94E-02 1.44E+01 
12 Nb-93m 1.19E+05 7.25E+03 5.43E+02 
13 Nb-94 5.34E+04 2.48E-01 1.78E+00 

14 Ni-59 1.54E+05 6.97E+02 6.77E+01 

15 Ni-63 2.02E+07 6.09E+04 7.40E+04 
16 Np-237 2.86E+04 8.89E+02 1.39E+02 
17 Pa-231 2.16E+00 7.12E+00 9.39E+00 
18 Pb-210 4.37E-02 2.13E-04 2.30E-03 
19 Pd-107 8.27E+03 2.06E+02 2.80E+01 
20 Pu-238 2.03E+08 3.03E+06 4.60E+05 
21 Pu-239 2.32E+07 4.04E+04 3.95E+05 
22 Pu-240 3.45E+07 2.57E+04 2.97E+05 
23 Pu-241 2.22E+09 1.05E+06 6.12E+06 
24 Pu-242 1.32E+05 3.32E+01 2.90E+02 
25 Ra-226 1.62E-01 7.44E-04 4.58E-03 
26 Ra-228 2.02E-05 7.67E-01 3.29E+00 
27 Se-79 2.89E+04 4.75E+02 2.25E+02 
28 Sm-151 2.31 E+07 3.56E+06 4.28E+05 
29 Sn-126 5.58E+04 3.16E+03 2.41E+02 
30 Tc-99 9.16E+05 4.90E+04 6.48E+03 
31 Th-229 2.38E-02 1.10E-01 1.39E+01 
32 Th-230 2.32E+01 9.99E-02 9.60E-01 
33 Th-232 2.84E-05 7.70E-01 2.56E+00 
34 U-233 4.61 E+00 4.36E+00 3.47E+03
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Table 6C-2. (Continued) 

No Radionuclide Total Curies (Ci) 

CSNF1  HLW 2  DSNF 3 

35 U-234 8.73E+04 4.06E+02 1.21 E+03 

36 U-235 1.08E+03 1.48E+00 6.60E+01 

37 U-236 1.77E+04 5.32E+00 2.27E+02 

38 U-238 1.99E+04 4.62E+01 7.57E+02 

39 Zr-93 1.56E+05 8.74E+03 1.32E+03 
'CSNF = Commercial spent nuclear fuel 
2 HLW = High level waste 

SDSNF = DOE spent nuclear fuel

B00000000-01717-4301-00006 REV00 C6-16 August 1998



Table 6C- 3. Radionuclide inventory for the nine radionuclides used in TSPA-VA.  

Total Curies (Ci) 

No Radionuclide CSNF HLW DSNF 

I C-14 9.08E+04 0 7.89E+02 

2 1-129 2,25E+03" 6.93E-02 1.44E+01 
3 ND-237 8.85E+04 1.22E+03 3.90E+02 

4 Pa-231 3.95E+04 6.06E+01 1.68E+03 

5 Pu-239 2.37E+07 4.04E+04 3.95E+05 

6 Pu-242 1.32E+05 3.33 E+01 2,90E+02 

7 Se-79 2.89E+04 4.76E+02 2.25E+02 

8 Tc-99 9.16E+05 4.91 E+04 6.49E+03 

9 U-234 1.64E+05 1.49E+03 1.38E+03
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See foonote5 5801.0 

see SNT05080598001 .001 
see SNT050805986001.001 
see SNT050805986011.001

MO98O7SPAAREST.000 
MO98O7SPAAREST.000 

MN090080001 RES.000 
SN050098001 RES.001 
MN09009800 1RES.000 

SNT0508059800I .001 
SNT05080598001 .001 
MO9058O7MWR900.000 

MNO908O7MWDIPO000 
MO905807MW8001.001 
MO98O7MWDRIPOO.000 

M09iO-7MWDRIP00.000 

MO98O7MWDRIPOO.000 
MO98O7MWDRI P0-0.000 
MN0508059800 1.00 I 
MN090807M98001O.000 
SNT0508059800 1.001 
SNT0508059800 1.001 
SNT0508059800 1.001 
SNT0508059800 1.001

NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 

NQ 

NQ 
NQ 

NQ 

_NQ_ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ 
NQ



6-69 see.SNT0508059800 1.001 see SNT05080598001.001 SNT05080598001.001 NQ 
6-70 catlb.rp - cat7b.rp catl b.btr - cat7b.btr M09808SPADNFPU.001 NQ 

cat I bhst.dat - cat7bhst.dat 
6-71 cat8b.rp - catl6b.rp cat8b.btr - cat I 6b.btr M09808SPADNFPU.001 NQ 

cat8bhst.dat - catl6bhs.dat 
6-72 fig227.rp, fig227.btf fig227.btr, fig227.dat M09808SPADNFPU.001 NQ 

catlb.rp - catl6b.rp cat1b.btr - catl6b.btr 
cat I b.dat - cat I 6b.dat 
jcatbsm Ldat: Sum of W-runs 

6-73 rig225.rp, fig225.btf fig225.btr, flg225.dat M09808SPADNFPU.001 NQ 
fig3l Lrp, fig3l Lbtf fig3l Lbtr, fig3l Ldat 
cat1d.rp - catl6d.rp catid.btr - catl6d.btr 

jeatdsmi.dat: Sum of W-runs 
6-74 fig221.rp, fig221.btf fig221.btr, fig22l.dat M09808SPADNFPU.001 NQ 

catld.rp - catl6d.rp catld.btr - catl6d.btr 
cat I d.dat - cat I 6d.dat 
jeatdsmi.dat: Sum of W-runs 

