Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

CONTENTS
Page
2.4 DEMONSTRATION OF COMPLIANCE WITH THE POSTCLOSURE
PUBLIC HEALTH AND ENVIRONMENTAL STANDARDS. ............... 2.4-1
2.4.1 Total System Performance Assessment Model and Summary of
Results . ... 2.4-9
24.1.1 TSPA Method and Approach ............. ... ... ... ... 2.4-10
2.4.1.2  Scenario Classes and Modeling Cases. . ................... 2.4-11
2.4.1.3 TSPA Computational Structure. ... ...................... 2.4-19
24.1.4 Summary of TSPAModel............. .. ... ... ... ... 2.4-22
24.1.5 Summary of TSPA Model Results ....................... 2.4-23
2.4.2 Demonstration of Compliance with the Postclosure Individual
Protection Standard . ....... ... .. .. . .. 2.4-23
2.4.2.1  Scenario Classes and Modeling Cases Used in the
Calculation of Annual Dose .............. ... .. ... ..... 2.4-24
2.4.2.2  Evaluation of Annual Dose to the RMEI with Respect
to the Postclosure Individual Protection Standard. . .......... 2.4-54
2.42.3  Credibility of the TSPAResults ........................ 2.4-106
2.4.3 Demonstration of Compliance with the Individual Protection
Standard for Human Intrusion . ........ ... ... .. ... .. .. .. ... ... 2.4-290
2.4.3.1 TSPA Representation of the Human Intrusion Event . . ... ... 2.4-292
2.4.3.2  Evaluation of the Earliest Occurrence Time of a Human
Intrusion Event ........ .. .. .. .. . 2.4-298
2.43.3  Evaluation of Human Intrusion Dose to RMEIL. .. .......... 2.4-309
2.4.3.4  Credibility of the Human Intrusion Results. . .............. 2.4-319
2.4.4 Analysis of Repository Performance that Demonstrates
Compliance with the Separate Standards for the Protection of
Groundwater. . . ... e 2.4-324
2.4.4.1 Demonstration that the Groundwater Radioactivity
and Doses at Any Year During the Compliance Period
Do Not Exceed the Limits in the Groundwater
Protection Standards ........... ... ... ... . L. 2.4-326
2.4.4.2  Evaluation of Total Dissolved Solids in the Aquifer......... 2.4-334
2.4.43  Physical Dimensions of the Representative Volume
of Groundwater .......... ... ... .. 2.4-335
245 General References. . ... 2.4-338

2.4-1



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

INTENTIONALLY LEFT BLANK

2.4-ii



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-1.
2.4-2.
2.4-3.

2.4-4.
2.4-5.
2.4-6.
2.4-7.

2.4-8.
2.4-9.

2.4-10.
2.4-11.
2.4-12.
2.4-13.
2.4-14.
2.4-15.

2.4-16.

TABLES

Page
TSPA Model Discretization .. ...ttt 2.4-351
Performance Results for Individual Protection Standard . ... .............. 2.4-357
Performance Results for Human Intrusion Standard with Drilling
Event at 200,000 years After Closure. . .......... ..., 2.4-357
Performance Results for Groundwater Protection Standard During
First 10,000 Years After Disposal ............. ... ... ... .o, 2.4-357
Aleatory Uncertainties inthe TSPAModel ............................ 2.4-358
Examples of Epistemic Uncertainties in the TSPA Model. ................ 2.4-359
Effect of Combinations of Scenario Classes on Total Mean Annual
DOSE . 2.4-361
TSPA Model Validation Analyses . ............co ... 2.4-362
Verification of Dynamically-Linked Libraries and Model Abstractions
Usedinthe TSPAModel ........ ... . . 2.4-371
U.S. Department of Energy Spent Nuclear Fuel Categories Analyzed
forthe TSPAModel .. ... .. 2.4-373
Summary of Epistemically Uncertain Variables Considered in the
TSP A, 2.4-374
Summary of Selected Sensitivity Analysis Results ...................... 2.4-403
Limits on Radionuclides in the Representative Volume .................. 2.4-405
Conversion Factors (Sv/yr per Bq/m3) for Calculating Annual
Beta-Gamma Dose from Drinking 2 Liters of WaterperDay . ............. 2.4-406
Data Table Showing Calculation of Mean and Standard Deviation of
Gross Alpha Concentration. . . ...ttt 2.4-410
Summary of Alpha Concentration Results in Amargosa Valley
Groundwater . . . ... .o 2.4-414

2.4-iii



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

INTENTIONALLY LEFT BLANK

2.4-1v



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-1.

2.4-2.
2.4-3.

2.4-4.
2.4-5.
2.4-6.

2.4-7.
2.4-8.

2.4-9.

2.4-10.

2.4-11.

2.4-12.

2.4-13.

2.4-14.

2.4-15.

2.4-16.

FIGURES

Page
Schematic Representation of the Development of the TSPA Model,
Including the Nominal, Early Failure, Igneous, and Seismic Scenario
Classes, as Well as the Human Intrusion Scenario. .. .................... 2.4-415
TSPA Principal Model Components and Submodels. .................... 2.4-416
Schematic of the Five Repository Percolation Subregions and the
Implementation of the Engineered Barrier System Representation in
the TSPA Model Involving Discretizations of the Submodels by
Waste Type, Percolation Subregion, and Seepage Environment .. .......... 2.4-417
TSPA Model Components for the Early Failure Scenario Case. ............ 2.4-418
TSPA Model Components for the Igneous Intrusion Modeling Case . .. ... .. 2.4-419
TSPA Model Components for the Volcanic Eruption Modeling
A, o et 2.4-420
TSPA Model Components for the Seismic Scenario Class ................ 2.4-421

Computational Strategy for Computing the Expected Annual Dose

and Associated Summary Metrics for the 10,000-Year Seismic

Ground Motion Modeling Case . ...t .. 2.4-422
Computational Strategy for Computing The Total Expected Annual

Dose (Expectation Over Aleatory Uncertainty) as a Sum of

Expected Annual Doses for Each Event Scenario Class (or Each

Modeling Case). . ... oo v e 2.4-423
Distribution of Total Expected Annual Dose for (a) 10,000 Years
and (b) 1 Million Years after Repository Closure ....................... 2.4-424

Distribution of Expected Annual Dose for the Human Intrusion

Modeling Case for the Post-10,000 Year Period after Permanent

Closure, with Drilling Intrusion Event at 200,00 Years................... 2.4-425
Activity Concentrations for Total Radium (**Ra and ?**Ra) in

Groundwater, Excluding Natural Background, for 10,000 Years

after Repository Closure. . ...ttt 2.4-426
Summary Statistics for Activity Concentration of Gross Alpha

(Including ??°Ra but Excluding Radon and Uranium) in Groundwater

for 10,000 Years after Repository Closure. . ............ .. ..., 2.4-427
Summary Statistics for Annual Drinking Water Doses for Combined

Beta and Photon Emitting Radionuclides for 10,000 Years after

Repository Closure . . . ... 2.4-428
Sets of Futures or Event Classes Associated with Disruptive Events:

Igneous (Red), Seismic (Blue), and Early Failure (Purple) Event

ClaSSES . v vttt 2.4-429
Sets of Disjoint Scenario Classes or Subsets Associated with

Igneous, Seismic, and Early-Failure Events for the 10,000-Year

Postclosure Period: Nominal, Seismic, Igneous, Early-Failure,

Seismic/Igneous, Seismic/Early-Failure, Igneous/Early-Failure,

and Seismic/Igneous/Early-Failure. . . ...... ... .. ... . ... .. . ... 2.4-430

2.4-v



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

2.4-17.

2.4-18.

2.4-19.

2.4-20.

2.4-21.

2.4-22.

2.4-23.

2.4-24.

2.4-25.

2.4-26.

2.4-217.

2.4-28.

2.4-29.

2.4-30.

FIGURES (Continued)

Page
Sets of Disjoint Scenario Classes or Subsets Associated with
Igneous, Seismic, and Early-Failure Events for the Post-10,000-Y ear
Period: Nominal-Seismic, Igneous, Early-Failure, and
Igneous/Early-Failure Scenario Classes . . ................coiiiiinn... 2.4-431
Relative Contributions of Modeling Cases to Total Mean Annual
Dose for (a) 10,000 Years and (b) 1 Million Years after Repository
ClosUre . . ..o 2.4-432
Expected Fraction of (a) Codisposal Waste Packages Failed and
(b) Commercial SNF Waste Packages Failed by Seismic Damage
for Percolation Subregion 3 ...... .. ... .. .. ... 2.4-433
Contribution of Individual Radionuclides to Total Mean Annual
Dose for (a) 10,000 Years and (b) 1 Million Years after Repository
Closure . .. ..ot 2.4-434
Radioactive Decay Series of the Actinide Elements ..................... 2.4-435
(a) Distribution of Expected Annual Dose for the Nominal Modeling
Case for 1 Million Years after Repository Closure and
(b) Contribution of Individual Radionuclides to Mean Annual Dose
for the Nominal Modeling Case for 1 Million Years after
Repository Closure . . . ...t e e 2.4-436
Spatially Averaged Waste Package Outer Barrier Thicknesses for
1 Million Years for (a) Commercial SNF Waste Packages and

(b) Codisposal Waste Packages ............ ..., 2.4-437
Histogram of Drip Shield Failure for the Nominal and Seismic
Ground Motion Modeling Cases. . . ..ottt 2.4-438

Distribution of Expected Annual Dose for the Seismic Ground

Motion Modeling Case for (a) 10,000 Years and (b) 1 Million

Years after Repository Closure. . ......... ... ... 2.4-439
Contribution of Individual Radionuclides to Mean Annual Dose for

the Seismic Ground Motion Modeling Case for (a) 10,000 Years

and (b) 1 Million Years after Repository Closure ....................... 2.4-440
Distribution of Expected Annual Dose for the Seismic Fault

Displacement Modeling Case for (a) 10,000 Years and

(b) 1 Million Years after Repository Closure. . ......................... 2.4-441
Contribution of Individual Radionuclides to Mean Annual Dose for

the Seismic Fault Displacement Modeling Case for (a) 10,000

Years and (b) 1 Million Years after Repository Closure .................. 2.4-442
Distribution of Expected Annual Dose for the Igneous Intrusion

Modeling Case for (a) 10,000 Years and (b) 1 Million Years after

Repository Closure . . . ... i 2.4-443
Contribution of Individual Radionuclides to Mean Annual Dose for

the Igneous Intrusion Modeling Case for (a) 10,000 Years and

(b) 1 Million Years after Repository Closure. . ......................... 2.4-444

2.4-vi



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-31.

2.4-32.

2.4-33.

2.4-34.

2.4-35.

2.4-36.

2.4-37.

2.4-38.

2.4-39.

2.4-40.

2.4-41.

2.4-42.

2.4-43.

FIGURES (Continued)

Page
Distribution of Expected Annual Dose for the Volcanic Eruption
Modeling Case for (a) 10,000 Years and (b) 1 Million Years after
Repository Closure . . . ... 2.4-445
Contribution of Individual Radionuclides to Mean Annual Dose for
the Volcanic Eruption Modeling Case for (a) 10,000 Years and
(b) 1 Million Years after Repository Closure. . ......................... 2.4-446
Distribution of Expected Annual Dose for the Drip Shield Early
Failure Modeling Case for (a) 10,000 Years and (b) 1 Million
Years after Repository Closure. . ......... ... ... 2.4-447
Contribution of Individual Radionuclides to Mean Annual Dose for
the Drip Shield Early Failure Modeling Case for (a) 10,000 Years
and (b) 1 Million Years after Repository Closure ....................... 2.4-448
Distribution of Expected Annual Dose for the Waste Package Early
Failure Modeling Case for (a) 10,000 Years and (b) 1 Million
Years after Repository Closure. . ......... ... ... 2.4-449
Contribution of Individual Radionuclides to Mean Annual Dose for
the Waste Package Early Failure Modeling Case for (a) 10,000
Years and (b) 1 Million Years after Repository Closure .................. 2.4-450
Stability of Nominal Modeling Case: (a) Comparison of Expected
Annual Dose for Three Replicates and (b) Confidence Interval

around Mean Annual Dose . . ....... ... . 2.4-451
Uncertainty in Expected Annual Dose for the Nominal Modeling
Case Using Latin Hypercube Sampling Sizes of 300 and 1,000 ............ 2.4-452

Stability of Waste Package Early Failure Modeling Case for 20,000

Years, (a) Comparison of Expected Annual Dose Statistics for

Three Replicates and (b) Confidence Interval around Mean Annual

DOSE . . 2.4-453
Stability of Waste Package Early Failure Modeling Case for

1 Million Years, (a) Comparison of Expected Annual Dose

Statistics for Three Replicates and (b) Confidence Interval around

Mean Annual Dose . . ... o 2.4-454
Stability of Drip Shield Early Failure Modeling Case for 20,000

Years, (a) Comparison of Expected Annual Dose Statistics for

Three Replicates and (b) Confidence Interval around Mean Annual

DOSE . 2.4-455
Stability of Drip Shield Early Failure Modeling Case for

1 Million Years: (a) Comparison of Expected Annual Dose for

Three Replicates and (b) Confidence Interval around Mean Annual

DOSE . .o 2.4-456
Stability of Igneous Intrusion Modeling Case for 20,000 Years:

(a) Comparison of Expected Annual Dose for Three Replicates

and (b) Confidence Interval around Mean Annual Dose .. ................ 2.4-457

2.4-vii



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

2.4-44.

2.4-45.

2.4-46.

2.4-47.

2.4-48.

2.4-49.

2.4-50.

2.4-51.

2.4-52.

2.4-53.

2.4-54.

2.4-55.

2.4-56.

2.4-57.

2.4-58.

FIGURES (Continued)

Page
Stability of Igneous Intrusion Modeling Case for 1 Million Years:
(a) Comparison of Expected Annual Dose for Three Replicates and
(b) Confidence Interval around Mean Annual Dose. . .................... 2.4-458
Stability of Volcanic Eruption Modeling Case for 20,000 Years:
(a) Comparison of Expected Annual Dose for Three Replicates and
(b) Confidence Interval around Mean Annual Dose. . .................... 2.4-459
Stability of Volcanic Eruption Modeling Case for 1 Million Years:
(a) Comparison of Expected Annual Dose for Three Replicates and
(b) Confidence Interval around Mean Annual Dose. . .................... 2.4-460
Stability of Seismic Ground Motion Modeling Case for 20,000
Years: (a) Comparison of Expected Annual Dose for Three
Replicates and (b) Confidence Interval around Mean Annual Dose . ........ 2.4-461
Stability of Seismic Ground Motion Modeling Case for 1 Million
Years: (a) Comparison of Expected Annual Dose for Three
Replicates and (b) Confidence Interval around Mean Annual Dose . ........ 2.4-462
Stability of Seismic Fault Displacement Modeling Case for 20,000
Years: (a) Comparison of Expected Annual Dose for Three
Replicates and (b) Confidence Interval around Mean Annual Dose . ........ 2.4-463
Stability of Seismic Fault Displacement Modeling Case for
1 Million Years: (a) Comparison of Expected Annual Dose for
Three Replicates and (b) Confidence Interval around Mean Annual
DOSe . o 2.4-464
Stability of Total Mean Annual Dose 20,000 Years: (a) Comparison
of Expected Annual Dose for Three Replicates and (b) Confidence
Interval around Mean Annual Dose .. ............ ... ... ... 2.4-465
Stability of Total Mean Annual Dose for 1 Million Years:
(a) Comparison of Expected Annual Dose for Three Replicates and
(b) Confidence Interval around Mean Annual Dose. ..................... 2.4-466
Stability of Total Mean Annual Dose for 20,000 Years, (a) Using
Bootstrap Simulation for TSPA Model v5.000 and (b) Using
Bootstrap Simulation for TSPA Model v5.005 ......................... 2.4-467
Stability of Total Mean Annual Dose for 1 Million Years, (a) Using
Bootstrap Simulation for TSPA Model v5.000 and (b) Using
Bootstrap Simulation for TSPA Model v5.005 ......................... 2.4-468
Expected Annual Dose over 20,000 Years for Seismic Ground
Motion Modeling Case Considering Additional Specified Event

Times and Damage Fractions . .. ......... ... .. ... . iiiiiinnnan... 2.4-469
Expected Annual Dose for 1 Million Years from Seismic Ground

Motion for Aleatory Sample Sizes of 30and 90 ............... ... .. .... 2.4-470
Expected Annual Dose over 20,000 Years for the Igneous Intrusion

Modeling Case Considering Additional Specified Event Times ............ 2.4-471
Expected Annual Dose over 1 Million Years for Igneous Intrusion

Modeling Case Considering Additional Specified Event Times ............ 2.4-472

2.4-viii



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-59.

2.4-60.

2.4-61.

2.4-62.

2.4-63.

2.4-64.

2.4-65.

2.4-66.

2.4-67.

2.4-68.

2.4-69.

2.4-70.

FIGURES (Continued)

Page
Expected Annual Dose over 1 Million Years for Volcanic Eruption
Modeling Case Using Aleatory Latin Hypercube Sample Size of 40
and 80 . . .. 2.4-473
Expected Annual Dose for Volcanic Eruption Modeling Case
Considering Additional Specified Event Times over (a) 20,000 Years
and (b) 1,000 Years. . .. ..ottt e 2.4-474
Expected Annual Dose over 20,000 Years for Seismic Fault
Displacement Modeling Case Considering Additional Specified Event
Times and Damage Areas. .. ..ottt 2.4-475
Expected Annual Dose from the 300 Epistemic Uncertainty Vectors
along with Their Quantiles and Expected Dose from Epistemic
Uncertainty Vector 286 for the Nominal Modeling Case for the
1-Million-Year Period after Repository Closure ........................ 2.4-476
Contribution of Individual Radionuclides to Expected Annual Dose for
Realization 286 of the Nominal Modeling Case for the 1-Million-Year
Period after Repository Closure . ........ ... .. .. 2.4-477
Number of (a) Codisposal Waste Package Failures and (b) Commercial
SNF Waste Package Failures by Percolation Subregion for Realization
286 of the Nominal Modeling Case for the 1-Million-Year Period after
Repository Closure . . ... ..ot 2.4-478
Average Failure Area Per Failed Waste Package for (a) Codisposal
Waste Packages and (b) Commercial SNF Waste Packages by
Percolation Subregion for Realization 286 of the Nominal Modeling
Case for the 1-Million-Year Period after Repository Closure .............. 2.4-479
Release Rates of '?°I from the Waste Form, Engineered Barrier System,
Unsaturated Zone, and Saturated Zone for Realization 286 of the
Nominal Modeling Case for the 1-Million-Year Period after Repository
Closure . .. ..o 2.4-480
Release Rates of '3°Cs from the Waste Form, Engineered Barrier
System, Unsaturated Zone, and Saturated Zone for Realization 286 of
the Nominal Modeling Case for the 1-Million-Year Period after
Repository Closure . . ... ..ot 2.4-481
Release Rates of 2*?Pu (Dissolved and Reversibly Associated with
Colloids) from the Waste Form, Engineered Barrier System,
Unsaturated Zone, and Saturated Zone for Realization 286 of the
Nominal Modeling Case for the 1-Million-Year Period after Repository
CLOSUTE . . . oot 2.4-482
Diffusive and Advective Release Rates of '?°I from the Codisposal and
Commercial SNF Waste Packages for Realization 286 of the Nominal
Modeling Case for the 1-Million-Year Period after Repository Closure. . .. .. 2.4-483
Diffusive and Advective Release Rates of >**Pu (Dissolved and
Reversibly Associated with Colloids) from the Codisposal and
Commercial SNF Waste Packages for Realization 286 of the Nominal
Modeling Case for the 1-Million-Year Period after Repository Closure. . . . .. 2.4-484

2.4-1x



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

2.4-71.

2.4-72.

2.4-73.

2.4-74.

2.4-75.

2.4-76.

2.4-77.

2.4-78.

2.4-79.

2.4-80.

2.4-81.

FIGURES (Continued)

Page
Fraction of '2°I Mass Going to Unsaturated Zone Fractures at the
Repository Horizon for Realization 286 of the Nominal Modeling Case
for the 1-Million-Year Period after Repository Closure. .. ................ 2.4-485
Fraction of 24’Pu (Dissolved and Reversibly Associated with Colloids)
Mass Going to Unsaturated Zone Fractures at the Repository Horizon
for Realization 286 of the Nominal Modeling Case for the
1-Million-Year Period after Repository Closure ........................ 2.4-486
Mean Annual Dose for Aqueous 2**Pu and Slow and Fast Fractions of
Irreversibly Sorbed Colloidal #’Pu for Realization 286 of the Nominal
Modeling Case for the 1-Million-Year Period after Repository Closure. . . ... 2.4-487
Expected Annual Dose from the 300 Epistemic Uncertainty Vectors
Along With Their Quantiles and Expected Dose from Epistemic
Uncertainty Vector 155 for the Seismic Ground Motion Modeling
Case for the 10,000-Year Period after Repository Closure ................ 2.4-488
Annual Dose from the Set of Aleatory Vectors Associated with the
Epistemic Vector 155 for the Seismic Ground Motion Modeling Case
for the 10,000-Year Period after Repository Closure. .................... 2.4-489
Annual Dose along with Major Radionuclide Dose Contributors for
Realization 4,628 of the Seismic Ground Motion Modeling Case for
the 10,000-Year Period after Repository Closure. .. ..................... 2.4-490
Codisposal Waste Package Failure History in all Five Percolation
Subregions for Both Seeping and Nonseeping Environments for
Realization 4,628 of the Seismic Ground Motion Modeling Case for
the 10,000-Year Period after Repository Closure. . ...................... 2.4-491
Diffusive Release Rates of **Tc from Codisposal Waste Packages from
Each Percolation Subregion for Realization 4,628 of the Seismic
Ground Motion Modeling Case for the 10,000-Year Period after
Repository Closure . . . ... e e 2.4-492
Diffusive Release Rates of: 7Se from Codisposal Waste Packages
from Each Percolation Subregion for Realization 4,628 of the Seismic
Ground Motion Modeling Case for the 10,000-Year Period after
Repository Closure . . ... ..ot 2.4-493
Mass flux of *°Tc and from the EBS for Percolation Subregion 3 for
both Seeping and Nonseeping Environments for Realization 4,628 of the
Seismic Ground Motion Modeling Case for the 10,000-Y ear Period
after Repository Closure. . ...t 2.4-494
Comparison of Dissolved Concentration of **Tc from the Various
Engineered Barrier System Transport Domains and Fraction of HLW
Degraded for Codisposal Percolation Subregion 3, Nonseeping
Environment for Realization 4,628 of the Seismic Ground Motion
Modeling Case for the 10,000-Year Period after Repository Closure . . ... ... 2.4-495

2.4-x



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-82.

2.4-83.

2.4-84.

2.4-85.

2.4-86.

2.4-87.

2.4-88.

2.4-89.

2.4-90.

2.4-91.

2.4-92.

2.4-93.

FIGURES (Continued)

Page
Comparison of Diffusive Releases of ®Tc from the Various Engineered
Barrier System Transport Domains for Codisposal Percolation
Subregion 3, Nonseeping Environment for Realization 4,628 of the
Seismic Ground Motion Modeling Case for the 10,000-Year Period
after Repository Closure. . ... i 2.4-496
Fraction of *Tc Mass Going to Unsaturated Zone Fractures as
Compared to the Unsaturated Zone Matrix at the Repository Horizon
for Realization 4,628 of the Seismic Ground Motion Modeling Case
for the 10,000-Year Period after Repository Closure. . ................... 2.4-497
Fraction of 7°Se Mass Going to Unsaturated Zone Fractures as
Compared to the Unsaturated Zone Matrix at the Repository Horizon
for Realization 4,628 of the Seismic Ground Motion Modeling Case
for the 10,000-Year Period after Repository Closure. . ................... 2.4-498
Cumulative Release of **Tc from Various Model Domains for
Realization 4,628 of the Seismic Ground Motion Modeling Case for
the 10,000-Year Period after Repository Closure. . ...................... 2.4-499
Cumulative Release of 7Se from Various Model Domains for
Realization 4,628 of the Seismic Ground Motion Modeling Case for
the 10,000-Year Period after Repository Closure. . ...................... 2.4-500
Comparison of Saturated Zone Breakthrough Curves for ®Tc and
Se for All Four Saturated Zone Regions for Realization 4,628 of the
Seismic Ground Motion Modeling Case for the 10,000-Year Period
after Repository Closure. . .......... . 2.4-501
Saturated Zone Release to the Biosphere for **Tc and 7°Se for
Realization 4,628 of the Seismic Ground Motion Modeling Case for
the 10,000-Year Period after Repository Closure. .. ..................... 2.4-502
Expected Annual Dose from the 300 Epistemic Uncertainty Vectors
Along with Their Quantiles, and Expected Dose from Epistemic
Uncertainty Vector #1535, for the Seismic Ground Motion Modeling
Case for the 1-Million-Year Period after Repository Closure .............. 2.4-503
Annual Dose from the 30 Aleatory Vectors (Seismic Event Sequences)
Associated with the Epistemic Uncertainty Vector 155 for the Seismic
Ground Motion Modeling Case for the 1-Million-Year Period after
Repository Closure . . . ...t e e 2.4-504
Total Annual Dose along with Major Radionuclide Dose Contributors
for Realization 4,641 of the Seismic Ground Motion Modeling Case
for the 1-Million-Year Period after Repository Closure. .. ................ 2.4-505
Number of Seismic Events and the Peak Ground Velocity Time History
for Realization 4,641 of the Seismic Ground Motion Modeling Case
for the 1-Million-Year Period after Repository Closure. . ................. 2.4-506
Failure Fraction for the Drip Shield Plate and Framework and the
Fraction of the Collapsed Drift Filled with Rubble (Lithophysal Zone)
for Realization 4,641 of the Seismic Ground Motion Modeling Case
for the 1-Million-Year Period after Repository Closure. .. ................ 2.4-507

2.4-x1



DOE/RW-0573, Rev. 0

Yucca Mountain Repository SAR

2.4-94.

2.4-95.

2.4-96.

2.4-97.

2.4-98.

2.4-99.

2.4-100.

2.4-101.

2.4-102.

FIGURES (Continued)

Codisposal Waste Package Failure for Each Percolation Subregions
for Both Seeping and Nonseeping Environments for Realization 4,641
of the Seismic Ground Motion Modeling Case for the 1-Million-Year
Period after Repository Closure . ............ ... ... ... ... ......
Commercial SNF Waste Package Failure for Each Percolation
Subregion for Both Seeping and Nonseeping Environments for
Realization 4,641 of the Seismic Ground Motion Modeling Case for
the 1-Million-Year Period after Repository Closure ...............
Codisposal Waste Package Opening Area after Failure from Cracks
and Patches for Percolation Subregion 3 for Realization 4,641 of the
Seismic Ground Motion Modeling Case for the 1-Million-Year Period
after Repository Closure. . ............ ...
Commercial SNF Waste Package Opening Area after Failure from
Cracks and Patches for Percolation Subregion 3 for Realization 4,641
of the Seismic Ground Motion Modeling Case for the 1-Million-Year
Period after Repository Closure . ............ ... ... ... ... ... ...
Mean Waste Package Outer Barrier Thicknesses and Waste Package
Failure Fractions for Percolation Subregion 3 for Realization 4,641

of the Seismic Ground Motion Modeling Case for the 1-Million-Year
Period after Repository Closure . .......... ... ..o,
Diffusive Release Rates of: (a) Tc and (b) 2**Pu (Dissolved and
Reversibly Associated with Colloids) from Codisposal Waste Packages
from each Percolation Subregion for Realization 4,641 of the Seismic
Ground Motion Modeling Case for the 1-Million-Year Period after
Repository Closure . . ...t
Dissolved Concentration of *’Pu in the Corrosion Products Domain
Compared to the Sorbed Concentration on Corrosion Products for
Codisposal Waste Packages in Percolation Subregion 3 Seeping
Environment for Realization 4,641 of the Seismic Ground Motion
Modeling Case for the 1-Million-Year Period after Repository Closure
Diffusive Release Rates of: (a) *°Tc and (b) 2**Pu (Dissolved and
Reversibly Associated with Colloids) from Commercial SNF Waste
Packages from Each Percolation Subregion for Realization 4,641 of
the Seismic Ground Motion Modeling Case for the 1-Million-Year
Period after Repository Closure . .......... .. ... i,
Comparison of >*?Pu Cumulative Mass Released from the Inventory,
Mass Sorbed on Corrosion Products, and the Dissolved Concentration
in the Corrosion Products Domain for Commercial SNF Waste
Packages in Percolation Subregion 3 Seeping Environment for
Realization 4,641 of the Seismic Ground Motion Modeling Case for
the 1-Million-Year Period after Repository Closure ...............

Page

...... 2.4-508

...... 2.4-509

...... 2.4-510

...... 2.4-511

...... 2.4-512

...... 2.4-513

..... 2.4-514

...... 2.4-515

...... 2.4-516

2.4-xii



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-103.

2.4-104.

2.4-105.

2.4-106.

2.4-107.

2.4-108.

2.4-109.

2.4-110.

2.4-111.

2.4-112.

2.4-113.

2.4-114.

FIGURES (Continued)

Page
pH and Ionic Strength Profiles in the Corrosion Products Domain for
Commercial SNF Waste Packages in Percolation Subregion 3 Seeping
Environment for Realization 4,641 of the Seismic Ground Motion
Modeling Case for the 1-Million-Year Period after Repository Closure. . . ... 2.4-517
Concentration of 2*?Pu in the Corrosion Products Domain for
Commercial SNF and Codisposal Waste Packages for Percolation
Subregion 3, Seeping Environment for Realization 4,641 of the Seismic
Ground Motion Modeling Case for the 1-Million-Year Period after
Repository Closure . . . ... it 2.4-518
Concentration of Various Colloids in the Corrosion Products Domain
for Commercial SNF and Codisposal Waste Packages for
Percolation Subregion 3, Seeping Environment for Realization 4,641
of the Seismic Ground Motion Modeling Case for the 1-Million-Year
Period after Repository Closure . ...........c. ... 2.4-519
Engineered Barrier System Release Rates from Commercial SNF
and Codisposal Waste Packages (All Percolation Subregions) for
Realization 4,641 of the Seismic Ground Motion Modeling Case for
the 1-Million-Year Period after Repository Closure ..................... 2.4-520
Fraction of 24?Pu Mass Going into Unsaturated Zone Fractures at the
Repository Horizon for Realization 4,641 of the Seismic Ground
Motion Modeling Case for the 1-Million-Year Period after Repository
Closure . .. ..o 2.4-521
Cumulative Mass Release of *Tc and 2#*Pu from the Engineered
Barrier System, Unsaturated Zone, and Saturated Zone for Realization
4,641 of the Seismic Ground Motion Modeling Case for the
1-Million-Year Period after Repository Closure ........................ 2.4-522
Comparison of Saturated Zone Breakthrough Curves for ®Tc and
242py for All Four Saturated Zone Source Regions for Realization
4,641 of the Seismic Ground Motion Modeling Case for the
1-Million-Year Period after Repository Closure ........................ 2.4-523
Saturated Zone Release to the Biosphere for **Tc and ?4?Pu for
Realization 4,641 of the Seismic Ground Motion Modeling Case for
the 1-Million-Year Period after Repository Closure ..................... 2.4-524
Comparison of Statistics for Total Expected Annual Dose over
between TSPA Model v5.000 and TSPA Model v5.005 (a) 20,000

Years and (b) 1 Million Years after Repository Closure .................. 2.4-525
Information Transfer between Model Components and Submodels of
the TSPA Nominal ScenarioClass. . ............ ... ... ... 2.4-526

Repository Percolation Subregions Used in the TSPA Model (Based
upon the 10th Percentile Percolation Flux Case, Glacial-Transition

CHmate) . ...t 2.4-527
Information Transfer between the Model Components and Submodels
of the TSPA Early Failure ScenarioClass . ............................ 2.4-528

2.4-xiii



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

2.4-115.

2.4-116.

2.4-117.

2.4-118.

2.4-119.

2.4-120.

2.4-121.

2.4-122.

2.4-123.

2.4-124.

2.4-125.

2.4-126.

2.4-127.

2.4-128.

2.4-129.

FIGURES (Continued)

Page
Information Transfer between the Model Components and Submodels
of the TSPA Igneous Intrusion Modeling Case ......................... 2.4-529
Information Transfer between the Model Components and Submodels
of the TSPA Volcanic Eruption Modeling Case. . .. ..................... 2.4-530
Information Transfer between the Model Components and Submodels
of the TSPA Seismic Scenario Class . ..............coiiininenan .. 2.4-531

Comparison of the 23’Np Breakthrough Curve Using the SZ Convolute

Dynamic Link Library in the Verification of the Three-Dimensional

Saturated Zone Flow and Transport Abstraction ........................ 2.4-532
Verification of the Dissolved and Colloidal Radionuclide Transport

within the Engineered Barrier System Transport Submodel for the Case

with Advection and Diffusion. . ......... ... ... . i 2.4-533
Verification of the Dissolve and Colloidal Radionuclide Transport

within the Engineered Barrier System Transport Submodel for the Case

with DiffusionOnly . ....... .. ... . 2.4-534
Comparison of the Diffusive Flux of *Tc across the Engineered Barrier
System—Unsaturated Zone Interface for Different Placement Locations

of an Effective Zero-Concentration Boundary below the Invert ............ 2.4-535
Expected Annual Dose from Early Failed Waste Packages for

Base-Case and 20-Year Timestep Schemes .. .......................... 2.4-536
Expected Annual Dose from Igneous Intrusion for Base-Case and

Alternate Timestep Schemes, for Five Epistemic Realizations . ............ 2.4-537
Annual Dose from a Seismic Ground Motion Event at 1,000 Years

with Damage Fraction Equal to 1075, for Three Timestep Schemes .. ....... 2.4-538

Comparison of the Representative and Comprehensive Thermal

Hydrologic Data Sets for Engineered Barrier System Releases of *°Tc,

1291, and 2*°Pu for the Drip Shield Early Failure Modeling Case,

10th Percentile Infiltration Scenario, Low Host-Rock Thermal

Conductivity, Percolation Subregion 3. .......... ... ... ... ... .. .... 2.4-539
Comparison of the Representative and Comprehensive Thermal

Hydrologic Data Sets for Time when the Commercial SNF Waste

Package Temperature Drops Below Boiling for the Drip Shield Early

Failure Modeling Case, 10th Percentile Percolation Flux, Low

Host-Rock Thermal Conductivity, Percolation Subregion3 ............... 2.4-540
Comparison of Mean Annual Dose for a Single Commercial SNF

Waste Package and a Single Waste Package with a Naval Source

Term for the Drip Shield Early Failure Modeling Case . . ................. 2.4-541
Comparison of Mean Annual Dose for a Single Commercial SNF

Waste Package and Single Waste Package with a Naval Source Term

for the Igneous Intrusion ModelingCase . . ............................ 2.4-542
Comparison of the Weighted Sum (Weighted by the Number of

Packages per Category) of the Dose from One Waste Package Failure

of Categories 2 to 11 DOE SNF with One Waste Package Failure

of DOE SNF Surrogate and Revision 1 DOE SNF Surrogate .. ............ 2.4-543

2.4-xiv



Yucca Mountain Repository SAR

DOE/RW-0573, Rev. 0

2.4-130.