6-75 fig228.rp, fig228.btf lig228.btr, fig228.dat M09808SPADNFPU.001 NQ 
catl b.rp - catl 6b.rp catl b.btr - catl6b.btr 
catld.rp - catl6d.rp catlb.dat - catl6b.dat 

jcatbsml.dat: Sum of W-runs 
catld.btr - catHd.btr 
catid.dat - catl6d.dat 
jcatdsml.dat: Sum of Idl-runs 

6-76 fig22l.rp, flg221.btf fig221.btr, fig221.dat M09808SPADNFPU.001 NQ 
fig222.rp, fig222.btf fig222.btr, fig222.dat 
fig223.rp, fig223.btf fig223.btr, rig223.dat 

6-77 fig41.rp, fig4l.btf fig4l.btr, flg4l.dat M09808SPADNFPU.000 NQ 
fig43ac.rp, fig43ae.btf fig43ab.dat (sum of total: 
fig43b.rp, fig43b.btf fig43ac.dat fig43b.dat) 

figO21.dat (sum of total: fig4l.dat, 
fig43ab.dat) 

6-78 rig42-3.rp, fig42-3.btf fig42-3.btr, fig42-3.dat M09808SPADNFPU.000 NQ 
fig422ac.rp, fig422ac.btf fig422ab.dat (sum of total: 
fig422b.rp, fig422b.btf fig422ac.dat, fig422b.dat) 

6-79 flg4l.rp, fig4l.btf fig4l.btr, fig4l.dat M09808SPADNFPU.000 NQ 
fig42.rp, fig42.btf fig42.btr, fig42.dat 

Total System Model includes RIP (v. 5.19.01), fehmn.dll, szconv.dll, gldis.dll, edc.dll, sfdis.dll 
Name listed is the generic file name ("filename") for the input of Total System Model. It represents the following files with different extensions:
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filename.bak 
filename.rp 
filename.t04 
filename.t08 
filename.t12 
filename.t 16 
filename.t20 
filename.t24 
filename.t28 
filename.t32 
filename.t36

filename.bpf 
filename.tO I 
filename.t05 
filename.t09 
filenamet 13 
filename.t1 7 
filename.t2 I 
filename.t25 
filename.t29 
filename.t33 
filename.t37

plus the following Total System Model files:

baserun I.dat 
fmQb.rock 
ptrk.expval(exp. val.) 
ff0500.ini 
ff2100.ini

fehmn.files 
fmQb.stor 
ptrk.multrlz(mult. real.) 
ff1 OO.ini 
ff2300.ini

SZ Files (Expected Value Run):

szO 1 01.0001 
szOI 05.0001 
sz02_03.0001 
sz03_0 1.0001 
sz03 05.0001 
sz04_03.0001 
sz05 01.0001 
szO5 05.0001 
sz06 03.0001 
sz07 01.0001 
sz07 05.0001 
sz08 03.0001 
sz09_0 1.0001 
sz09 05.0001 
szlO 03.0001 
szl 101.0001 
szl 105.0001

szOI 02.0001 
szOI 06.0001 
sz02_04.0001 
sz03 02.0001 
sz03 06.0001 
sz04_04.0001 
sz05 02.0001 
sz05 06.0001 
sz06_04.0001 
sz07_02.0001 
szO7 06.0001 
szO8 04.0001 
sz09 02.0001 
sz09 06.0001 
szlO_04.0001 
szl_02.0001 
szI1_06.0001

szOI 03.0001 
sz02 01.0001 
sz02 05.0001 
sz03 03.0001 
sz04 01.0001 
sz04 05.0001 
sz05 03.0001 
sz06 01.0001 
sz06 05.0001 
sz07 03.0001 
szO8 01.0001 
szO8 05.0001 
sz09 03.0001 
sz10 01.0001 
szlO 05.0001 
szll 03.0001

szO 104.0001 
sz02 02.0001 
sz02 06.0001 
sz03 04.0001 
sz04 02.0001 
sz04 06.0001 
sz05 04.0001 
sz06 02.0001 
sz06 06.0001 
sz07 04.0001 
sz08_02.0001 
sz08 06.0001 
sz09 04.0001 
szlO 02.0001 
szlO 06.0001 
sz1l 04.0001

'(000-01717-4301-00006 REVOO
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filename.bsr 
filename.t02 
filename.t06 
filename.t 10 
filename.t 14 
filename.t 18 
filename.t22 
filename.t26 
filename.t30 
filename.t34

filename.btf 
filenameAt03 
filename.t07 
fllename.tl I 
filename.t 15 
filename.t19 
filenamet23 
filename.t27 
filename.t3 I 
filename.t35

fmQb.dpdp 
fmQb.zone 
ffOlOO.ini 
ffI1300.ini 
ff2500.ini

fmQb.grid 
fmQb.zone6 
ffU300.ini 
ff1500.ini



(

*** The output filename for each Total System Model simulation is its generic filename with the extension of".btr".

(
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Table D)6-2 D~ata TIracking for Figures in Appendix A of Chapter 6 