2.4-131.

2.4-132.

2.4-133.

2.4-134.

2.4-135.

2.4-136.

2.4-137.

2.4-138.

2.4-139.

FIGURES (Continued)

Comparison of Spent Fuel Degradation Rates for Categories 2 to 11,
Air Alteration Rates for Categories 5 and 7, and Category 7 Bounding

Page

Surface Area of DOE SNF . . . ..o 2.4-544

(a) Total Mean Annual Dose and Mean Annual Dose for Individual
Radionuclides for the Simplified TSPA Analysis Waste Package Early
Failure Modeling Case and (b) Time-Slice Comparison of the Simplified
TSPA Analysis Results against the TSPA Model Results for the Waste

Package Early Failure ModelingCase .. ............ .. ... .. .. .. .... 2.4-545

(a) Total Mean Annual Dose and Mean Annual Dose for Individual
Radionuclides for the Simplified TSPA Analysis Nominal Modeling
Case and (b) Time-Slice Comparison of the Simplified TSPA Analysis
Results against the TSPA Model Results for the Nominal Modeling

a8 ottt 2.4-546

Comparison of (a) the EPRI Performance Assessment Waste Package
and Drip Shield Probability of Failure with (b) the TSPA Nominal

Scenario Class Waste Package and Drip Shield Probability of Failure . . . . ... 2.4-547

Comparison of (a) the Mean Annual Doses for the EPRI Performance
Assessment Nominal Scenario with (b) the Mean Annual Doses for the
Combined TSPA Nominal Modeling Case and TSPA Waste Package

Early Failure Modeling Case . .......... ... . .. 2.4-548

Comparison of Total Mean Annual Dose for TSPA Model Version
5.000, Version 5.005, and the Performance Margin Analysis for:

(a) 10,000 Years and (b) 1 Million Years after Repository Closure. . ........ 2.4-549

Comparison of Ash Fall at Cerro Negro with ASHPLUME Simulated

Results. . ... 2.4-550

Ilustration of Uncertainty and Sensitivity Analysis Results for
Time-Dependent Number of Failed Commercial SNF Waste Packages
in Percolation Subregion 3 for the Nominal Modeling Case:

(a) NCSFL for All (i.e., 300) Sample Elements, (b) Partial Rank
Correlation Coefficients for NCSFL, (c) Stepwise Rank Regressions
for NCSFL at 600,000, 800,000, and 1 Million Years, and

(d, e) Scatterplots for (WDGA22, NCSFL) at 600,000 and 1 Million

Y CaTS . o o et 2.4-551

Dose to RMEI (DOSTOT, mrem/yr) for All Radioactive Species for
the Nominal Modeling Case: (a) DOSTOT for All (i.e., 300) Sample
Elements, (b) DOSTOT for First 50 Sample Elements, and (c) Partial

Rank Correlation Coefficients for DOSTOT. . .. ........................ 2.4-552

Stepwise Rank Regression Analyses and Selected Scatterplots for
Dose to RMEI (DOSTOT, mrem/yr) for All Radioactive Species for
the Nominal Modeling Case: (a) Regressions for DOSTOT at 400,000,
600,000, and 800,000 Years, and (b, c, d, e) Scatterplots for

DOSTOT at 600,000 Years . . . .ottt e e ettt e e e 2.4-553

2.4-xv



DOE/RW-0573, Rev. 0

Yucca Mountain Repository SAR

2.4-140.

2.4-141.

2.4-142.

2.4-143.

2.4-144.

2.4-145.

2.4-146.

2.4-147.

FIGURES (Continued)

Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 20,000 Year]
for All Radioactive Species for the Early Drip Shield Failure Modeling
Case: (a) EXPDOSE for All (i.e., 300) Sample Elements,

(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank

Page

Correlation Coefficients for EXPDOSE . . . . ... ... 2.4-554

Stepwise Rank Regression Analyses and Selected Scatterplots and
Boxplots for Expected Dose to RMEI (EXPDOSE, mrem/yr) over

[0, 20,000 Year] for All Radioactive Species for the Early Drip Shield
Failure Modeling Case: (a) Regressions for EXPDOSE at 3,000,
5,000, and 10,000 Years, and (b, c, d) Scatterplots and Boxplots for

EXPDOSE at 10,000 Years. . . ...ttt e e 2.4-555

Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 1,000,000
Year] for All Radioactive Species for the Early Drip Shield Failure
Modeling Case: (a) EXPDOSE for all (i.e., 300) Sample Elements,
(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank

Correlation Coefficients for EXPDOSE . . . . ... i, 2.4-556

Stepwise Rank Regression Analyses and Selected Scatterplots and
Boxplots for Expected Dose to RMEI (EXPDOSE, mrem/yr) over
[0, 1,000,000 Year] for All Radioactive Species for the Early Drip
Shield Failure Modeling Case: (a) Regressions for EXPDOSE at

50,000, 200,000, and 500,000 Years, and (b, ¢, d) Scatterplots and

Boxplots for EXPDOSE at 500,000 Years . ... ..., 2.4-557

Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 20,000 Year]
for All Radioactive Species for the Early Waste Package Failure
Modeling Case: (a) EXPDOSE for All (i.e., 300) Sample Elements,
(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank

Correlation Coefficients for EXPDOSE . . .. ... ... 2.4-558

Stepwise Rank Regression Analyses and Selected Scatterplots and
Boxplots for Expected Dose to RMEI (EXPDOSE, mrem/yr) over
[0, 20,000 Year] for All Radioactive Species for the Early Waste
Package Failure Modeling Case: (a) Regressions for EXPDOSE at
3,000, 5,000, and 10,000 Years, and (b,c,d) Scatterplots and

Boxplots for EXPDOSE at 10,000 Years .. .......oovvninennnnenenen .. 2.4-559

Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 1,000,000
Year] for All Radioactive Species for the Early Waste Package Failure
Modeling Case: (a) EXPDOSE for All (i.e., 300) Sample Elements,
(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank

Correlation Coefficients for EXPDOSE . . . . ... .. 2.4-560

Stepwise Rank Regression Analyses and Selected Scatterplots and
Boxplots for Expected Dose to RMEI (EXPDOSE, mrem/yr) over
[0, 1,000,000 Year] for All Radioactive species for the Early Waste
Package Failure Modeling Case: (a) Regressions for EXPDOSE at
50,000, 200,000, and 500,000 Years, and (b,c,d) Scatterplots and

Boxplots for EXPDOSE at 500,000 Years . ..........covuininninenan .. 2.4-561

2.4-xvi



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-148.

2.4-149.

2.4-150.

2.4-151.

2.4-152.

2.4-153.

2.4-154.

2.4-155.

FIGURES (Continued)

Page
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 20,000 Year]
for All Radioactive Species for the Seismic Ground Motion Modeling
Case: (a) EXPDOSE for All (i.e., 300) Sample Elements,
(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank
Correlation Coefficients for EXPDOSE . . .. ... ... 2.4-562
Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 20,000
Year] for All Radioactive Species for the Seismic Ground Motion
Modeling Case: (a) Regressions for EXPDOSE at 3000, 5000, and
10,000 Years, and (b,c,d) Scatterplots for EXPDOSE at 10,000
Y AL . .ttt 2.4-563
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 1,000,000
Year] for All Radioactive Species for the Seismic Ground Motion
Modeling Case: (a) EXPDOSE for All (i.e., 300) Sample Elements,
(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank
Correlation Coefficients for EXPDOSE . .. ........ ... .. 2.4-564
Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 1,000,000
Year] for All Radioactive Species for the Seismic Ground Motion
Modeling Case: (a) Regressions for EXPDOSE at 50,000, 200,000,
and 500,000 Years, and (b,c,d) Scatterplots for EXPDOSE at
500,000 Years. ... ooo ittt 2.4-565
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 20,000 Year]
for All Radioactive Species Summed over All Modeling Cases:
(a) EXPDOSE for All (i.e., 300) Sample Elements, (b) EXPDOSE for
First 50 Sample Elements, and (c) Partial Rank Correlation Coefficients
for EXPDOSE . . . . o 2.4-566
Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to the RMEI (EXPDOSE, mrem/yr) over [0, 20,000
Year] for All Radioactive Species Summed over All Modeling Cases:
(a) Regressions for EXPDOSE at 3,000, 5,000, and 10,000 Years,
and (b,c,d) Scatterplots for EXPDOSE at 10,000 Years. .................. 2.4-567
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 1,000,000
Year] for All Radioactive Species Summed over All Modeling Cases:
(a) EXPDOSE for All (i.e., 300) Sample Elements, (b) EXPDOSE
for First 50 Sample Elements, and (c) Partial Rank Correlation
Coefficients for EXPDOSE. . . ... ... .. e 2.4-568
Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to RMEI (EXPDOSE, mrem/yr) over [0, 1,000,000
Year] for all Radioactive Species Summed over All Modeling Cases:
(a) Regressions for EXPDOSE at 50,000, 200,000, and 500,000
Years, and (b,c,d) Scatterplots for EXPDOSE at 500,000 Years ............ 2.4-569

2.4-xvii



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

2.4-156.

2.4-157.

2.4-158.

2.4-159.

2.4-160.

2.4-161.

2.4-162.

2.4-163.

2.4-164.

2.4-165.

2.4-166.

2.4-167.

2.4-168.

FIGURES (Continued)
Page
Example of a Latin Hypercube Sampling of Size N, ;;3 = 10 from
Variables U and ¥ with U Normal on [-1, 1] (Mean =0, 0.01
Quantile = —1, 0.99 Quantile = 1) and V Triangular on [0, 4]
(Mode = 1) . oo 2.4-570
TSPA Model Components for the Human Intrusion Modeling Case. . . ... ... 2.4-571
Information Transfer between the Model Components and Submodels
of the TSPA Human Intrusion Scenario. ............. ... ..., 2.4-572

Contribution of Individual Radionuclides to Mean Annual Dose for the

Human Intrusion Modeling Case for the Post-10,000 Year Period

after Permanent Closure, with Drilling Intrusion Event at 200,000 Years. . . . . 2.4-573
Stability of Human Intrusion Modeling Case for 1 Million Years,

(a) Comparison of Expected Annual Dose Statistics for Three

Replicates and (b) Confidence Interval around Mean Annual Dose . ........ 2.4-574
Expected Annual Dose over 1 Million Years for the Human Intrusion
Modeling Case Considering Increased Aleatory Sample Size.............. 2.4-575

Expected Annual Dose from the 300 Epistemic Uncertainty Vectors

along with Their Quantiles and Expected Dose from Epistemic

Uncertainty Vector 277 for the Human Intrusion Modeling Case for

the 1-Million-Year Period after Repository Closure ..................... 2.4-576
Annual Dose from the 30 Aleatory Vectors Associated with the

Epistemic Vector 277 for the Human Intrusion Modeling Case for the 1

-Million-Year Period after Repository Closure ......................... 2.4-577
Annual Dose along with Major Radionuclide Dose Contributors for

Realization 8,309 of the Human Intrusion Modeling Case for the

1-Million-Year Period after Repository Closure ........................ 2.4-578
Commercial SNF Waste Package Failure along with the Cumulative

Release of *Tc and >*?Pu from the Inventory for Percolation

Subregion 4 for Realization 8,309 of the Human Intrusion Modeling

Case for the 1-Million-Year Period after Repository Closure . ............. 2.4-579
Advective and Diffusive Release Rates of *Tc from Waste Form and

Corrosion Products Domain for Failed Commercial SNF Waste

Packages for Realization 8,309 of the Human Intrusion Modeling Case

for the 1-Million-Year Period after Repository Closure. .. ................ 2.4-580
Advective and Diffusive Release Rates of 2#2Pu (Aqueous) from

Waste Form and Corrosion Products Domain and 2*?Pu (Irreversibly

Sorbed on Iron Oxyhydroxide Colloids) from Corrosion Products

Domain for Failed Commercial SNF Waste Packages for Realization

8,309 of the Human Intrusion Modeling Case for the 1-Million-Year

Period after Repository Closure . .. .......... ... i, 2.4-581
Dissolved Concentration of 4’Pu in the Waste Form and Corrosion

Products Domains, the Plutonium Solubility in Respective Domains,

and Concentration of 24?Pu Irreversibly Sorbed on Iron Oxyhydroxide

Colloids for Realization 8,309 of the Human Intrusion Modeling Case

for the 1-Million-Year Period after Repository Closure. . ................. 2.4-582

2.4-xviil



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4-169.

2.4-170.

2.4-171.

2.4-172.

2.4-173.

2.4-174.

2.4-174.

2.4-175.

FIGURES (Continued)

Page
Comparison of ®Tc Release from Waste Package, Unsaturated Zone
Borehole, and Saturated Zone for Realization 8,309 of the Human
Intrusion Modeling Case for the 1-Million-Year Period after
Repository Closure . . . ...t e e 2.4-583
Comparison of 2*?Pu (Dissolved and Reversibly Associated with
Colloids) Release from Waste Package, Unsaturated Zone Borehole,
and Saturated Zone for Realization 8,309 of the Human Intrusion
Modeling Case for the 1-Million-Year Period after Repository Closure. . . . .. 2.4-584
Cumulative Release Comparison of *°Tc, 24’Pu (Aqueous), and **Pu
(Irreversibly Sorbed on Colloids) from Waste Package, Unsaturated
Zone Borehole, and Saturated Zone for Realization 8,309 of the
Human Intrusion Modeling Case for the 1-Million-Year Period after
Repository Closure . . . ......o i e e 2.4-585
Saturated Zone Release Rates to the Biosphere for *Tc, 24?Pu
(Aqueous), 2*?Pu (Irreversibly Sorbed on Colloids that Travel Slowly
due to Retardation), and >**Pu (Irreversibly Sorbed on Colloids that
Travel Fast Due to No Retardation) for Realization 8,309 of the
Human Intrusion Modeling Case for the 1-Million-Year Period after
Repository Closure . . . ...t e e 2.4-586
Expected Dose to the RMEI (EXPDOSE, mrem) over [200,000,
220,000 Year] Resulting from a Human Intrusion Event at 200,000
Years: (a) EXPDOSE for all (i.e., 300) sample elements,
(b) EXPDOSE for First 50 Sample Elements, and (c) Partial Rank
Correlation Coefficients for EXPDOSE . .. ........ .. .coiiiiiineiin... 2.4-587
Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to the RMEI (EXPDOSE, mrem) over [200,000,
220,000 Year] Resulting from a Human Intrusion Event at 200,000
Years: (a) Regressions for EXPDOSE at 201,000, 203,000 and
205,000 Years, (b,c,d) Scatterplots for EXPDOSE at 201,000 Years,
and (e, f, g) Scatterplots for EXPDOSE at 205,000 Years . ................ 2.4-588
Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to the RMEI (EXPDOSE, mrem) over [200,000,
220,000 Year] Resulting from a Human Intrusion Event at 200,000
Years: (a) Regressions for EXPDOSE at 201,000, 203,000 and
205,000 Years, (b,c,d) Scatterplots for EXPDOSE at 201,000
Years, and (e, f, g) Scatterplots for EXPDOSE at 205,000 Years
(Continued) . . ..ot 2.4-589
Expected Dose to RMEI (EXPDOSE, mrem/yr) over 220,000,
1 Million Year] Resulting from Human Intrusion at 200,000 Years:
(a) EXPDOSE for All (i.e., 300) Sample Elements, (b) EXPDOSE
for First 50 Sample Elements, and (c) Partial Rank Correlation
Coefficients for EXPDOSE. . . . .. .. e 2.4-590

2.4-xix



DOE/RW-0573, Rev. 0

Yucca Mountain Repository SAR

2.4-176.

2.4-177.

2.4-178.

2.4-179.

2.4-180.

2.4-181.

FIGURES (Continued)

Stepwise Rank Regression Analyses and Selected Scatterplots for
Expected Dose to RMEI (EXPDOSE, mrem) over [220,000,
1,000,000 Year] Resulting from a Human Intrusion Event at

200,000 Years: (a) Regressions for EXPDOSE at 240,000, 500,000
and 760,000 Years, and (b, c, d, e) Scatterplots for EXPDOSE at
500,000 Years. . ...oov ittt
Histograms of Gross Alpha Concentration in Groundwater near
YuccaMountain . . ...t
Contributions of the Modeling Cases to the Mean Combined ?°Ra
and ?*®Ra Activity Concentration in Groundwater, Excluding Natural
Background, for 10,000 Years after Repository Closure . ..........
Contributions of the Modeling Cases to the Mean Gross Alpha
Activity Concentrations (Including **°Ra but Excluding Radon and
Uranium) in Groundwater for 10,000 Years after Repository Closure
Mean Annual Beta-Photon Dose for All Organs, Including the Whole
Body, for (a) 10,000 Years after Disposal and (b) Detail for 8,000 to
10,000 Years after Disposal . .......... ... ... ... ... .. .. ...
Contributions of Modeling Cases to the (a) Whole Body Dose and
(b) Thyroid for 10,000 Years after Repository Closure .. ..........

Page

....... 2.4-591

....... 2.4-592

....... 2.4-593

....... 2.4-594

....... 2.4-595

....... 2.4-596

2.4-xx



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

2.4 DEMONSTRATION OF COMPLIANCE WITH THE POSTCLOSURE PUBLIC
HEALTH AND ENVIRONMENTAL STANDARDS

The purpose of this section is to demonstrate compliance with postclosure public health and
environmental standards specified in proposed 10 CFR 63.303 (70 FR 53313). Proposed 10 CFR
63.303 states as follows:

(a) Compliance is based upon the arithmetic mean of the projected doses
from DOE performance assessments for the period within 10,000 years after
disposal for:

(1) § 63.311(a)(1); and

(2) §§ 63.321(b)(1) and 63.331, if performance assessment is used to
demonstrate compliance with either or both of these sections.

(b) Compliance is based upon the median of the projected doses from DOE’s
performance assessments for the period after 10,000 years of disposal and
through the period of geologic stability for:

(1) § 63.311(a)(2); and

(2) § 63.321(b)(2), if performance assessment is used to demonstrate
compliance.

As discussed in proposed 10 CFR 63.303, there are three quantitative public health requirements for
demonstrating postclosure compliance and safety: (1) the individual protection standard after
permanent closure in the absence of human intrusion, defined at proposed 10 CFR 63.311; (2) the
individual protection standard for human intrusion, defined at proposed 10 CFR 63.321; and (3) the
separate standards for protection of groundwater, defined at 10 CFR 63.331. The two individual
protection standards apply to the 10,000 year and post-10,000-year time frames (the period of
geologic stability up to 1 million years after permanent closure), whereas the groundwater
protection standard only applies to the first 10,000 years after permanent closure of the repository.
All three standards are addressed in this section in the preceding order.

Consistent with the limits on performance assessment at proposed 10 CFR 63.342, separate
performance assessments have been prepared for each of the three quantitative standards. As used
throughout this section, “performance assessment” refers both in a general sense to the full suite of
information used to develop the compliance analyses, including the evaluation and screening of
potentially relevant features, events, and processes (FEPs) (described in Section 2.2) and the
development of models from available data for specific processes (Section 2.3), and in a narrower
sense, to the individual analyses conducted with the total system model to satisfy the specific
requirements of the three different postclosure standards. The term “total system performance
assessment,” or “TSPA,” is also used throughout this section and refers more narrowly to the model,
analyses, and codes used to estimate overall performance. “TSPA model” refers to the
computational tool (which is a suite of coupled software codes and associated pre- and
post-processors), and associated input files, used to conduct the analyses needed to satisfy the
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performance objectives established in 10 CFR 63.113 and the three performance assessments
required by proposed 10 CFR 63.342.

In this introductory subsection, the quantitative standards for individual protection are used to
illustrate the basic concepts underlying the performance assessments that the U.S. Department of
Energy (DOE) must address. Proposed 10 CFR 63.311 requires:

(a) DOE must demonstrate, using performance assessment, that there is a
reasonable expectation that the reasonably maximally exposed individual
receives no more than the following annual dose from releases from the
undisturbed Yucca Mountain disposal system:

(1) 0.15 mSv (15 mrem) for 10,000 years following disposal; and

(2) 3.5 mSv (350 mrem) after 10,000 years, but within the period of geologic
stability.

(b) DOE’s performance assessment must include all potential environmental
pathways of radionuclide transport and exposure.

As required in proposed 10 CFR 63.303, compliance with these requirements shall be based on the
mean of projected doses for the period within 10,000 years after disposal and on the median of
projected doses during the period of geologic stability after 10,000 years (i.e., until 1,000,000 years
after permanent closure). Demonstration of compliance with this standard requires appropriate
consideration of three concepts introduced in proposed 10 CFR 63.311(a): performance assessment,
reasonable expectation, and the reasonably maximally exposed individual (RMEI). The first two
concepts, performance assessment and reasonable expectation, share a common focus on risk. As
stated in NUREG-1804, Section 2.2.1, “The U.S. Department of Energy performance assessment is
a systematic analysis that answers the risk triplet questions: what can happen; how likely is it to
happen; and what are the consequences.” To understand how risk information is applied within the
performance assessment, it is important to first consider the U.S. Nuclear Regulatory Commission
(NRC) definition of performance assessment.

Application of Risk Information in the Performance Assessment—The NRC defines
performance assessment at 10 CFR 63.2 as modified in proposed 10 CFR 63.2 (70 FR 55313):

Performance assessment means an analysis that:
(1) Identifies the features, events, processes (except human intrusion), and

sequences of events and processes (except human intrusion) that might affect
the Yucca Mountain disposal system and their probabilities of occurring;
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(2) Examines the effects of those features, events, processes and sequences of
events and processes upon the performance of the Yucca Mountain disposal
system; and

(3) Estimates the dose incurred by the reasonably maximally exposed
individual, including the associated uncertainties, as a result of releases
caused by all significant features, events, processes, and sequences of events
and processes, weighted by their probability of occurrence.

This definition of performance assessment directly incorporates the questions of the risk triplet.
Specifically, the 10 CFR 63.2 reference to “Identifies features, events, processes” corresponds to the
first of the risk triplet questions and “Identifies... their probabilities of occurring” corresponds to
the second of the risk triplet questions. Similarly, the 10 CFR 63.2 reference to “Examines the
effects of those features, events, processes” and “Estimates the dose incurred by the reasonably
maximally exposed individual” correspond to the third risk triplet question.

The role of risk information in the performance assessment is stated in NUREG-1804,
Section 2.2.1:

Because the performance assessment encompasses such a broad range of
issues, the staff needs to use risk information throughout the review process.
Using risk information will ensure the review focuses on those items most
important to waste isolation.

Section 2.2.1 requires the staff to apply risk information throughout the
review of the performance assessment. First, the staff reviews the barriers
important to waste isolation in Section 2.2.1.1. The U.S. Department of
Energy must identify the important barriers (engineered and natural) of the
performance assessment, describe each barrier’s capability, and provide the
technical basis for that capability. This risk information describes the U.S.
Department of Energy understanding of each barrier's capability to prevent or
substantially delay the movement of water or radioactive materials. Staff
review of the U.S. Department of Energy performance assessment-first the
barrier analysis and later the rest of the performance assessment-considers
risk insights from previous performance assessments conducted for the
Yucca Mountain site, detailed process modeling efforts, laboratory and field
experiments, and natural analog studies. ... The emphasis placed on particular
parts of the staff review will change based on changes to the risk insights....

Section 2.1 (Tables 2.1-1,2.1-2,2.1-3, and 2.1-4) provides risk information regarding the FEPs that
have been evaluated for inclusion in the TSPA. The FEPs marked “Processes and Characteristics
that are Important to the Capability of the Barrier” are those considered to be most important to the
capability of the barriers to prevent or reduce the rate of movement of water or radionuclides from
the repository to the accessible environment, or to prevent or substantially reduce the rate of
radionuclide release from the waste. The entire set of FEPs evaluated for consideration in the TSPA
1s identified in Section 2.2, Table 2.2-1.
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Reasonable expectation is defined by the NRC at 10 CFR 63.304 as follows:

Reasonable expectation means that the Commission is satisfied that
compliance will be achieved based upon the full record before it.
Characteristics of reasonable expectation include that it:

(1) Requires less than absolute proof because absolute proof is impossible to
attain for disposal due to the uncertainty of projecting long-term
performance;

(2) Accounts for the inherently greater uncertainties in making long-term
projections of the performance of the Yucca Mountain disposal system;

(3) Does not exclude important parameters from assessments and analyses
simply because they are difficult to precisely quantify to a high degree of
confidence; and

(4) Focuses performance assessments and analyses on the full range of
defensible and reasonable parameter distributions rather than only upon
extreme physical situations and parameter values.

This principle of reasonable expectation is applied in the context of the risk triplet and in the
context of using a risk-informed approach to demonstrating public health and safety. In particular,
FEPs that are judged to be very unlikely to occur or to have insignificant effects on consequence
are omitted from the performance assessment, as described in Section 2.2. Conservative models
and assumptions are, in many cases, used to evaluate FEPs for exclusion from the TSPA and are
also used in the treatment of some of the components of the TSPA, as described in the various
parts of Section 2.3. NRC guidance on the use of conservatism in this context is set forth in
NUREG-1804, Section 2.2.1:

In many regulatory applications, a conservative approach can be used to
decrease the need to collect additional information or to justify a simplified
modeling approach. Conservative estimates for the dose to the reasonably
maximally exposed individual may be used to demonstrate that the proposed
repository meets U.S. Nuclear Regulatory Commission regulations and
provides adequate protection of public health and safety...The total system
performance assessment is a complex analysis with many parameters, and the
U.S. Department of Energy may use conservative assumptions to simplify its
approaches and data collection needs. However, a technical basis that
supports the selection of models and parameter ranges or distributions must
be provided. The staff evaluation of the adequacy of technical bases
supporting models and parameter ranges or distributions will consider
whether the approach results in calculated doses that would overestimate,
rather than underestimate, the dose to the reasonably maximally exposed
individual. ...
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Conservatisms in the TSPA model are described in Section 2.4.2.3.2.3.2.4, including discussions of
the most important conservatisms from a risk-informed perspective. The known risk-significant
nonconservatisms, based on various reviews of the TSPA model and its precursors
(Section 2.4.2.3.2.3.4), were addressed during revision of the underlying submodels that comprise
the TSPA model, to help ensure that the resulting dose is not underestimated. The combined effect
of risk-significant conservatisms on the dose to the RMEI is addressed with the Performance
Margin Analysis (PMA), which in conjunction with various other analyses, is used to build
confidence in the TSPA model (Section 2.4.2.3.2.3). Additional risk insights regarding the
important FEPs and parameters in the TSPA are provided in Section 2.4.2.3.3, which describes the
results of a series of analyses on the sensitivity of the annual dose curve to various abstractions and
parameters.

Uncertainty in the analyses and dose calculations could be considered a “fourth” question in
addition to the risk triplet, stated as follows:

(iv) What is the uncertainty (or equivalently, how much confidence can be
placed) in the answers to the first three questions of the risk triplet?

The importance of this fourth question is acknowledged in the 10 CFR 63.2 definition of
performance assessment, which says that a “performance assessment means an analysis
that...estimates the dose incurred by the reasonably maximally exposed individual, including the
associated uncertainties....” In addition, the 10 CFR 63.304 definition of reasonable expectation
implicitly refers to this fourth question in the statements: “Accounts for the inherently greater
uncertainties in making long-term projections...” and “Focuses performance assessments and
analyses on the full range of defensible and reasonable parameter distributions...” Analysis of
uncertainty is also described as one of the seven requirements for performance assessment at
proposed 10 CFR 63.114(a)(2): “Any performance assessment used to demonstrate compliance
with 10 CFR 63.113 for 10,000 years after disposal must...account for uncertainties and variabilities
in parameter values, for 10,000 years after disposal, and provide for the technical basis for
parameter ranges, probability distributions, or bounding values used in the performance
assessment.” How uncertainty is folded into the conceptual structure of the TSPA analyses, and how
the fourth question is answered for component models, is explained in the relevant sections of
Section 2.3, and in more detail with respect to TSPA in Sections 2.4.1 and 2.4.2, which show how
the computational structure of the TSPA model is built around separation of uncertainties into two
key types: aleatory (irreducible) and epistemic (reducible).

Types of Uncertainty Considered in the TSPA—Uncertainties are inherent in projections into
the future of the geologic and environmental conditions surrounding the Yucca Mountain
repository (see, for example, “Effects of Uncertainty” in the proposed U.S. Environmental
Protection Agency (EPA) rule, 40 CFR Part 197, at 70 FR 49014). Because of these intrinsic
uncertainties, estimates of future doses to the RMEI are also uncertain. Assessment of total system
performance during the period of geologic stability must take these uncertainties into account. In
addition, the discussion of the quantitative estimates of this performance (e.g., estimates of mean
annual dose) will include information regarding the impacts of these uncertainties on those
estimates—see Section 2.4.2.2.1, which addresses NUREG-1804, Section 2.2.1.4.1.3, Acceptance
Criterion 2(2), and Section 2.4.2.3.3, which addresses NUREG-1804, Section 2.2.1.4.1.3,
Acceptance Criterion 3(3).
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The TSPA separates quantitative uncertainty in model inputs into two categories: aleatory
uncertainty and epistemic uncertainty. Aleatory uncertainty primarily refers to the inherent
uncertainty regarding the timing and magnitude of future events that could affect the repository and
the impact of these events on repository performance. Because aleatory uncertainty cannot be
reduced by the acquisition of additional data or knowledge, this kind of uncertainty is also referred
to as irreducible uncertainty. Examples of aleatory uncertainty considered in the TSPA include the
time and amplitude of seismic ground motion events, the occurrence of igneous events, and the
location and number of early failures of waste packages and drip shields due to undetected
manufacturing or emplacement defects.

The other important type of uncertainty is called epistemic uncertainty and stems from a lack of
knowledge about a parameter or a probability distribution that is believed to be fixed (or
deterministic). Sources of epistemic uncertainties include incomplete data, estimates based upon
expert judgment, and measurement errors. Unlike aleatory uncertainty, epistemic uncertainty is
potentially reducible with additional data and knowledge. In the TSPA model, epistemic quantities
are generally inputs to specific submodels, with the submodels having been developed to use single
values for these quantities. A particular epistemic quantity can be a parameter that characterizes a
probability distribution (e.g., the mean value of the fracture permeability distribution used to
calculate drift seepage), a field of values selected from alternative sets (e.g., the flow field in the
unsaturated zone), or a measured parameter that characterizes a physical-chemical process (e.g., the
temperature dependency of general corrosion of Alloy 22 (UNS N06022) or the unsaturated-zone
fracture frequency).

Definition of the RMEI—The final concept mentioned above with respect to proposed 10 CFR
63.311 is the concept of the RMEI, which is defined at 10 CFR 63.312:

The reasonably maximally exposed individual is a hypothetical person who
meets the following criteria:

(a) Lives in the accessible environment above the highest concentration of
radionuclides in the plume of contamination;

(b) Has a diet and living style representative of the people who now reside in
the Town of Amargosa Valley, Nevada. DOE must use projections based
upon surveys of the people residing in the Town of Amargosa Valley,
Nevada, to determine their current diets and living styles and use the mean
values of these factors in the assessments conducted for [proposed 10 CFR]
63.311 and [proposed 10 CFR] 63.321;

(c) Uses well water with average concentrations of radionuclides based on an
annual water demand of 3,000 acre-feet;

(d) Drinks 2 liters of water per day from wells drilled into the ground water at
the location specified in paragraph (a) of this section; and

(e) Is an adult with metabolic and physiological considerations consistent
with present knowledge of adults.

2.4-6



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

The accessible environment above the highest concentration of radionuclides in the plume of
contamination mentioned in 10 CFR 63.312, or the point of compliance for calculating dose with
respect to the postclosure individual protection, human intrusion, and groundwater protection
standards, is based on the definition of the controlled area in 10 CFR 63.302. Consistent with the
regulatory definition at 10 CFR 63.302, the DOE has defined the southern boundary of the
controlled area as extending to 36° 40" 13.6661” north latitude, approximately 18 km from the
repository footprint in the predominant direction of groundwater flow (GI Section 1.1).

Organization of Section 2.4—Results and analyses in Section 2.4 are derived in large part from
Total System Performance Assessment Model/Analysis for the License Application (SNL 2008a).
Section 2.4 is arranged to correspond to the acceptance criteria and their associated subcriteria in
the three subsections of NUREG-1804, Section 2.2.1.4. However, Section 2.4 contains four, rather
than three, major subsections because the first subsection, Section 2.4.1, summarizes the TSPA
method and approach and the structure of the TSPA model, which provides the context for the
detailed quantitative demonstration of compliance with postclosure public health and
environmental standards described in the next three sections. Section 2.4.1 also provides a
high-level summary of the TSPA results for all three applicable public and environmental health
standards. Section 2.4.2 addresses quantitative requirements relating to the postclosure individual
protection standard contained in proposed 10 CFR 63.311 by demonstrating the ability of the
repository to limit radiological exposures to the RMEI for the period after permanent repository
closure. Section 2.4.3 addresses quantitative requirements relating to the individual protection
standard for human intrusion in proposed 10 CFR 63.321 by demonstrating the ability of the
repository to limit radiological exposure to the RMEI for the period after permanent closure in the
event of human intrusion into the Engineered Barrier System (EBS). Lastly, Section 2.4.4
addresses the quantitative requirements relating to the separate standards for the protection of
groundwater contained in 10 CFR 63.331 by demonstrating the ability of the repository to limit
releases of radionuclides into the accessible environment.
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The information provided in this section is cross-referenced below to the corresponding current or
proposed regulatory requirements and applicable acceptance criteria from NUREG-1804.