Figre . J WpT~I~e~n upt i~i Data Tracking 

6A-2 RiPl 5.19 catla.rp, catla.htf cat Ia.h~tr, cati ahst.dat M09808SPAIJNFPIjL. NQ 
_____________________002 

6A-3 RIP 5.19 catlih.rp, catlh.btf catll.htr, catblhhst.dat MO98O8SPAI)NFPtJ. NQ 
_____________ _____________________002 

6A-4 RIP 5.19 catlc.rp, catlc.htf catlc.htr, caticst~dat N1098098SP-A1NFPI). NQ 
______________ ____________ _________________________002 

6A-5 R IP 5.19 cat3a.rp, cat3a.btf cal3a.1htr, cal3ahst.dat M09808SPAI)NFI'Ij. NQ 
_____________ _____________ ________________________002 

6A-.6 RIP 5.19 cat-Wb.rp, cat3h.btf cat3b.1htr, ca(3hhst.dIat iMv19808SPAI)NFPII. NQ 
____________ ____________ 002 

6A-7 RIP 5.19 cat3c.rp, cat3c.htf cat3c.btr, cat3chst.dat M09808SPADNFPIIJ. NQ 
____________ ____________002 

6A-8 RI P 5.19 cat4a.rp, cat4a.btf cat4a.btr, caf4ahst.dat MO9808SPAI)NFIPU. NQ 
_____________002 

6A-9 RIP 5.19 cat4b.rp, cat4b.btf cat4h.bir, cat41hhst.dat MO98018SI'AI)NFPtJ. NQ 
_____________________002 

6A-10 RIP 5.19 cat4c.rp, cat4c.btf cat4c.btr, cat4ch-4.dat !'v19808SPAI)NIPU. N 
_______________________ _____________________ (02 

6A-I I RI P 5.19 cat5a.rp, cat5a.btf cat5a.btr, cat5ahst.dat NIO9808SPAI)NFPLJ. NQ 
______________002 

6A- 12 Rill 5.19 caf51h.rp, cat5h.btf cat5h.[htr, cat5bhhst.dat- -M9808SPAI)NFI~tJ. NQ 
_____________ __________002 

6A-13 RIP 5.19 cat5c.rip, cat5c.btf cat~c.btr, cat5-chit.dat M1O9808SPAI)NFIPU. NQ 
002 

6A-14 RIP 5.19 cat6a.rp, cat6a.bif cal6a.1btr, cat6ahst.dat M0I98O8SPAI)NFPU. NQ 
002 

6V1-I5 - RIP 5.19 cat6h.rp, cat6b.btf cat6b.btr, cat6h~hst.dat NIO9808SPADNFPIJ. NWQ 
______________002 

6A-16 RIP 5.19 cat6c.rip, cat6c.htf cat6c.htr, cat6chst.dat M019808SPAI)NFIPIJ. NQ 
002 

6A17 RI P 5.19 cat7a.rp, cat7a.btf cat7a.btr, cat7ahst.dat M'09808SPA1)NFPIJ. -NQ 
____________ ____________________002 

6A-18 RIP 5.19 cat7b.rp, cat7h.btf cat7b.btr, cat7hhst.dat M09808SPAI)NFPtU. NQ 
__________ __________________________________ _____________________002
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6A-19 RIP 5.19 cat7c.rp, cat7c.btf cat7c.btr, cat7chst.dat MO9808SPADNFPU. NQ 
_____________________ ____________________ 002 ____ 

6A-20 RIP 5.19 cat8a.rp, cat8a.btf cat8a.btr, cat8ahst.dat MO98OSSPADNFPU. NQ 
002 

6A-21 RIP 5.19 cat8b.rp, catsb.btf cat8b.btr, cat8bhst.dat N1O98O8SPADNFPU. NQ 
002 

6A-22 RIP 5.19 cat8c.rp, cat8c.btf cat8c.btr, cat8chst.dat MO98O8SPADNFPU. NQ 
___________________ 002 

6A-23 :RIP 5.19 cat9a.rp, cat9a.btf cat9a.btr, cat9ahst.dat MO9808SPADNFPU. NQ 
002 

6A-24 RIP 5.19 cat9b.rp, cat9b.btf cat9b.btr, cat9bhst.dat MO98O8SPADNFPU. NQ 
002 

6A-25 RIP 5.19 cat9c.rp, cat9c.btf cat9c.btr, cat9chst.dat MO98O8SPADNFPU. NQ 
002 ____ 

6A-26 RIP 5.19 catl 1 a.rp, cati la.btf catl I a.btr, cati I ahs.dat MO98O8SPADNFPU. NQ 
002 

6A-27 RIP 5.19 cat] I b.rp, cati I b.btr cati Ib.btr, cati lbhs.dat MO98O8SPADNFPU. NQ 
____________002 

6A-28 RIP 5.19 catl Ic.rp, cati Ic.btf catl Ic.btr, catl Ichs.dat MO98O8SPADNFPIJ. NQ 
____________ ______________________002 

6A-29 RIP 5.19 catl2a.rp, catl2a.btf catl2a.btr, catl2ahs.dat MO98O8SPADNFPIJ. NQ 
_____________002 

6A-30 RIP 5.19 catl2b.rp, catl2b.btf catl2b.btr, catl2bhs.dat MO98O8SPADNFPU. NQ 
___________________ 002 

6A-31 RIP 5.19 catlI2c.rp, catlI2c.btf catl2c.btr, catl2chs.dat NIO9SO8SPADNFPU.- NQ 
____________ ___________ ____________________ 002 

6A-32 RIP 5.19 catl3a.rp, catl3a.btf catl3a.btr, catl3ahs.dat MO98O8SPADNFPU. NQ 
____________________ ___ ___ ___ ___ ___ ___ 002 

6A-33 RIP 5.19 catl3b.rp, catl3b.btr catl3b.btr, cat13bhs.dat MO98O8SPADNFPU. NQ 
______________________002 

6A-34 RIP 5.19 catl3c.rp, catl3c.btf catl3c.btr, catl3chs.dat MO98O8SPADNFPU. NQ 
_____________________002 

6A-35 RIP 5.19 catl5b.rp, catl5b.btf cat 15b.btr, catl5bhs.dat MO98O8SPADNFPU. NQ 
______________________002 

6A-36 RIP 5.19 catl5c.rp, catl~c.btf catl5c.btr, catl5chs.dat MO98O8SPADNFPU. NQ 
____________ ___________ _____________________002 

'.6A-37 [RIP 5.19 catl6a.rp, catl6a.btf catl6a.btr, catl6ahs.dat M09808SPADNFPIJ. NQ 
____ ___ ___ _ _ ___ ___ ___ ____________________ ___ ___ ___ ___ ___ ___ 002
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6A-38 RIP 5.19 catl6b.rp, catl6b.btf catl6b.btr, cat16bhs.dat MO98O8SPADNFPU. NQ 
____________ ____________002 

6A-39 RIP 5A19 cat I6c.rp, catlI6c.btf catl6c.btr, cat I6chs.dat MO9808SPADNFPU. NQ 
____ ___ ___ _ ______________________________ 002 

6A-40 RIP 5.19 cat I b.rp - cat7b.rp cat I b.btr - cat7b.btr MO98O8SPADNFPIJ. NQ 
____________cat Ibhst.dat - cat7bhst.d1at 002 

6A-41 RIP 5.19 cat8b.rp - catl6b.rp cat8b.btr - cati 6b.btr MO98O8SPADNFPU. NQ 
__________cat8bhst.dat - catl6bhs.dat 002 

6A-42 RIP 5.19 fig221.rp, fig221.btf fig221.btr, flg221hs.dat MO98O8SPADNFPIJ. NQ 
____________ ____________________ 002 

6A-43 RIP 5.19 fig222.rp, fig222.btf fig222.btr, fig222hs.dat MO9808SPADNFPU. NQ 
___________ fg223.rp, fig223.btf fig223.btr, flg223hs.dat 002 ____ 

6A-44 RIP 5.19 rig227.rp, fig227.btf fig227.bt~r, rig227.dat M098O8SPADNFPIJ. NQ 
cati b.rp - catl6b.rp cati b.btr - catl6b.btr 002 

cat Ib.dat - cat I 6b.dat 
jcatbsml.dat: Sum of 'b'

_____________runs 

6A-45 RIP 5.19 fIg225.rp, fig225.btf fig225.btr, fig225.dat MO98O8SPADNFPU. NQ 
fig3l1. rp, fig3 1. btf fig3l I.btr, fig311l.dat 002 
catld.rp - catl6d.rp catld.btr - catl6d.btr 

jcatdsml.dat: Sum of 'd'
runs 

6A-46 RIP 5.19 rig228.rp, fig228.btf rig228.btr, rig228.dat MO98O8SPADNFPIJ. NQ 
____________ ___________________ 002 

6A-47 RIP 5.19 fig2ZI.rp, tig221.btf fig221.btr, tig221.dat MO9808SPADNFPU. NQ 
catld.rp - catl6d.rp catld.btr - catl6d.btr 002 

cat I d.dat - cat I 6d.dat 
jcatdsml.dat: Sum of 'd'
runs 

6A-48 RIP 5.19 rig228.rp, fig228.btl' fig228.btr, fig228.dat MO98O8SPADNFPU. NQ 
catlb.rp - catl6b.rp catl b.btr - cat I6b.btr 002 
catid.rp - catl6d.rp catl b.dat - cat 14b.dat 

jcatbsml.dat: Sum of 'b'
runs catld.btr - catl6d.btr 
catId~dat - catl6d.dat 
jcatdsmi.dat: Sum of 'd'

____________runs
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6A-49 RIP 5.19 fig221.rp, fig221.btf rig221.btr, rig221.dat M09808SPADNFPU. NQ 
fig222.rp, fig222.btf fig222.btr, rig222.dat 002 
rig223.rp, fig223.btf fig223.btr, fig223.dat 

6A-50 RIP 5.19 fig3l I a.rp, flg3l 1 a.btf fig3l I a.btr, fig3l I a.dat M09808SPADNFIIU. NQ 
fig3l I b.rp, fig3l I b.btf fig3l I b.btr, flg3l I Mat 002 
fig3l I c.rp, fig3l I c.btf fig3l I c.btr, fig3l I c.dat, 