Proposed
10 CFR Part 63
SAR Section Information Category Reference NUREG-1804 Reference
2.4 Demonstration of Compliance with the | 63.21(c)(11)2 Section 2.2.1.2.1.3:
Postclosure Public Health and 63.21(c)(12)? Acceptance Criterion 3
Environmental Standards 63.21(c)(13)2 Section 2.2.1.3.1.3:
63.21(c)(15)2 Acceptance Criterion 1(2)
63.1132 Section 2.2.1.3.2.3:
63.114 Acceptance Criterion 1(3)
63.303 Section 2.2.1.3.3.3:
63.305 Acceptance Criterion 1(2)
63.311 Acceptance Criterion 1(5)
63.3122 Acceptance Criterion 1(7)
63.321 Section 2.2.1.3.4.3:
63.3222 Acceptance Criterion 1(2)
63.3312 Section 2.2.1.3.5.3:
63.3322 Acceptance Criterion 1(3)
63.342 Section 2.2.1.3.6.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.7.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.8.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.9.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.14.3:
Acceptance Criterion 1(3)
Section 2.2.1.4.1.3:
Acceptance Criterion 1
Acceptance Criterion 2
Acceptance Criterion 3
Section 2.2.1.4.2.3:
Acceptance Criterion 1
Acceptance Criterion 2
Acceptance Criterion 3
Section 2.2.1.4.3.3:
Acceptance Criterion 1
Acceptance Criterion 2
Acceptance Criterion 3
241 Total System Performance 63.303 Not applicable
Assessment Model and Summary of 63.1132
Results 63.114
63.311
63.321
63.3312
63.342
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Proposed
10 CFR Part 63
SAR Section Information Category Reference NUREG-1804 Reference
242 Demonstration of Compliance with the | 63.21(c)(11)? Section 2.2.1.2.1.3:
Postclosure Individual Protection 63.21(c)(15)? Acceptance Criterion 3
Standard 63.113(b)? Section 2.2.1.3.1.3:
63.114 Acceptance Criterion 1(2)
63.303 Section 2.2.1.3.2.3:
63.305 Acceptance Criterion 1(3)
63.311 Section 2.2.1.3.3.3:
63.3122 Acceptance Criterion 1(2)
63.342 Acceptance Criterion 1(5)
Acceptance Criterion 1(7)
Section 2.2.1.3.4.3:
Acceptance Criterion 1(2)
Section 2.2.1.3.5.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.6.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.7.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.8.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.9.3:
Acceptance Criterion 1(3)
Section 2.2.1.3.14.3:
Acceptance Criterion 1(3)
Section 2.2.1.4.1.3:
Acceptance Criterion 1
Acceptance Criterion 2
Acceptance Criterion 3
243 Demonstration of Compliance with the | 63.21(c)(13)? Section 2.2.1.4.2.3:
Individual Protection Standard for 63.21(c)(15)? Acceptance Criterion 1
Human Intrusion 63.113(d)? Acceptance Criterion 2
63.114 Acceptance Criterion 3
63.303
63.321
63.3222
63.342
244 Analysis of Repository Performance 63.21(c)(12)2 Section 2.2.1.4.3.3:
that Demonstrates Compliance with 63.113(c)? Acceptance Criterion 1
the Separate Standards for the 63.114 Acceptance Criterion 2
Protection of Groundwater 63.303 Acceptance Criterion 3
63.3312
63.3322
63.342
NOTE: 2Not changed by the proposed rule.

24.1 Total System Performance Assessment Model and Summary of Results

This section briefly summarizes the method and approach of the DOE performance assessment,
including a description of the scenario classes, major components and associated submodels of the
TSPA model, and an introduction to the modeling cases that are used to compute the annual dose
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(SNL 2008a). It also briefly summarizes the quantitative results of the performance assessment.
More detail on scenario classes and modeling cases may be found in Sections 2.2 and 2.4.2.1. Also,
detailed information about the abstractions that form the basis of the TSPA model components and
submodels is described in Section 2.3. Details about the implementation of the various abstractions
for the TSPA model components and submodels, as well as the flow of information and coupling
between model components and submodels, may be found in Section 2.4.2.3.2.1. A short discussion
at the end of this section introduces the TSPA computational structure, including the rationale for
separation of aleatory and epistemic uncertainties. This section concludes with a summary of the
results of the performance assessment, which demonstrates compliance with the applicable
postclosure public health and environmental standards at proposed 10 CFR 63.311, proposed
63.321, and 63.331.

24.1.1 TSPA Method and Approach

The TSPA model incorporates and integrates models describing the characteristics, features and
processes associated with the three barriers (Upper Natural Barrier, EBS, and Lower Natural
Barrier). Sections 2.1.1 and 2.1.2 contain a description of these three barriers, and a summary of the
associated features and processes. Section 2.3 provides a much more in-depth description of the
various physical phenomena, thermal-hydrologic-chemical-mechanical couplings, and modeling
abstractions for these features and processes (as well as the likely and unlikely disruptive events
associated with the Yucca Mountain site). The TSPA approach combines these underlying
abstractions in such a way that it incorporates the estimated ranges of uncertainty in the parameter
distributions, model abstractions, and disruptive events and then propagates this uncertainty into
estimates of the annual dose.

The TSPA model was built expressly to evaluate the Yucca Mountain repository system in
accordance with the requirements of proposed 10 CFR Part 63. The first step in building the model,
consistent with the definition of performance assessment in proposed 10 CFR 63.2 and
requirements in proposed 10 CFR 63.114(a)(4) to (6), is to identify the FEPs that could be important
to repository performance. As specified in the proposed 10 CFR 63.342, the performance
assessments for the human intrusion and groundwater protection standards do not include
consideration of unlikely FEPs (those with a greater than one chance in 10,000 of occurring in
10,000 years but less than a one chance in 10 of occurring in 10,000 years). However, the
performance assessment for the individual protection standard includes both likely and unlikely
FEPs, and only excludes very unlikely FEPs (those with less than one chance in 10,000 of occurring
in 10,000 years) or those with low consequence (proposed 10 CFR 63.114(a)(4) to (6)).
Furthermore, the TSPA model and associated performance assessment described in this section
expressly follow the requirements in proposed 10 CFR 63.342(c) by projecting the continued effects
of the 10,000-year screened-in FEPs through the period of geologic stability (up to 1,000,000 years
after permanent closure), and including the effects of seismic events, igneous events, climate
change, and general corrosion beyond 10,000 years.

The TSPA is built upon FEPs that have been identified and screened in accordance with the
requirements in proposed 10 CFR 63.114(a)(4) to (6). FEPs are included or excluded based upon the
three screening criteria described in Section 2.2.1.2: low probability (proposed 10 CFR 63.342(a)),
low consequence (proposed 10 CFR 63.114(a)(5)), and regulation. Each screening decision is
supported by a technically sound screening justification, as described in detail in Features, Events,
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and Processes for the Total System Performance Assessment: Methods (SNL 2008b) and Features,
Events, and Processes for the Total System Performance Assessment: Analyses (SNL 2008c). The
FEPs screening methodology is summarized in Section 2.2.1, and the FEPs screening decisions
(i.e., inclusion or exclusion), along with a brief description of each FEP, can be found in Table 2.2-5.
Summaries of the technical basis and justification for each included FEP screening decision can be
found in the FEPs inclusion tables of each Section 2.3 subsection (e.g., Table 2.3.1-1) and in
Section 2.2 (i.e., Table 2.2-4) for “system” FEPs.

24.1.2 Scenario Classes and Modeling Cases

As introduced in Section 2.2, the TSPA calculates the total annual dose as the sum of the annual
doses attributable to the nominal scenario class, the early failure scenario class, and the two
disruptive event scenario classes (the igneous scenario class and the seismic scenario class).
Computation of the dose attributable to each scenario class relies on the separation of each
disruptive-event scenario class (as well as the early failure scenario class) into two modeling cases,
each of which is built around a more narrowly defined event occurrence. For example, the volcanic
eruption modeling case calculates the contribution to the total annual dose from the set of futures
within the broader igneous scenario class that have one or more atmospheric eruptions occurring in
them. The six modeling cases associated with the aforementioned event scenario classes are as
follows: igneous intrusion, volcanic eruption, seismic ground motion, seismic fault displacement,
early-failure of waste packages, and early-failure of drip shields. In addition, a seventh modeling
case describes performance in the absence of disruptive or early failure events, and is called the
nominal modeling case.

2.4.1.2.1 Nominal Scenario Class

The nominal scenario class in the TSPA describes the future performance of the repository system
in the absence of any disruptive or early failure events (i.e., no igneous events, no seismic events,
and no early waste package or drip shield failures). It represents the set of possible futures with
radionuclide releases from the EBS arising from nominal waste package and drip shield degradation
processes (e.g., corrosion processes such as general corrosion, localized corrosion, and stress
corrosion cracking) but no degradation from disruptive events (i.e., igneous or seismic events) or
early failure events. The nominal scenario class in the TSPA model is represented by only a single
modeling case that considers these nominal degradation processes of the waste packages and drip
shields, as well as all of the other included FEPs listed in Table 2.2-5 that are not associated with
disruptive or early-failure events. Radionuclides released from the emplacement drifts in the
nominal scenario class may be transported to the saturated zone by the groundwater percolating
through the unsaturated zone below the repository, and then transported to the accessible
environment by water flowing in the saturated zone. The annual dose to the RMEI in the nominal
scenario class includes FEPs associated with the biosphere and incorporates the important effects
and system perturbations caused by climate change and repository thermal evolution, and changes
in repository system thermal characteristics that are projected to occur over the period of geologic
stability (1,000,000 years).

The general structure or architecture of the TSPA model is built around the FEPs that comprise the
nominal scenario class. The description of this architecture is linked to the set of eight principal
model components discussed below (SNL 2008a, Section 6.1.4), with each model component being
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comprised of one or more submodels. Model components and submodels each represent some
subset of FEPs associated with one or more of the three barriers. A submodel can be either a detailed
process model developed, tested, and validated in a supporting document, a simple or detailed
abstraction of the process model, an abstraction of the process model results, or a direct process
model input (e.g., a lookup table or distribution of values). Model components are generally
comprised of a collection of submodels (i.e., process models, analyses, or abstractions) that together
represent a key component of the repository system. TSPA model components and submodels are
specifically chosen because they provide a useful framework for discussing and reviewing the
integration aspects of the TSPA model, as well as discussing the flow of information among
modules of the TSPA code (Section 2.4.2.3.2.1).

The TSPA model for the nominal scenario class explicitly includes the following eight principal
model components, shown in Figure 2.4-1:

» Unsaturated Zone Flow, which describes fluid flow through the unsaturated welded and
nonwelded tuffs above and below the repository

» EBS Environment, which describes the coupled thermal-hydrologic-chemical processes
in the environment surrounding and within the engineered elements of the repository

» Waste Package and Drip Shield Degradation, which describes the responses of these
engineered features to heat, humidity, seepage, and the geochemical environment of the
EBS

* Waste Form Degradation and Mobilization, which describes the degradation and
dissolution of the waste forms and the mobilization of radionuclides into the liquid phase
that forms inside the waste packages and EBS

* EBS Flow and Transport, which describes the flow of water and the transport of
radionuclides within and from the EBS to the unsaturated zone below the repository

» Unsaturated Zone Transport, which describes the transport of radionuclides through the
unsaturated zone below the repository to the water table at the top of the saturated zone

» Saturated Zone Flow and Transport, which describes water flow and radionuclide
transport through volcanic tuff and alluvium in the saturated zone to the location of the
RMEI

» Biosphere, which describes the biologic uptake of radionuclides, including inhalation,
ingestion, and water consumption by humans at the location of the RMEI.

Each model component is itself a system of dynamic calculations performed by one or more
submodels. These model components form the basis for the representation of the three barriers that
comprise the Yucca Mountain system (i.e., the Upper Natural Barrier, the EBS, and the Lower
Natural Barrier (Section 2.1)), and their contribution to waste isolation as calculated by the TSPA
model. As indicated in Figure 2.4-1, these same model components and associated FEPs also form
the basis of the other scenario classes and modeling cases (with the exception of the volcanic
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eruption modeling case), but with the addition of those FEPs related to early failures and disruptive
activity.

Submodels of the eight principal model components are shown in Figure 2.4-2, in the rows of boxes
below the first row. Figure 2.4-2 also depicts the types of events considered in the disruptive-event
and early-failure scenario classes. The nominal, early failure, igneous, and seismic scenario classes
use many of the same submodels and parameters, with differences primarily related to the drip
shield and waste package damage submodels. The technical bases for the process models,
abstractions, and included FEPs that support the TSPA model components and submodels are
discussed in Section 2.3.

Table 2.4-1 maps the principal model components of the TSPA model from Figure 2.4-2 to the
subsection in Section 2.3 where the technical bases for the supporting process model, abstractions,
and included FEPs are described. Additionally, the process model, analysis, or abstraction that feeds
each submodel is listed in Table 2.4-1. As discussed and described in the introduction to
Section 2.3, the structure of the model abstractions presented in Section 2.3 is a modification of that
provided in NUREG-1804. The differences are discussed in the introduction to Section 2.3.
Table 2.3-1 maps the NUREG model abstraction areas to the TSPA model components and
submodels shown in Table 2.4-1.

Although Section 2.3 provides in-depth descriptions of each model component and submodel, and
Section 2.4.2.3.2.1 provides a detailed summary of their implementation in the TSPA model, it is
useful here to provide a brief introduction to the various submodels and their relationship to the
three barriers.

Upper Natural Barrier—The Upper Natural Barrier is represented in the TSPA in the
unsaturated zone flow model component, which incorporates spatial and temporal variability and
uncertainty.

The Upper Natural Barrier consists of (1) surface topography and surficial soils, and (2) the
unsaturated zone above the repository. The unsaturated zone flow model component of the TSPA
integrates five processes that contribute to flow in the unsaturated zone: climate, infiltration,
site-scale unsaturated zone flow, drift seepage, and drift-wall condensation (Sections 2.3.1, 2.3.2,
2.3.3, and 2.3.5). The unsaturated zone flow model component defines the temporal and spatial
distribution of water flow from the ground surface through the unsaturated tuffs above and below
the repository horizon and the temporal and spatial distribution of seepage into the waste
emplacement drifts and condensation on the drift walls, driven by the early thermal perturbation
from the waste heat. Water at the repository horizon is derived from precipitation in the form of
rainfall and snow at the land surface above the repository, infiltration below surficial soils, and
percolation through the unsaturated zone above the repository. A set of flow fields defining liquid
flux and velocity fields as a function of space and time were developed as input to various
submodels representing flow and transport processes in the EBS and Lower Natural Barriers.
Long-term temporal variability is included in the TSPA model by calculating flow fields specific to
successive climate states: present-day, monsoon, and glacial-transition. Flow fields for the period
beyond 10,000 years after disposal are based on specifications regarding deep percolation rates
provided in proposed 10 CFR 63.342(c)(2).
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Engineered Barrier System—The representation of the EBS includes the EBS environment,
waste package and drip shield degradation, waste form degradation and mobilization, and EBS
flow and transport model components.

The EBS environment model component includes the thermal-hydrologic environment in the
unsaturated-zone host rock surrounding the emplacement drifts, as well as the thermal-hydrologic
environment and chemical environment within the emplacement drifts, as discussed in
Section 2.3.5. These environments are important to repository performance because they help
determine the degradation rates of the EBS components, the mass of mobilized radionuclides, and
the degree of transport of radionuclides and fluids through the emplacement drifts and into the
unsaturated zone below the repository. Water percolating into the repository environment will be
affected by heat from the emplaced waste, and the resulting hydrologic and geochemical processes
will determine the chemical environment of the EBS.

The waste packages and drip shields are the primary engineered components of the EBS
(Section 2.3.6). The waste package and drip shield degradation model component describes the
degradation of the waste packages and drip shields as a function of time, environment, and
repository location. The waste package and drip shield degradation model component simulates
general corrosion of the waste packages and drip shields, stress corrosion cracking of the waste
packages, microbially influenced corrosion of the waste package outer surface, and the possibility
of localized corrosion of the waste package outer surface.

The waste form degradation and mobilization model component simulates the degradation of
commercial spent nuclear fuel (SNF), DOE SNF, and high-level radioactive waste (HLW) glass
waste and the subsequent dissolution of their radionuclide inventories into the liquid phase present
in the degraded waste. Section 2.3.7 describes this mobilization of radionuclide mass as either
dissolved species or as attached to colloidal particles. The waste form degradation and mobilization
model component accounts for in-package water chemistry; matrix degradation rates for
commercial SNF, DOE SNF, and HLW glass waste forms; radionuclide solubilities; and the types
and concentrations of waste-form, groundwater, and iron oxyhydroxide colloids.

The EBS flow and transport model component calculates the rate of radionuclide release from the
EBS to the unsaturated zone, which is determined by seepage into the emplacement drifts,
condensation on the drift walls, waste package and drip shield degradation, the presence of water
films on in-package internals, waste-form degradation, and the thermal-hydrologic environment of
the EBS (Section 2.3.7). The EBS flow and transport model component simulates the rate of water
flow through the EBS, diffusive and advective transport of dissolved radionuclides, sorption, and
colloid-facilitated transport.

The implementation of the EBS representation in the TSPA model involves discretization of the
submodels by waste type, percolation subregion, and seepage environment (Figure 2.4-3). The first
level of discretization is by waste type. The TSPA model considers two types of waste packages:
commercial SNF and codisposal waste packages. Codisposal waste packages contain both DOE
SNF and HLW glass. Within the TSPA model, discretization by waste type is handled explicitly by
implementing different GoldSim source terms to perform the fuel-type-specific calculations
(GoldSim Technology Group 2007a, Chapter 5). The second level of discretization is by percolation
subregion. The magnitude of infiltration varies spatially across the land surface above the repository
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footprint and percolation flux varies spatially at the repository level. This spatial variability is
captured in a CDF of percolation flux values (SNL 2008d, Section 6.2.12.1[a]). This CDF provides
the basis for the TSPA model representation of five percolation subregions, which represent the
variation of liquid flux (seepage) into the drifts (Section 2.3.3) and its influence on advective
transport of radionuclides. The third level of discretization is by seeping environment (i.e., drift
seepage with or without drift-wall condensate). The commercial SNF and codisposal waste
packages in each percolation subregion are identified as either having seepage above each waste
package location or not. The foregoing three levels of discretization result in 20 environments in the
TSPA model (two fuel types x five percolation subregions x two seepage conditions) that are used
to represent all of the waste packages in the repository. (Note: As shown in Figure 2.4-3, there is also
an additional level of discretization in the TSPA model related to the potential occurrence of
localized corrosion of the waste package, which produces 30 actual environments in the GoldSim
Model file. However, because of the low impact to performance of localized corrosion, as described
later in Section 2.4.2.3.2.1.5, these environments are not required in the main TSPA simulations
(SNL 2008a, Appendix O).)