6A-51 RIP 5.19 rig3l2a.rp, rig3l2a.btf fig3l2a.btr, fig3l2a.dat M09808SPADNFPU. NQ 
fig3l2b.rp, fig3l2b.btf fig3l2b.btr, fig3l2b.dat 002 
fig3l2c.rp, fig3l2c.btf rig3l2c.btr, fig3l2c.dat 

6A-52 RIP 5.19 rig3l3a.rp, fig3l3a.btf rig3l3a.btr, fig3l3a.dat M09808SPADNFPU. NQ 
rig3l3b.rp, rig3l3b.btf rig3l3b.btr, fig3l3b.dat 002 
rig3l3c.rp, fig3l3c.btf rig3l3c.btr, fig3l3c.dat 

6A-53 RIP 5.19 catlb.rp, catlb.btf catl b.btr, catl bhst.dat M09808SPADNFPU. NQ 
rig321a.rp, rig321a.btf rg321.btr, rig32f.dat 002 

6A-54 RIP 5.19 fig225.rp, rig225.btf fig225.btr, fig225hs.dat M09808SPADNFPU. NQ 
rig331 c.rp, rig331 c.btf fig331c.btr, rig331c.dat 002 

6A-55 RIP 5.19 catlb.rp, catlb.btf cat I b.btr, catlbhst.dat M09808SPADNFPU. NQ 
fig332c.rp, fig332c.btf rig332c.btr, fig332c.dat 002 

6A-56 catla.rp, catla.btf degrate2.csv M09808SPADNFPU. NQ 
cat4b.rp, cat4b.btf 002 
cat8b.rp, cat8b.btf 
catl2b.rp, catl2b.btf 

6A-57 RIP 5.19 fig342b.rp, rig342b.btf fig342b.btr, fig342b.dat M09808SPADNFPU. NQ 
cat9b.rp - cat9bbtf cat9b.btr, cat9bhst.dat 002 

6A-58 RIP 5.19 rig343.rp, fig343.btf flg343.btr, fig343.dat M09808SPADNFPU. NQ 
catl2b.rp - catl2bbtf catl2b.btr, catl2bhs.dat 002 

6A-59 RIP 5.19 catl b.rp, catl b.btf cat I b.btr, catl hst.dat M09808SPADNFPU. NQ 
flg3511.rp, fig3511.btf fig351 l.btr, fig351 Wat 002 
fig351h.rp, fig351h.btf fig351h.btr, rig351h.dat 

6A-60 RIP 5.19 fig3l-2b.rp, flg3l -1 b.btf rig3l-2b.btr, fig3l2bt.dat M09808SPADNFPU. NQ 
rig3521.rp, fig3521.btf fig3521.btr, rig3521.dat 002 
fig3521.rp, fig352h.btf fig352h.btr, fig352h.dat 

6A-61 RIP 5.19 catib.rp, catlb.btf cat I b.btr, catlbhst.dat M09808SPADNFPU. NQ 
fig3531.rp, fig3531.btf fig3531.btr, fig3531.dat 002 
fig353m.rp, fig353m.btf flg353m.btr, fig353m.dat 
rig353h.rp, fig353h.btf rjg353h.btr, fig353h.dat
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flg362a.rp, rig362a.btf 
flg362c.rp, flg362c.btf 
cat!3brp, catl3b.btf 
flg371a.rp, flg371a.btf 
fig371b.rp, fig371b.btf 
cat I b.rp, cat I b.btf 
figMaxp, fig372a.btf 
rig372b rp, rig372b.btf 
rig225.rp, rig225.btf 
flg381a.rp, flg381a.btf 
cat I b.rp, cat I b.btf 
rig382.rp, fig382.btf

6A-67 1 RIP 5.19

6A-68 

6A-69

RIP 5.19 

RIP 5.19

900-0 1717-4301-00006 REVOO
August 199'

6A-65 

6A-66

6A-62 RIP 5.19 Fig3l-2b.rp, fig3l-lb.btf 
fig3541.rp, flg3541.btf 
rig354m.rp, fig354m.btf 
rig354h.rp, figý54h.btf 
catl3b.rp, catl3b.btf 
rig3551.rp, rig3551.btf 
fig355h.rp, fig355h.btf 
fig361a.rp, fig361a.btf 
flg361c.rp, fig361c.btf

fig3l-2b.btr, fig3l2bt.dat 
fig3541.btr, fig3541.dat 
rig354m.btr, fig354m.dat 
rig354h.btr, flg354h.dat 
catl3b.btr, cat13bhs.dat 
flg3551.btr, fig3551.dat , 
flg355h.btr, fig355h.dat 
flg361a.btr, flg361a.dat 
flg361c.btr, fig361c.dat 
fig3629.btr, flg362a.da-t 
rig362c.btr, fig362c.dat 
catl3b.btr, cat13bhs.dat 
fig371a.btr, flg3719.dat 
fig371 b.btr,, rig371 b.dat 
catl b.btr, catl bhst.dat 
rig372a.btr, rig372a.dat 
fig372b.btr, fig372b.dat 
fig225.btr, fig225hs.dat 
fig381a.btr, flg381a.dat 
catlb.btr, catihst.dat 
flg382.btr, rig382.dat