Lower Natural Barrier—The Lower Natural Barrier consists of two natural features: (1) the
unsaturated zone below the repository horizon; and (2) the saturated zone beneath the repository
that extends to the accessible environment, approximately 18 km downgradient of the repository.

The unsaturated zone transport model component describes the migration of radionuclides through
the unsaturated zone to the water table. Consistent with the unsaturated zone flow model
component, the conceptual model for unsaturated zone transport simulates coupled advective and
diffusive transport through fracture and matrix continua using a dual continuum approach
(Section 2.3.8). The unsaturated zone transport model component simulates advective, dispersive,
and diffusive transport; sorption in the matrix continuum; colloid retardation; radioactive
decay and ingrowth; and changes in water table elevation. Changes in climate are represented
by a set of steady state flow fields representing the three climate states during the first 10,000 years
and a deep percolation flux distribution specified at proposed 10 CFR 63.342(c)(2) to represent
climate change in the post-10,000-year period.

The saturated zone flow and transport model component simulates the transport of radionuclides
from their introduction at the water table below the repository to the accessible environment located
approximately 18 km downgradient from the Yucca Mountain repository. Radionuclides are
transported through the saturated zone either in the dissolved phase or sorbed reversibly or
irreversibly to colloids. The saturated zone flow and transport model component simulates
advection, dispersion, and diffusion in fractures; matrix diffusion; colloid retardation and filtration;
sorption; and radioactive decay and ingrowth (Section 2.3.9). Climate change is represented by the
use of set of flux multipliers applied to the present-day saturated-zone specific discharge, to
simulate the increased groundwater specific discharge during future climates, including the effects
of climate change on saturated-zone specific discharge during the post-10,000-year period.

The biosphere model component, although not a feature of the Lower Natural Barrier as defined in
Section 2.1, is an important component of the TSPA model. In the TSPA, this model component
simulates potential pathways of radionuclide transport in the biosphere and the resulting exposure
of the RMEI to radionuclides released from the repository after closure (Section 2.3.10). The TSPA
model includes two mechanisms of radionuclide release to the biosphere: (1) release through the
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saturated zone via groundwater pumping; and (2) release through the air by ash dispersal from a
volcanic eruption.

2.4.1.2.2 Early Failure Scenario Class

The early failure scenario class estimates the contribution to mean annual dose attributable to early
failure of waste packages or drip shields. An early failure is defined as the through-wall penetration
of a waste package or drip shield due to manufacturing or handling-induced defects at a time earlier
than would be predicted by mechanistic degradation models for a defect-free waste package or drip
shield. The FEPs and models associated with the potential for early failure (which is modeled as
failure at emplacement) of either waste packages or drip shields are described in Section 2.3.6. As
described in Section 2.3.6, various potential manufacturing and handling defects that could result in
early-failed waste packages or drip shields have been identified, such as weld flaws and improper
heat treatment. These defects were assessed for probability of occurrence and consequences for
postclosure performance (SNL 2007a). The occurrence of an undetected defect is assumed to result
in early failure; hence, the probability distribution for the rate of occurrence of undetected defects
is equivalent to a probability distribution for the rate of early failures. Both major types of
uncertainty, aleatory and epistemic, are represented in the failure distributions for early waste
package failures and early drip shield failures (Section 2.4.2.3.2.1.12.1).

The early failure scenario class consists of two modeling cases: the drip shield early failure
modeling case and waste package early failure modeling case. In the drip shield early failure
modeling case, complete failure of the drip shield is assumed to occur. Also, as a bounding
assumption, the waste package under an early-failed drip shield is assumed to experience localized
corrosion over its entire surface as soon as seepage contacts the waste package, since the area of the
Alloy 22 waste package that is contacted by seepage is potentially subject to localized corrosion
(Section 2.3.6.4). Because the drip shield early failure modeling case contributes only negligibly to
total dose, as will be seen below in Section 2.4.2.2.1, this bounding assumption is justified. In the
waste package early failure modeling case, an early-failed waste package is considered breached
from the beginning of the simulation, and its entire surface area is considered degraded. General
corrosion of the drip shields due to nominal corrosion processes (Section 2.3.6.8.1) is also included
in the waste package early failure modeling case. This indicates that advective transport of
radionuclides can occur after drip shield failure, which happens on average at about 300,000 years
after permanent closure (Figure 2.1-8).

Other than the changes to the waste package and drip shield degradation model component
described above, the two modeling cases in the early failure scenario class have the same framework
as the nominal scenario class modeling case, and are based on the same modeling components and
submodels as are used in the nominal scenario class. That is, the framework includes the TSPA
model components that evaluate the mobilization of radionuclides exposed to seeping water,
radionuclide releases from the EBS, transport in the unsaturated zone down to the water table, and
transport in the saturated zone to the accessible environment. The relationships between the TSPA
model components for the early failure scenario class are illustrated on Figure 2.4-4.
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24.1.2.3 Igneous Scenario Class

The FEPs and models associated with potential igneous activity in the vicinity of Yucca Mountain
are described in Section 2.3.11. The igneous scenario class in the TSPA includes all screened-in
FEPs related to igneous activity (SNL 2008b). Yucca Mountain is in a region that has had volcanic
activity in the geologic past, and, although there is a very low probability of recurrence of igneous
activity affecting the repository, the mean probability is slightly greater than 1 in 10,000 in 10,000
years (BSC 2004a, Table 7-1). Accordingly, based on the probability requirements in proposed 10
CFR 63.342, igneous activity is examined with the TSPA model.

A probabilistic volcanic hazard analysis (PVHA) was performed to assess the volcanic hazard at
Yucca Mountain. For the PVHA, an expert panel was convened in 1995 to review pertinent data
relating to volcanism at Yucca Mountain and, based on these data, to quantify both the annual
probability and associated uncertainty of a volcanic event intersecting a proposed repository sited
at Yucca Mountain (BSC 2004a, Section 6.1).

The contribution to mean annual dose attributable to the igneous scenario class is addressed by two
modeling cases: the igneous intrusion modeling case (Section 2.3.11.3) and the volcanic eruption
modeling case (Section 2.3.11.4). In both modeling cases, magma propagates upward through the
Earth’s crust in fluid-driven cracks (dikes). The igneous intrusion modeling case considers the
intersection of repository drifts by one or more dikes, and the subsequent damage to waste packages,
which allows radionuclides to be released and transported to the groundwater. The volcanic
eruption modeling case considers an eruptive conduit that forms when a portion of the intruding
dike begins to widen, creating a conduit through one of the emplacement drifts, and thereby
allowing magma flow to the surface, with subsequent atmospheric dispersal of ash and entrained
waste.

In the igneous intrusion modeling case, magma from a dike(s) that intersects one or more repository
drifts is assumed to engulf all drip shields and waste packages in the repository, rendering them
incapable of protecting their contents. In that case, the waste packages no longer act to prevent or
slow the rate of transport, allowing radionuclides to move downward through the unsaturated zone
to the water table, and then to the accessible environment by groundwater flow in the saturated zone.
The TSPA model components needed to estimate annual dose in the igneous intrusion modeling
case are shown on Figure 2.4-5. Modifications to these components for the igneous scenario class
are indicated by the bulleted items on the figure. The effects of igneous events occurring more than
10,000 years after disposal are taken into account with respect to EBS model components, as
required by the NRC proposed rule, 10 CFR 63.342, but not with respect to the natural system
components, since the effect of igneous processes on the Lower Natural Barrier have been
determined to be of low consequence and therefore are excluded from the TSPA (Table 2.2-5).

In the volcanic eruption modeling case, magma erupts into the atmosphere. For most futures within
the eruption modeling case, the conduit that brings magma to the surface does not intersect an
emplacement drift and, therefore, does not entrain waste into the erupted tephra. For those futures
where an eruptive conduit(s) intersects an emplacement drift, the waste packages located within the
conduit cross-sectional area are assumed to fail. The rising magma entrains radionuclide waste
particles and a portion of the erupting stream becomes a buoyant, convecting column that is ejected
into the atmosphere. The associated tephra plume is transported downwind and the particles in the
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plume are dispersed and eventually deposited on the land surface. The contaminated soil, including
tephra, is then subject to redistribution by sedimentary processes. The TSPA model components
needed to estimate mean annual dose in the volcanic eruption modeling case are shown on
Figure 2.4-6. Because radionuclide transport is via atmospheric dispersal and ash redistribution,
rather than groundwater transport, the model components for this modeling case are different from
the other six modeling cases.

2.4.1.2.4 Seismic Scenario Class

The FEPs and models associated with potential seismic activity in the vicinity of Yucca Mountain
are described in Section 2.3.4. The seismic scenario class describes the future performance of the
repository system in the event of seismic activity that could disrupt the repository system, and it
represents the direct effects of vibratory ground motion and fault displacement associated with
seismic activity. The most important direct effects that are considered are the seismic consequences
to drip shield and waste package integrity because damage to or failure of these components has the
potential to initiate or increase releases of radionuclides by forming new diffusive or advective
transport pathways. Indirect effects of seismic activity are also considered in this scenario class,
including drift collapse and the resulting changes in seepage and drift wall condensation and in the
EBS thermal environment.

The probability of occurrence of seismic events is expressed in terms of a mean annual exceedance
frequency. Probabilistic seismic hazard analysis (PSHA) was performed to assess the seismic
hazards of vibratory ground motion and fault displacement at Yucca Mountain. Probabilistic
Seismic Hazard Analyses for Fault Displacement and Vibratory Ground Motion at Yucca Mountain,
Nevada (CRWMS M&O 1998) used an expert elicitation process to determine the annual
probability with which various levels of ground motion will be exceeded at Yucca Mountain
(Section 2.2.2.1). The results of the PSHA process provided hazard curves for a reference rock
outcrop that were then modified to account for the effects of the local, site-specific geology of Yucca
Mountain on the ground motions using a ground motion site-response model (Section 2.3.4.3.2).
The output of the site-response model was used to produce acceleration and velocity time histories
for the range of possible ground motions considered in the TSPA (Section 2.3.4.3.2). A separate
analysis was performed to determine a reasonable bound to peak horizontal ground velocity at the
waste emplacement level, taking into account geologic observations of historical maximum strain
levels observable in repository rocks at Yucca Mountain (Section 2.3.4.3.3). The fault displacement
analysis is derived directly from the PSHA for fault displacement (Section 2.2.2.1). This analysis
used an expert elicitation process to determine how the annual probability of exceedance for fault
displacement at the surface varies as a function of the size of the displacement. The results also
apply to the waste emplacement level and are used directly in the seismic consequence abstraction.
The seismic scenario class for the TSPA uses only the mean hazard curve for the peak ground
velocity (PGV) associated with either strong ground motion or fault displacement. The use of the
mean hazard curve is conservative relative to the median hazard curve, because it typically lies
above the 80th percentile of the distribution of hazard curves, so the mean is dominated by the larger
values of the distribution (SNL 2008a, Section 6.6.1.2).

The seismic scenario class estimates the contribution to mean annual dose attributable to seismic
activity by means of two modeling cases. The first modeling case includes those waste packages and
drip shields that fail due to the ground motion damage associated with the seismic event and is
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denoted as the seismic ground motion modeling case. Because nominal corrosion processes have
the potential to alter the repository’s susceptibility to damage during a seismic ground motion event,
the seismic ground motion modeling case includes these nominal corrosion processes when
calculating consequences. The second modeling case includes only those waste packages and drip
shields that fail due to fault displacement damage and it is denoted as the seismic fault displacement
modeling case.

The model components and submodels of the TSPA model for the seismic scenario class are shown
on Figure 2.4-7. The two modeling cases have the same framework as the nominal scenario class
modeling case. That is, the framework includes the TSPA model components to evaluate the
mobilization of radionuclides exposed to seeping water, released from the EBS, transported in the
unsaturated zone, and transported in the saturated zone from the repository to the accessible
environment. Modifications to these model components for the seismic scenario class are indicated
by the bulleted items on the figure. The effects of seismic events for the post-10,000 year period
after closure are taken into account with respect to EBS model components, as required by proposed
10 CFR 63.342, but not with respect to the natural system components, since the effect of seismic
processes on the Lower Natural Barrier have been determined to be of low consequence and
therefore are excluded from the TSPA (Section 2.2).

24.1.3 TSPA Computational Structure

As detailed in Section 2.4.2.1, at the highest level the TSPA model computational structure is built
around the separation of aleatory (inherent or irreducible) and epistemic (“lack of knowledge” or
reducible) uncertainty, which results in a nested loop structure for computing the dose for each
modeling case, as well as the total dose from all modeling cases. A brief introduction to these two
types of uncertainty was given in the introductory section of Section 2.4, above.

Computational Methodology—The TSPA model computes mean annual dose by integrating
over both aleatory and epistemic uncertainty. Several slightly different computational strategies
are used to compute the expectation over aleatory uncertainty. For example, the computational
strategy for the seismic ground motion modeling case calculations for 10,000 years is illustrated
schematically in Figure 2.4-8. First, in the outer loop, a sample (specifically, a Latin hypercube
sample of size 300) of the epistemic parameters is generated, and one sample element out of the
300 samples is chosen, represented by the notation e . Based on this chosen sampling of parameter
values, e, the inner loop is then executed a certain number of times, for different values of the
aleatory parameters (denoted by a), which are different for each modeling case. The purpose of
the inner loop is to derive an “expectation” or average dose over aleatory uncertainty for each
epistemic sample element e . This expectation over aleatory uncertainty is the expected dose over
multiple repository futures, each of which represents a different event sequence, conditional on the
epistemic realization e .

In most modeling cases, numerical integration (quadrature) is used to determine the expectation
over aleatory uncertainty as a function of time, based on annual dose curves for specified values of
event occurrence times and other aleatory variables. This is an analytical technique that does not
require the use of a sampling methodology. For example, as illustrated schematically in Figure 2.4-8
for the 10,000-year seismic ground motion modeling case, 30 annual dose curves are produced for
a combination of 6 event occurrence times and 5 possible damage areas. These are then integrated
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in two steps, to first give annual doses for specific event occurrence times but integrated over
damage area, and secondly to give “expected annual dose” integrated over all aleatory uncertainty
(in this case, event time and damage area). In contrast, the 1,000,000-year seismic ground motion
modeling case employs a Monte Carlo sampling of aleatory parameters in the inner loop because of
the large number of aleatory parameters and the complexity of submodel interactions. An
expectation is then calculated over the finite set of annual dose curves corresponding to this Monte
Carlo sampling of aleatory uncertainty. Also, the volcanic eruption modeling case employs a
combination of Latin hypercube sampling and numerical integration in the inner aleatory loop for
similar reasons. The expectation over aleatory uncertainty as a function of time (derived by
quadrature and/or Monte Carlo sampling), for a given realization of the epistemically uncertain
parameters, produces what is termed here an “expected annual dose curve.” There are expected
annual dose curves for each radionuclide and for the sum of all radionuclides. (Note: Aleatory
uncertainty is not explicitly included in the calculation of the distribution of expected annual dose
curves for the nominal modeling case. This will be explained in more detail in Section 2.4.2.1.5.)

The above process is repeated 300 times (the size of the Latin hypercube sample of epistemic
parameters used in the TSPA). This produces a set of 300 expected annual dose curves, which
represent the distribution of doses at each time 7based on epistemic uncertainty. To reiterate, each
of the expected annual dose curves is an expectation over aleatory (irreducible or stochastic)
uncertainty, which has effectively averaged out the aleatory variability (uncertainty attributable to
random occurrences), such as the type and location of the intersected waste package or the random
timing of igneous and seismic events in all possible futures.

The computational strategy illustrated schematically in Figure 2.4-8 is for a single modeling case.
To compute the distribution of expected annual dose curves over all modeling cases (i.e., the
distribution of total expected annual dose curves), the strategy shown in Figure 2.4-8 is repeated for
each modeling case. This produces the set of 300 expected annual dose curves for each modeling
case. These 300 projected annual dose histories for each modeling case are then summed across the
six modeling cases, for corresponding elements in the epistemic sample, to give a distribution of 300
total expected annual dose histories. This methodology is illustrated in Figure 2.4-9 for scenario
classes, but it is the same for the individual modeling cases that comprise the scenario classes.

Asindicated in Figure 2.4-8, a variety of statistical measures are derived from (or superimposed on)
the expected annual dose plots, including the mean, median, and 5th and 95th percentile curves. The
mean annual dose curve or history is plotted as a red curve and computed by taking the arithmetic
average or expectation of the 300 expected annual dose values at each time 7 along the curves.
Similarly, the median dose curve, plotted as a blue curve, is constructed by sorting the 300 expected
values from lowest to highest at each time 7, and then averaging the two middle values. Curves for
the 5th and 95th percentiles are also plotted to illustrate the uncertainty in the expected annual dose
histories; 90% (or 270 of the 300 epistemic realizations) of the projected dose histories fall between
these two percentile curves. For the first 10,000-year period after closure of the repository, as
required by proposed 10 CFR 63.303 and 63.311, the actual “annual dose curve” referred to in
Section 2.2.1.4 of NUREG-1804 is calculated to be the aforementioned arithmetic mean annual
dose curve, while for post-10,000-year compliance, the median annual dose curve is calculated to
determine compliance with the individual protection and human intrusion standards. The actual
single value compliance metric in proposed 10 CFR 63.303 and proposed 10 CFR 63.311 (either
15 mrem/yr for 10,000-year compliance or 350 mrem/yr for post-10,000-year compliance) is either
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the maximum of the mean curve before 10,000 years or the maximum of the median curve after
10,000 years.

Within the TSPA computational structure a different calculational methodology is used to
demonstrate compliance over the two periods of interest for the seismic ground motion modeling
case (i.e., over the first 10,000 years after permanent closure and for the period from 10,000 years
to 1,000,000 years after closure). Because of the rare occurrence of certain types of seismic
consequences in the first 10,000 years, TSPA analyses have shown that it is unnecessary to include
some seismic damage mechanisms in the total 10,000-year dose, since they make a negligible
contribution to the dose from this modeling case (SNL 2008a, Section 7.3.2.6.1.3). For example, the
failure of commercial SNF waste packages by seismic ground motion events is too rare in the first
10,000 years to significantly impact the expected dose for the seismic ground motion modeling
case. Thus, only codisposal waste package failures contribute significantly to the expected annual
dose of the seismic ground motion modeling case in the first 10,000 years after closure. However,
for the post-10,000-year period, these various rare seismic consequences combined with the
complex couplings between general corrosion and seismic degradation processes preclude the use
of some of the simplifying techniques that can be applied for the 10,000-year seismic ground motion
computations (SNL 2008a, Section 7.3.2.6.1.3). This necessitates the use of a Monte Carlo
sampling method for the aleatory expectation in the post-10,000-year period, as mentioned above,
rather than the numerical integration techniques. (Section 2.4.2.2.2.3 provides a complete listing of
the rare seismic consequences that have a negligible effect on the 10,000-year annual dose.)

TSPA GoldSim Model File—The process models and model abstractions comprising the TSPA
model are linked together in the GoldSim Model File, which is the object-oriented input file for
the GoldSim software program. GoldSim is a system simulator that integrates all the submodels,
codes, and abstractions together into a coherent structure that allows for the calculation of system
response for a given random sampling of uncertain input variables. It includes a Monte Carlo
looping structure that allows for multiple realizations of the inputs and outputs with one single
execution of the program. GoldSim produces the realizations and associated annual dose curves in
the inner computation loop of Figure 2.4-8.

Submodels are coupled into GoldSim by a variety of methods, from most complex to least
complex, as follows:

» External function calls to detailed process software codes, such as the unsaturated-zone
transport software, FEHM V. 2.24, or the waste-package degradation software, WAPDEG
V. 4.07. These external subroutines are referred to as dynamically linked libraries (DLLs).

» Cell Elements in GoldSim that are basically equilibrium batch reactors, which when
linked in series, provide a finite-difference description of radionuclide transport through
selected parts of the repository system (such as the EBS); and Pipe Pathway Elements in
GoldSim that simulate radionuclide transport using an analytical Laplace transform
solution for flow and transport (such as the 1-D saturated-zone flow and transport
submodel).

* Response surfaces, which take the form of multidimensional tables, representing the
results of modeling with detailed process models that are run before running the TSPA
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model (e.g., inputs to the EBS environment model component, such as temperature and
relative humidity of the waste package, which are derived from the multiscale
thermal-hydrologic process model).

* Functional representations of a submodel directly built into the GoldSim code, such as
waste form degradation models.

Much of the computational work for the TSPA model is done using separate software codes whose
results are integrated within the GoldSim software as the aforementioned response surfaces, DLLs,
lookup tables, and input distributions. For example, the unsaturated zone flow fields are computed
using the software code Transport of Unsaturated Groundwater and Heat V1.6 (TOUGH2 V. 1.6).
This is a three-dimensional, finite-volume numerical simulator, representing the entire
unsaturated-zone model domain for the dual permeability site-scale unsaturated zone flow process
model (SNL 2007b). Details of the calculation results using detailed process models are presented
in the subsections of Section 2.3. Results of these detailed process-level calculations are provided
to the TSPA model as multi-dimensional tables that are read into GoldSim at run time. Examples of
these multi-dimensional tables include: (1) liquid flux and velocity fields for the unsaturated zone
as a function of time, location, and infiltration flux; and (2) temperature and relative humidity of the
waste package as a function of time and location within the repository.

EXDOC _LA—Once the GoldSim realizations are completed, the software code EXDOC LA
V 2.0 is used to calculate the expected annual dose curves for each of the modeling cases. Its
overall purpose is to integrate over aleatory uncertainty to produce the expected annual dose
histories, and to produce the summary metrics, such as the mean and median dose curves, shown
in Figure 2.4-8. The GoldSim runs provide input to these expected dose calculations performed by
EXDOC LA V 2.0. In particular, the doses from GoldSim are integrated over the aleatory
uncertainty, for fixed values of the epistemic parameters, to calculate an expected annual dose
history, conditional on one epistemic element. This operation is repeated by EXDOC LA for each
epistemic sample, to obtain the entire suite of expected annual dose histories, described above.
Statistics (i.e., mean, median, and percentiles) are calculated for these results. In order to produce
representative output to be used as input to the EXDOC LA V 2.0 calculations, the TSPA model
in GoldSim is configured with separate sampling of epistemic and aleatory quantities. (Note:
EXDOC LA does not compute expected annual dose for the nominal modeling case because this
quantity is computed by GoldSim itself, through its coupling to the waste package degradation
software, WAPDEG.)

24.14 Summary of TSPA Model

In summary, the TSPA model is an integral part of the evaluation of the performance of the
repository. This model incorporates the included FEPs (as described in Section 2.2), integrates the
model abstractions used to describe these FEPs (as described in Section 2.3), and propagates the
uncertainty and variability of parameters associated with these model abstractions to evaluate a
range of possible beneficial and potentially adverse effects on repository performance. The
performance measures evaluated in the TSPA model are the total mean (or median) annual dose to
the RMEI (i.e., the individual protection standards in proposed 10 CFR 63.303, proposed 10 CFR
63.311, and proposed 10 CFR 63.321) and the level of radioactivity in the representative volume of
groundwater (i.e., the groundwater protection standard in 10 CFR 63.331). The projection of these

2.4-22



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

performance measures through time accounts for the uncertainties in data, parameters, and models
identified in Section 2.3. The propagation of uncertainty results in distributions of both projected
doses and projected levels of radioactivity in the groundwater. Although compliance is based on the
total mean (or median) of the distributions of estimated expected annual doses and radioactivity
(proposed 10 CFR 63.303), the development of these dose distributions aids in understanding the
evolution of the repository system and the associated repository barriers (Section 2.4.2.3.3).

The TSPA model, in addition to being the quantitative tool for evaluating compliance with the
postclosure performance standards presented in Sections 2.4.2,2.4.3, and 2.4.4, is also the tool used
to comply with the provisions in 10 CFR 63.115(b), which requires that uncertainties be taken into
account in the modeling and behavior of barriers, and to address Acceptance Criterion 2(3) of
Section 2.2.1.1.3 of NUREG-1804, which states that the capabilities of the barriers should be
consistent with the TSPA. These evaluations have been presented in Section 2.1.2 for each of the
three barriers: the Upper Natural Barrier, the EBS, and the Lower Natural Barrier. Complete details
about the TSPA model, the TSPA method and approach, the TSPA computational structure, the
scenario classes, and the TSPA results, validation, and analyses are described in Total System
Performance Assessment Model/Analysis for the License Application (SNL 2008a).

24.1.5 Summary of TSPA Model Results

This section provides a brief summary of the results of the TSPA model calculations (Tables 2.4-2,
2.4-3, and 2.4-4), which shows that the estimated total mean and median annual doses and
radioactivity are less than the levels required by proposed 10 CFR 63.303, proposed 10 CFR 63.311,
proposed 10 CFR 63.321, and 10 CFR 63.331. The expected annual dose curves and activity curves
that form the basis of the results in Tables 2.4-2, 2.4-3, and 2.4-4 are shown in Figure 2.4-10 for
individual protection, Figure 2.4-11 for human intrusion, and Figures 2.4-12, 2.4-13, and 2.4-14 for
groundwater protection.

24.2 Demonstration of Compliance with the Postclosure Individual Protection
Standard
[NUREG-1804, Section 2.2.1.2.1.3: AC 3; Section 2.2.1.3.1.3: AC 1(2);
Section 2.2.1.3.2.3: AC 1(3); Section 2.2.1.3.3.3: AC 1(2), (5), (7),
Section 2.2.1.3.4.3: AC 1(2); Section 2.2.1.3.5.3: AC 1(3), Section 2.2.1.3.6.3: AC 1(3);
Section 2.2.1.3.7.3: AC 1(3); Section 2.2.1.3.8.3: AC 1(3); Section 2.2.1.3.9.3: AC 1(3);
Section 2.2.1.3.14.3: AC 1(3); Section 2.2.1.4.1.3: AC 1, AC 2, AC 3]

Section 2.4.2 provides information that addresses specific regulatory acceptance criteria contained
in Section 2.2.1.4.1.3 of NUREG-1804. The information presented in this section also addresses
performance objectives contained in 10 CFR 63.113(b) and proposed 10 CFR 63.311(a) relating to
requirements for performance assessment at proposed 10 CFR 63.114(a) and (b) for the repository
after permanent closure. The final dose results from the TSPA analyses for the individual protection
standard are shown in Table 2.4-2.
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24.2.1 Scenario Classes and Modeling Cases Used in the Calculation of Annual Dose
[NUREG-1804, Section 2.2.1.2.1.3: AC 3; Section 2.2.1.4.1.3: AC 1]

A scenario is a well-defined, connected sequence of events and processes that describes a possible
future of the repository system. A scenario class is a set of related scenarios that share sufficient
similarities that they can usefully be aggregated for the purposes of screening and/or analysis. The
objective of scenario class development for the TSPA (Section 2.2) is to define scenario classes that
can be quantitatively analyzed while maintaining comprehensive coverage of the range of possible
future states of the repository (SNL 2008a, Section 6.1.1). As discussed in Section 2.2.1, the
identification and screening of FEPs for Yucca Mountain has resulted in four primary scenario
classes in the TSPA analysis: nominal, early failure, igneous, and seismic.

This section focuses in detail on Steps 3 through 5 of the FEPs and scenario analysis process, as
defined in Section 2.2.1, with emphasis on Step 5, which is the implementation of the scenario
classes in the computational modeling for the TSPA. All FEPs screened in during the formal
identification and screening for Step 1 and Step 2 are used for TSPA scenario class development and
are incorporated into the retained scenario classes. For the purpose of scenario class formation
(Step 3), features and processes generally are present in all possible repository futures. In contrast,
the retained events (early failure, igneous, and seismic) may or may not occur (in the specified time
span) in every future of the repository system. For this reason, scenario classes are distinguished by
the retained events, while the features and processes are generally applicable across all scenario
classes.

The primary purpose of Section 2.4.2.1 is to address Acceptance Criterion 1 of NUREG-1804,
Section 2.2.1.4.1.3, “Scenarios Used in the Calculation of Annual Dose as a Function of Time Are
Adequate:”

1. The annual dose as a function of time includes all scenario classes that have been
determined to be sufficiently probable, or to have a sufficient effect on overall
performance that they could not be screened from the total system performance
assessment analyses; and

2. The calculation of the annual dose curve appropriately sums the contribution of each of
the disruptive event scenario classes. The contribution to the annual dose from each
scenario class calculation properly accounts for the effects that the time of occurrence
of the disruptive events comprising the scenario class has on the consequences. The
annual probability of occurrence of the events used to calculate the contribution to the
annual dose is consistent with the results of the scenario analysis. The probabilities of
occurrence of all scenario classes, included in calculating the annual dose curve, sum to
one.

A secondary purpose of Section 2.4.2.1 is to address Acceptance Criterion 3 of NUREG-1804,
Section 2.2.1.2.1.3, “Formation of Scenario Classes Using the Reduced Set of Events is
Adequate:”

1. Scenario classes are mutually exclusive and complete, clearly documented, and
technically acceptable.
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This section first reviews the treatment of uncertainty in the TSPA model (Section 2.4.2.1.1), which
is important to the computational methodology, and then discusses the calculation of the total mean
and total median annual dose (Section 2.4.2.1.2), which are the quantities compared to the
regulatory limits specified in 10 CFR 63.311. Next, this section describes how events and scenario
classes are defined and used in the evaluation of total mean and total median annual dose
(Section 2.4.2.1.3). This section then introduces an important additivity assumption for the
calculation of total annual dose, that the dose resulting from a combination of events is the sum of
the separate doses resulting from each of those events (Section 2.4.2.1.4). The use of modeling
cases, which subdivide scenario classes for the purposes of computation, is then summarized, and
calculations performed for each modeling case are outlined (Section 2.4.2.1.5). Next is a discussion
ofthe probabilities of the event or scenario classes (Section 2.4.2.1.6), followed by a discussion that
describes the amount of overestimation resulting from the application of the additivity assumption
(Section 2.4.2.1.7). Finally, this section concludes with a summary of how the acceptance criteria
listed above are addressed (Section 2.4.2.1.8).

24.2.1.1 Treatment of Aleatory and Epistemic Uncertainty

Section 2.4.1 introduced the four scenario classes for the TSPA model, which are formed from the
event classes (Section 2.2.1.3.1). In order to indicate how the total annual dose curve is estimated
from these scenario classes, it is necessary to first review how aleatory and epistemic uncertainties
are defined and treated in the TSPA model.

In the TSPA model aleatory uncertainty is characterized by a set 4 of vectors a, in which each
vector @ € 4 represents a possible future of the repository, and each element of the aleatory vector
is a random variable that represents a specific property of the future a (e.g., number of waste
package early failures, igneous event times, seismic event times). The elements of @ vary among
the scenario classes, as indicated in Table 2.4-5. Similarly, epistemic uncertainty is characterized by
a set E of vectors @ where each element of the vector e is a random variable that characterizes an
uncertain model parameter (e.g., igneous occurrence rate, probability of early waste package
failure, uncertainty in radionuclide solubility). Major categories of uncertainties characterized by e
are indicated in Table 2.4-6. Mathematical descriptions of the vectors @ and e, the sets 4 and &, and
their corresponding probability spaces are provided in Appendix J, Sections J4.1 and J4.4, of Total
System Performance Assessment Model/Analysis for the License Application (SNL 2008a).

The individual elements of @ are described by probability distributions which conceptually leads to
a density function dg(e) for €. Similarly, the individual elements of the aleatory vector a € 4 are
also described by probability distributions. However, the distributions for several of these elements
are dependent on elements of the epistemic vector e. Thus, the density function of the aleatory
vector is expressed conditionally as d,(a|e) to signify the dependence of @ on e.

In the TSPA model, elements of the aleatory vector @ are those random variables associated with
events and their consequences. Therefore, the aleatory vector is represented as @ = (ag, @, agp),
where ag denotes the vector elements of a that describe seismic events, a; denotes the vector
elements of a that describe igneous events, and @, denotes the vector elements of @ that describe
early-failure events. The three types of events are assumed to be independent of each other, which
allows the aleatory density function to be written as the product of individual event density
functions (i.e, d,(ale) = dg(as|e)d,(a;|e)d z(ags|e)). This partitioning of the elements of a is
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indicated in Table 2.4-5, which also indicates aleatory uncertainty associated with the nominal
scenario class. However, this aleatory uncertainty in the nominal scenario class is not explicitly
represented in the TSPA computational methodology, as described in Section 2.4.2.1.5.1.

2.4.2.1.2 Calculation of Total Mean and Median Annual Dose

The total annual dose at any time for a given future or realization is designated as a function of the
epistemic and aleatory vectors, D( 7]a, ), and is dependent on time as indicated, as well as many
other (nonstochastic) quantities (i.e., the number of emplaced waste packages, the probability that
an eruptive conduit intersects the repository, etc.). The word “total” is used to indicate that total
annual dose is the sum of contributions to annual dose from all scenario classes. The expected

value of total annual dose conditional on epistemic uncertainty, D( 7/e), where the expectation is
taken over aleatory uncertainty, is defined as:

D(le) = jﬂD(T]a, e)d,(ale)dA (Eq. 2.4-1)

For convenience, this section uses the less cumbersome term “total expected annual dose” to refer
to l_)(z'|e); however, it is important to remember that this expectation is conditional on the

epistemic vector. In particular, the TSPA model estimates total expected annual dose D( 7le;) for
each vector e,,i = 1, ..., N, in a Latin hypercube sample of the epistemic parameters.

The total mean annual dose is defined as the expected value of annual dose, where the expectation
is taken over both aleatory and epistemic uncertainty:

D() =] (j D(r|a,e)dA(a|e)dA)dE(e)dE
£ (Eq. 2.4-2)

= [ D(z|e)d;(e)dE

The TSPA calculation estimates the total mean annual dose using the sample mean of the
estimates of the total expected annual dose D( 7e;),i =1,...,Ng:

D(D)= Ni % D(e)) (Eq. 2.4-3)

E =1
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Total median annual dose, QO s [D(7e)], is the median of the distribution of total expected

annual dose D( 7/e) and is estimated as the sample median of the estimates of the total expected
annual dose l_)(r|e,-),i =1,...,Ng.

As specified in the proposed revision to 10 CFR 63.303 (70 FR 53313), total mean annual dose

l:)( 7) is the quantity to be compared to the regulatory limit specified in proposed 10 CFR 63.311
for the period within 10,000 years after permanent closure, and total median annual dose

Or.0s [D(7]e)] is the quantity to be compared to the regulatory limit specified in proposed 10
CFR 63.311 for the post-10,000-year period after permanent closure. The calculation of total
mean annual dose and total median annual dose is described in further detail in Appendix J,
Sections J.4 and J.9 of Total System Performance Assessment Model/Analysis for the License
Application (SNL 2008a), which presents the computational approach to the calculation of total
mean and total median annual dose.