002 

= M09808SPADNFPU.  M09808SPADNFPU.  
002 

M09808SPXD-NFPU.  
002 
lq0--9808SPADNF-PU.  
002 
M09808SPADNFPU.  
002 

M09808SPADNFPU] 
002 

M09808SPADNFPU.  
002 
M09808SPADNFPU.  
002

NQ 

NQ 

NQ 

NQ 

NQ 

NQ 

NQ 

NO

6A-63 RIP 5.19

6A-64 1 RIP 5.19

RIP .19 

-kip -5.19



fig422ac.btr, rig422ac.dat 
fig422al.btr, figMaktat 
fig422ah.btr, fig422ah.dat

003
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613-3 fig4l.rp, fig4l.btf fig4 I. btr, Q4 Ldat M09808SPADN FPLJ. NQ 
003 

611-4 RI P 5.19 fig42.rl), fig42.btf Q42.10r, fig42.dat M09808SPADNFPU. NQ 
003 

613-5 R I P 5.19 figUac.rp, figUac.btf fig43ac.htr, figUac.dat M09808SPADNFPU. NQ 
fig43b.rp, fig43b.btf figUb.b(r, figUb.dat 003 

613-6 R I P 5.19 fig44.rp, fig44.btf fig44.btr, fig44.dat M09808SPADNFPU. NQ 
figUac.rp, fig43ae.btf figUab.dat (stint of total: 003 
rig43h.rp, fig43b.btf fig,13ac.dat, figUb.clat) 

613-7 RIP 5.19 fig4l.rp, fig4l.btf fig4l.[)tr, fig4l.dat M09808SPAI)NFPIJ. NQ 
figUac.rp, fig,13ac.btf fig43ab.dat (sum of total: 003 
figUb.rp, fig43b.btf fil;43ac.dat, fig43b.dat) 

613-8 RIP 5.19 fig,122ac.rp, fig422ac.b(f Q422ac.btr, fig422ac.dat M09808SPADNFPU. NQ 
fig,122b.rp, fig422b.btf Q422b.btr, fig4221).dat 003 

613-9 RIP 5.19 fig42-3.rp, fig42-3.btf fig42-3.btr, fig42-3.dat M09808SPADNFPL). Q 
003 

613-10 RIP 5.19 base.rp, basc.btf base.btr, bashistr.dat M09808SPADNFPU. NQ 
003 

613-11 111 P 5.19 fig4l.rp, fig4l.btf fig4l.btr, fig4l.dat M09408SPADN FPU. NQ 
fig42.rp, fig42.btf fig42.1)tr, fig42.dat 003 

611-12 RIP 5.19 fig44.rp, fig,14.btf fig44.bir, fig44.dat M09808SPADNIAT. NQ 
figUac.rp, figUac.btf figUab.dat (sum of total: 003 
figUb.rp, fig43b.btf figUac.dat, ligUb.dat)) 

613-13 RIP 5.19 fig42-3.rp, fig42-3.btf fig42-3.btr, fig42-3.dat M09808SPADNFPU. NQ 
figMac.rp, figMac.btf fig422ab.dat (sum of total: 003 
fig422b.rp, fig442b.btf fig422ac.dat, fig422h.dat) 

613-14 RIP 5.19 fig4l.rp, fig4l.btf fig4l.b(r, fig4l.dat M09808SPADNFPI.J. NQ 
fig5I Il.rp, fig5l ll.btf fig5l I l.btr, fig5l I Lclat 003 
fig5l I h.rp, fig5l I h.btf I I ig5l I h.btr, fig5l I Mal

Table D6-3 DataTracking for Figures in Appendix B of Chapter 6

[lip 5.19 fig4l.rp, fig4l.btf 
fig5l2l.rp, fig5l2l.l)tf 
fig5l2h.rp, (ig5l2h.b(f

fig4l.btr, fig4l.dat 
fig5l2l.btr, fig5l2l.dat 
fig5l2h.btr, fig5l2li.dat

M09808SPADNFPU.  
003

6B-16 R I P 5.19 fig,122ac.rp, fig422ac.btf 
fig,122al.rp, fig422a[.btf 
fig422ah.rp, fig422ah.btf

M09868-S-P-,k-DNFPU. 1 NQ



611-17 

613-18

-ffIP -5.19 

--ffIP 5 1-9

rig422ac.rpp,, ig422ae.btf 
rig5l3lc.rp, flg5l3l.btf 
fig5l3h.rp, rig5l3h.btf 
figMac.rp, rig422ac.btf 
flgMag.rp, figMag.btf 
fig531ac.rp, fig531ae.btf 
fig531g.rp, fig531g.btf 
fig4l.rp, rig4l.btf 
fig532.rp, fig5l2.btf

rig422ac.btr, fig422ac.dat 
rig5l3lc.btr, fig5l3l.dat 
rig5l3h.btr, flg5l3h.dat 
fig422ac.btr, flg422ne.dat 
fig422ag.btr, HgMag.dat 
rig531ac.btr, figMac.da.t 
rig531g.btr, fig531g.dat 
rig4l.btr, flg4l.dat 
rig532.btr, figOldat

M09808SPADN 
003 

M09808SPADNFPU.  
003 
M09808SPADNFPU.  
003 
M09808SPADNFPU.  
003

6B-19 RIP 5.19

611-20 1 RIP 5.19 -

100-0 1717-4301-00006 REVOO
August 19911,
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NQ 

NQ 

NQ



TFable D6-4 D~ata Tracking for Figures in Appendix C of Chapter 6

Fig Cdekndi~nt~ ata*rctg i;:-a
__ __ _ __ __ ~ ~ ~__ __ _ __ __ _ __ __ _ _ N iiiberj S atg

11 YJSLem 

Model

Total S~ystem, 
Model f F:1 IM 

'To-tal -System 
Model I FFlIHM 

Total System 
Model

C sI -)-)e, 

I Z Files *

Cas135c6* 
Ui Files"* 
Casl3 56-* 
UZ [-ilcs** 

(I) Case~ee6* 
HIZ Files" 
S7 Files*** 

(2) Casl13 5e6 
HZ Files"* 
SZ Fies (chain B)' 

(I) "Activity vs time tot and 
main isotopes 
03 03 98.xls" 
decayiJN13 

(2) Casc~ee4* 
Caseoee5 * 
('aseOee6 
HZ Fijle"* 
SZ Files*** 

(3) C'as135c4* 
Casl35e5* 
('asl 35e6* 
HZ Files"*

Cias I 35e4.btr 
Calc Ie4.xlIs

(ias13 5e6.btr 
Caic I e6.xls 
(iasI 135e6. htr 
Massrle6b.xls 
auzllfd (# F 6) 

tfase0ee6.htr 

(as 13 Se6.btr 
Mass r Ie6 b xis 

C'ase~ee5.htr 

Case0ee6.btr 

(iaslI 35e4.btr 
CaslI35e5.htr 
Cas I 35e6.htr

MVO4V87M WDRM 1-166 
000) 

M09807MWt)RIPOO.  
000

[300000000-01I71 7-4301-00006 R [WOO 161
August 1998

NQ

-- T6--2 

-(76- 3 

('6-4

NQ 

No

NQ

1)6-13



filename.bak *oI, 

filename.rp 
filename.t04 
fiilename.t08 
filenaine.t 2 
filenaine.t 6 
filename.t20 
filename.t24 
filename.t28 
filename.t32 
filename.t36

V.' I"cluEI, k~ iiniaii reipreseniting t e "I s witn the roiiowing extensions: 
filename.bpf filename.bsr Ifilename.btf 
filename.tOl filename.t02 filename.t03 
f ilename.t05 filename.t06 filename.t07 
fi lename.t09 filename.t 10 filenarne.t I I 
fi lename.t 13 filenanic.t 14 fi lename~t 15 
fl~ename.tI7 filenarne.t 18 filename.t19 
filename.t2 I filenamne.t22 tilename~t23 
filename.t25 filenarne.t26 filename.t27 
filename.t29 filename.t30 filename 13 I 
filename.t33 filename.t34 filename.t35 
filename.t37

**FEIIM particle tracker input files for Unsaturated-zone transport: 
baserun I .dat fehmn.files fmQb.dpdp 
fimQb.rock fmQb.stor fi-Qb.zone 
ffmlOo.ini ffm300.ini ff10500.ini 
ff 1300.ini ff1 500.ini ff21 I00.ini 
ff2500.ini ptrk.expval (used for expected-value runs)

finQb.grid 
fmQb.zone6 
ff 1 100.ini 
ff2300. in

SZ transport input files 
SZConvolute2.dat 

Breakthrough curves files used as input to the SZ Convolute code are in the following form:

)000-0 1 717-4301-00006 REVO0
August 199'(~

C6-5 FEHM97 1001p (I )/base97fqa/ripfehm/inpI. in (1 )/base97/qa/ripfehm/out L.0 M09807MWDOSEII1 NQ 
(2)fehmn.files ut M.000 

RIP 5.19.01 (3)/base97/qa/ripfehm/ripdec (2) ripsp2.dat 
ay.in (3) ripsp3.dat 

(4) ripsp4.dat 
(5) ripsp5.dat 
(6) ripsp6.dat 
(7) ripsp7.dat ___________ 

C6-6 FE-HM97 1001p (I )/base/97/qalripfehm/inp I.i fbase97/qa/ripfehm/out L out M09807MWDOSEHI NQ 
n M.000 
(2) fehmn.files 

nut files Namhiim cter c thkr I'M 11 1:... £I ~ * ____*RIP in

K,



(

SZOAOB.OXXX

A= I through II, represent the 9 radionuclides and the 2 irreversible Pu-239 and Pu-242 radionuclides tracked in the TSPA-VA model.  
Radionuclide Number (A) 

C-14 I 
1-129 2 

Np-237 3 
Pa-231 4 
Pu-239 5 

Pu-239 irreversible 6 
Pu-242 7 

Pu-242 irreversible 8 
Se-79 9 
Tc-99 10 
U-234 I I

B= I through 6 represent the six streamtubes used in the SZ transport 
XXX= Used to represent the realization number 

= I for expected-value runs 
= I through 100 for multiple realization runs

FEHIM input files for SZ transport of decay chain B: Cm245 

Am24 I-> Np237-- U233--- Th229.  

Pu24I 

fehm.files, Idgrid.grid, zone 1.0000, trans_c_B.trac, trac_B.rxn, userc_data.dat_buzl, usercdata.datbuz2, userc_data.datbuz3, 
usercdata.datbuz4, usercdata.dat_buz5, usercdata.dat buz6.  

Table xx Summary of computer codes that comprise the Total System Model

B00000000-0 1717-4301-00006 REVOO
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SFDiss

GLDiss

EDC

FEIIM

SZ_CONVOLUTE

1.0

1.0

1.0

1.2

1.0

Software routine coupled to RIP code to 
calculate Commercial spent nuclear fuel 
dissolution rate 
Software routine coupled to RiP code to 
calculate glass dissolution rate 
Software routine-coupled to RIP code to 
calculate effective diffusion coefficient 
in partially saturated medium 
Particle tracker coupled to RIP for UZ 
transport 

Reactive transport module for simulating 
decay chains with ingrowth used for SZ 
transport 
Software routine coupled to RIP code to 
calculate saturated-zone concentrations 
using saturated-zone unit breakthrough 
curves

000-01717-4301-00006 REV0O
August 1990(



Table 06-5 Data Tracking for Chapter 6 Tables

.rrkllng. Status 

6-4 NA Ref. CRWMS M&O 97b NA NQ 

6-5 NA Re(. Stroup 97 NA NQ 
6-6 ORIGFN2 NQ 

6-7 None No calculations, data from NQ 
Ref.  

6-8 None No calculations, data from NO 
Ref.  

6-9 Lotus123, R5 llydride2.wk4 NQ 
tIydride3.wk4 

6-10 Lotus 123, R5 I lydride I .wk4 NQ 

6-11 Lotus 123, R5 I lsollim.wk4 NQ 

6-12 None No calculations, data from NO 
Ref.  

6-13 Lotus 123, R5 Ilydride3.wk4 NQ 

6-14 Lotus 123, R5 I lydride3.wk4 NQ 

6-15 Lotus123, R,5 Zr oxide.wk4 NQ 

6-16 WAPDEG NQ 

6-17 None No calculations, data from NQ 
Ref.  

6-18 Lotus 123, R5 Matsueo.wk4 NO 
6-19 Lotus 123, R5 Strain.wk4 NO 

6-20 Lotus123, R5 lIe-pres.wk4 NQ 

6-21 LIotus 123, R5 I lydride3.wk4 NO 

6-22 Lotus 123, R5 NQ 

6-23 None No calculations, data from NQ 
Ref.  

6-24 MathCad +, V6 BBA000000-01717-0200- BBA000000-01717-0200- NO 
00054, Rev. 01 00054, Rev. 01 

6-25 Mathlad •, V6 BBAOOOOOO-01717-0200- 1113A000000-01717-0200- NO 
00054, Rev, 01 00054, Rev, 01 

6-26 None No calculations, data from NQ 
Ref. Plotted 

6-27

BOOOOOOO-01717-4301-00006 REVOO [)6-17 August 1998



U',. 7

I r I r

4 1 I 4

T I I I I

6-31 
6-32 NA Ref. CRWMS M&O 95 
6-33 Ref. CRWMS M&O 98 
6-34 AREST-CT 
6-37 DRIPTESTANAL dtanalysis5!atm 103data dtanalysis5!atm 103results TBD NQ 

YSIS V2.0 (MS 
Exce197) 

6-38 DRIPTESTANAL dtanalysis5 !atm 106data dtanalysis5 !atm 106results TBD NQ 
YSIS V2.0 (MS 

Excel97) 
6-39 DRIPTESTANAL dtanalysis5 !atm 103results; dtanalysis5!tspacomparison TBD NQ 

YSIS V2.0 (MS dtanalysis5!atm 106results 
Excel97) 

6-40 None Ref. TSPA-VA TBD Chapter M09807SP NQ 
4, Table 4.5-2 AAREST.00 

0 
6-41 Logkfit * Data0.com.R22a Dataflt.txt M09807SP NQ 

AAREST.00 
0 

6-42 Logkfit * Data0.com.R22a and Datafit.txt M09807SP NQ 
Ref. Nguyen et al. 1992 AAREST.00 

0 
6-43 Hand Calculation Gray et al., 1992 Notes in file M09807SP NQ 

Casas et al., 1994 AAREST.00 
Bruno et al., 1995 0 
Perez et al., 1997 

6-44 Logkfit * Data0.com.R22a Datafit.txt M09807SP NQ 
AAREST.00 
0 

6-45 RADDB Self-Contained Print-out M09807SP NQ 
CDB_R/V I. 1 AAREST.00 

0 

6-46 Total System Case0ee5 Table 6.5-1 M09807M NQ 
Model WDRIP0O.0 

00

000-0 1717-4301-00006 REVOO August 199P(
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( ( 

* The work of fitting equilibrium constants in EQ3/6 database into polynomial functions of temperature was done at Pacific Northwest National Laboratory 

while Yueting Chen worked there from 1994-1997.
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'Fable D6-6 Data Tracking for Chapter 6 Appendix A Tables

1 )00-0 1717-4301-00006 RFV0A

Table Code and VerslOk Input Fllenameý Output Filen me, Data Q 

~., .,~,Tracking statug 
Numiber 

A6-3 
A6-4 
A6-5 
A6-6 
A6-7 
A6-8 
A6-9 
A6-10 
A6-11 
A6-12

August 199"V



Table D6-7 Data Tracking for Chapter 6 Appendix B Tables

B00000000-01717-4301-00006 REVO0 A~gulst 1998D6-21



Table D6-8 Data Tracking for Chapter 6 Appendix C Fables

1 000-01717-4301-00006 REVOO August 1 991