The primary reason for separating aleatory and epistemic uncertainty in the TSPA model is to
enable the performance assessment to represent the uncertainty in the estimates of repository
performance, as requested by the NRC and as incorporated in several acceptance criteria in
NUREG-1804. Acceptance Criterion 2 of NUREG-1804, Section 2.2.1.4.1.3, contains an
expectation that:

2. The annual dose curve includes confidence intervals (e.g., 95th and 5th percentile) to
represent the uncertainty in dose calculations;

and Acceptance Criterion 3 of the same section contains an expectation that:

3. The estimate of the uncertainty in the performance assessment results is consistent with
the model and parameter uncertainty.

By separating aleatory and epistemic uncertainty, it is possible to obtain estimates of expected dose,
as well as assessments of the uncertainty in these estimates. The assessments of the uncertainty in
expected dose allow meaningful statements to be made about the confidence that these estimates
comply with the limits specified in the regulations.

The separation of aleatory and epistemic uncertainty greatly facilitates the performance of
sensitivity analyses, such as those summarized in Sections 2.4.2.3.3 and 2.4.3.4.3, which address
Acceptance Criterion 3(3), Sections 2.2.1.4.1.3 and 2.2.1.4.2.3, of NUREG-1804, respectively.
Such sensitivity analyses provide important insights into system behavior and enable a
demonstration that performance assessment results are consistent with parameter uncertainty.

The calculation of total mean and median annual dose requires computation of two intermediate

quantities: total annual dose D(7]a, e) and total expected annual dose l_)(r|e). Calculation of

these quantities relies on definitions of event and scenario classes, which are discussed next.
Section 2.4.2.1.4 then describes the calculation of these intermediate quantities.

2.4-27



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

2.4.2.1.3 Event and Scenario Classes

There are three types of events that are included in the TSPA calculations (Section 2.2), namely
early failures, seismic events and igneous events. Of the three event types, two correspond to future
disruptive events, namely seismic or igneous disruptions. These two types of futures are
characterized by the type of disruption or damage caused to the EBS components—in particular, the
waste packages, drip shields, and/or emplacement drifts. Impacts to either the Upper or Lower
Natural Barriers are screened out. A third type of event, which is designated by its own scenario
class, is an early failure event. This event represents the failure of one or more waste packages
and/or drip shields at the time of closure of the repository. The grouping of repository futures into
scenario classes based on seismic and igneous events is consistent with the requirements of
proposed 10 CFR 63.342, which requires the DOE to consider the effects of seismic and igneous
damage to the drift and waste packages.

In NUREG-1804 (glossary), a scenario is defined as:

...a well-defined, connected sequence of features, events, and processes that
can be thought of as an outline of a possible future condition of the potential
repository system. Scenarios can be undisturbed, in which case the
performance would be the expected, or nominal, behavior for the system.
Scenarios can also be disturbed, if altered by disruptive events such as human
intrusion or natural phenomena such as volcanism or nuclear criticality.

Thus, by this definition, each possible future of the repository can be thought of as a scenario.
However, because the term “scenario” has many other meanings in a variety of contexts, the term
“scenario” will not be used in Section 2.4 to refer to a repository future. It will only occasionally be
used to define certain subsets of FEPs appearing in a repository future, such as the infiltration FEPs
(i.e., the “infiltration scenario”), the biosphere exposure FEPs (i.e., “the exposure scenario”), or the
thermal characteristics of the host rock. Instead, the reference to a repository future will always be
in terms of its specific aleatory and epistemic characteristics, (a, e). A scenario or future also
corresponds to what is usually referred to as an elementary event in the standard terminology of
probability theory.

In NUREG-1804 (glossary), a scenario class is defined as:

...a set of related scenarios sharing sufficient similarities that they can
usefully be aggregated for the purposes of screening or analysis. The number
and breadth of scenario classes depend on the resolution at which scenarios
have been defined. Coarsely defined scenarios result in fewer, broad scenario
classes, whereas narrowly defined scenarios result in many narrow scenario
classes. Scenario classes (and scenarios) should be aggregated at the coarsest
level at which a technically sound argument can be made while still retaining
adequate detail for the purposes of the analysis.

Thus, a scenario class in the TSPA will designate a special subset or group of repository futures
sharing common characteristics—in particular, a common type of event. A scenario class
corresponds to what is usually referred to as an event in the standard terminology of probability
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theory. However, as used in Section 2.4, the term “event” always refers to a physical event modeled
in the TSPA.

In 10 CFR 63.102(j) an event class is defined to consist “...of all possible specific initiating events
that are caused by a common natural process (e.g., the event class for seismicity includes the range
of credible earthquakes for the Yucca Mountain site).” For the purposes of analyses, event classes
need not be limited to aggregation of initiating events by a common natural process; event classes
can be the aggregation of initiating events by any common characteristic. For example, early waste
package failures and early drip shield failures are aggregated into the early failure event class. Event
classes are the most basic type of scenario class, with common characteristics that can be usefully
aggregated for the purposes of screening or analysis.

An event class is thus a specific type of scenario class that is defined by the inclusion (or exclusion)
of particular event types. There are four event classes that are included in the TSPA. There are three
event classes that include all futures related to distinct types of event occurrences: early failure,
igneous, and seismic. Additionally, one event class (the nominal event class) comprises the set of
futures with no igneous, seismic, or early-failure occurrences. It should also be noted that event
classes allow further division into more narrowly defined subsets referred to as modeling cases
(Section 2.4.2.1.5), which are useful in the TSPA computational scheme (e.g., the two igneous
modeling cases, intrusion and eruption, are based on the fact that the set of futures corresponding
to the igneous event class can have igneous intrusion with or without a volcanic eruption
intersecting the repository drifts). Figure 2.4-15 illustrates the four event classes.

Scenario classes corresponding to each event class can be formally defined in terms of elements of
the aleatory vector a. The mathematical structure of this vector (SNL 2008a, Appendix J,
Section J4.4) includes terms that count the number of events that occur in a future a, and allow
formal definition of the scenario class corresponding to each event class listed above. These terms
are the number of early failures (nEW for waste packages and nED for drip shields), number of
igneous events (n/]), and the number of seismic events (nSG for ground motion events and nSF for
fault displacement events). These elements of a are used to define three subsets of 4
corresponding to the occurrence of each class of event, and one subset of 4 in which no events
occur:

» Early-failure scenario class 4, = {a: nEW =1 or nED 21} : The set of futures each
of which includes one or more early failures (i.e., one or more early-failed waste packages
and/or one or more early-failed drip shields)

+ Igneous scenario class 4, = {a: nl/>1}: The set of futures each of which includes one
or more igneous events

* Seismic scenario class 43 = {a: nSG=1 or nSF>1}: The set of futures each of
which includes one or more seismic events (ground motion or fault displacement)

* Nominal scenario class 4, = { a:nEW =nED =nll =nSG =nSF =0}: The set of
futures in which no early failures or events (seismic or igneous) occur.
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The nominal scenario class should not be confused with the occurrence of nominal processes
(e.g., corrosion processes, such as general corrosion, localized corrosion, and stress corrosion
cracking). Nominal processes occur in all futures of the repository, and in all scenario classes, and
thus contribute to total annual dose for all futures. In contrast, the nominal scenario class represents
repository behavior for futures in which nominal processes are the only cause of damage or
degradation to the EBS.

Although the events that define the early failure, seismic and igneous scenario classes are
independent of each other, the resulting three scenario classes are not mutually exclusive because
a future may include more than one type of event. For example, it is possible to conceive of a
repository future in which an early failure occurs and a seismic event occurs; thus, this future is an
element of both 4, and 4. Thus, the scenario classes shown in Figure 2.4-15 overlap.

Due to the complexity of D(7]a, ), evaluation of the integral in Equation 2.4-1 requires that the
set of all futures 4 be divided into subsets, for which the integral can be numerically evaluated.
Accordingly, the four scenario classes are used to divide the full set of repository futures 4 into eight
subsets that are mutually exclusive, termed disjoint scenario classes. The partitioning of 4 into
mutually exclusive subsets is intentional in order to demonstrate how the calculation of total annual
dose satisfies Acceptance Criterion 3 of NUREG-1804, Section 2.2.1.2.1.3.

The disjoint scenario classes are based on the intersections of the scenario classes defined above.
For n independent event types there are 2” disjoint scenario classes (e.g., in the case of n =3 for the
igneous, seismic, and early failure event types, there are 2 = 8 disjoint scenario classes). Of the
eight disjoint scenario classes, seven include futures with one or more of the three types of events
(igneous, seismic, or early-failure), and the eighth is the complement of the union of the other
seven and is synonymous with the nominal scenario class. It is the set of futures with no event
occurrences. Figure 2.4-16 illustrates the set of repository futures partitioned into the eight disjoint
scenario classes or subsets. All of the disjoint scenario classes include nominal processes:

» Early-failure disjoint scenario class, S;: The set of futures that includes early-failure
events (i.e., one or more early-failed waste packages and/or one or more early-failed drip
shields), but no seismic or igneous events.

+ Igneous disjoint scenario class, S;: The set of futures each of which includes igneous
events, but no seismic or early-failure events.

» Early-failure/Igneous disjoint scenario class, S;,,,; The set of futures that includes
igneous events and early-failure events, but no seismic events.

 Seismic disjoint scenario class, Sg: The set of futures each of which includes seismic
events, but no igneous or early-failure events.

+ Early-failure/Seismic disjoint scenario class, Sy, ¢ The set of futures that includes
seismic events and early-failure events, but no igneous events.

+ Igneous/Seismic disjoint scenario class, S;,s: The set of futures that includes seismic
events and igneous events, but no early failures.

2.4-30



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

 Early-failure/Igneous/Seismic disjoint scenario class, Sy, ;,s: The set of futures that
includes seismic events and igneous events and early-failure events.

* Nominal disjoint scenario class, Sy: The set of futures in which no events occur (i.e., no
seismic events, no igneous events, and no early failure events).

The nominal disjoint scenario class excludes the occurrence of any events, and thus does not depend
on any of the aleatory uncertainties that describe events. The nominal disjoint scenario class does
address other types of aleatory uncertainty (e.g., describing the time, location and extent of damage
to waste packages caused by corrosion processes). However, these are implicitly included in the
calculation of annual dose, and are therefore not indicated explicitly in the following discussion.
The nominal disjoint scenario class and the nominal scenario class are identical.

The eight sets of futures defined above partition the set of all futures of the repository into a
collection of disjoint sets. Because the union of the eight sets equals all of 4, and the eight sets are
disjoint, the probabilities associated with each of the eight sets sum exactly to one, as contemplated
by Acceptance Criterion 1(2) in NUREG-1804, Section 2.2.1.4.1.3. These eight mutually exclusive
sets form the basis for the evaluation of total expected annual dose, as described in the next section.

24.2.14 Total Expected Annual Dose Approximations

The total expected annual dose l_)(11e) is defined by Equation 2.4-1 as the expectation over

aleatory uncertainty of total annual dose D(7]a, e). The following sections outline how this
expectation is evaluated. To evaluate total expected annual dose, total annual dose is first
approximated as the sum of contributions to total annual dose from each type of event. In
particular, the annual dose, arising from the future behavior of all processes occurring in a given
future, is separated into several parts representing the incremental or additional dose caused by a
particular class of events, e.g., the incremental or additional dose arising from the occurrence of
early failures. Next, the expectation over aleatory uncertainty of this approximation to total annual
dose is expressed as a sum of integrals over each of the eight disjoint scenario classes. Finally, the
terms in this sum are aggregated into integrals of the additional dose terms over each of the four
primary scenario classes, as a means of simplifying the calculation of total expected annual dose.

Total Annual Dose Approximation for the First 10,000-Years—For an arbitrary future a and a
given epistemic realization e, the total annual dose for the first 10,000 years after disposal is
approximated as the sum of dose resulting from nominal processes and additional dose resulting
from events (SNL 2008a, Eq. 6.1.2 1):

D(7la,e)=Dy(7]e) + Dg(7]a,e)+ D, 7la,e)+ Dg(7]a,e) (Eq. 2.4-4)
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where
Dy(1le) dose (mrem/yr) at time 7resulting from nominal processes

Dp(7la, e) additional dose (mrem/yr) at time 7 resulting from any early failures
occurring in the future a

D/(7la, e) additional dose (mrem/yr) at time 7 resulting from any igneous events
occurring in the future a

Dy(7ja, e) additional dose (mrem/yr) at time 7 resulting from any seismic events
occurring in the future a.

Because the aleatory variables described by a involve only the occurrence of events and early
failures, Dy(7]e) does not depend on a.

The approximation in Equation 2.4-4 relies on the simplifying assumption that the dose resulting
from a combination of events is the sum of the doses resulting from each separate event. For
example, this simplifying assumption, referred to as the additivity assumption, allows the TSPA
model to approximate the dose from a future involving a combination of events, such as a seismic
event followed by an igneous intrusion, as the sum of the doses calculated by considering the
seismic event and the igneous event separately. Effectively, this assumption implies that the
consequences of different classes of events (e.g., igneous and seismic) are not synergistic; thus, it
is also referred to as the no-synergisms assumption. In general, this method of approximation affects
the TSPA results in a conservative fashion, by overestimating the total expected annual dose. This
assumption is justified in more detail in Section 2.4.2.1.7, which describes the amount of
overestimation resulting from the application of this additivity assumption for each of the eight
disjoint subsets.

Next, the integral in Equation 2.4-1 is separated into a sum of eight integrals over the separate
disjoint sets { Sz Sp Ss Sgrsp Seris Sre s Sprerr s Syt:

5(r|e):IﬂD(r|a,e)dA(a|e)dA
= s D(r|a,e)d, (a|e)d4

:j Dr|a,e)dA(a|e)dA+I D(rla,e)d,(ale)d4

+.[ (rla,e)d,(ale dA+I (r|a,e)d,(ale)dd

o D(r|a,e)d, (ale) dA+j s D(r|a,e)d, (a|e)d4

+.[I+S (T|ae) ( ’e dA+IEF+[+S (T|ae) ( |e)

(Eq. 2.4-5)
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where, for convenience in the presentation, J = 1,2,...,8 is introduced as an index to the collection
{SJ} Ofthe elght dlSJOll’lt sets {SEF’ S], Ss, SEF+[’ SEF+S’ S[+S’ SEF+[+S’ SN} .

Equation 2.4-4 and Equation 2.4-5 are combined to obtain:

D(r|a,e)d,(ale)d4

y
= LSJ (Dy(r1€)+ D, (r|a,e)+D,(r|a,e)+Ds(z|a,e))d,(ale)dd
L DN(r|e)dA(a\e)dA+LSJDEF(r\a,e)dA(a|e)dA

'[)SJ D,(r|a,e)d,(ale)dd+ LSJDS(ﬂa,e)dA (ale)dd
J

J
(Eq. 2.4-6)

Consider first the integral involving D;-(7]a, e). If a future @ does not include any early failure
events, there is no additional dose that can result from early failure. Thus, the quantity
Dgr(7|a,e) is zero for any future a that does not include any early failure events. Using this
observation, the term in Equation 2.4-6 that involves D;x(7|a, ) is expanded as:

IUSJ D,.(r]a,e)d,(a)dd= Z‘ ISJ D,.(r|ae)d,(ale)d4

- '[SEF Dy (r]a,e)d,(ale)dd+ J'SEF” D,.(r|a,e)d,(ale)dd

- SEF+8S DEF (T ‘ a’e)dA (a ‘ e)dA+ ISEF-&-[-FS DEF (T ’a’e)dA (a ‘ e)dA
(Eq. 2.4-7)

because D;r(7]a, e) is zero on each of the sets {S;, Ss, S;. 5, Sy}. Finally, by using the definitions
of the early-failure scenario class, 4, and the eight disjoint scenario sets, {Sgs Sp, S¢ Serip Sgres,

2.4-33



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

Sris Sgrerrs Syt the scenario class 4 is expressed as a union of disjoint scenario sets, 4y = Sgz U
Serir U Sppig U Sgryyis- Equation 2.4-7 becomes:

. D,.(r]a,e)d, (ale)dd+ ISEF+1 D,.(r|a,e)d, (ale)d4

+ D,.(7|a,e)d, (ale)dd+

SEF+S Dy (r|a,e)dA (a|6)dA

SEF+1+S

N D,.(r|a,e)d,(ale)d4
SEFUSEF+TUSEF+SUSEF+71+58 EF( | ) A( | )

- jﬂE D, (r|ae)d,(ale)d4

=D,. (7 |e)
(Eq. 2.4-8)

where Dgx( 7]e) is the contribution to total expected annual dose attributable to early failures.
Similar sequences of operations lead to the following expressions for the contributions to total

expected annual dose from igneous events, D;( 7le) , and from seismic events, Ds( 7e) :

Di(7le) = jﬂ D/(1a, e)d,(ale)d4 (Eq. 2.4-9)

Ds(tle) = jﬂ Dg(tla, e)d,(ale)dA (Eq. 2.4-10)

where
A;=8;USgp US;gUSgr g 1s the igneous scenario class.

Dy( 7/e) is the contribution to total expected annual dose due to
igneous events.

Ag=8gU SprigU Sy gUSpp, g is the seismic scenario class.

Ds( 7e) is the contribution to total expected annual dose due to
seismic events.

The final quantity required for calculation of total expected annual dose is the expected value of the
dose at time 7 resulting from nominal processes, Dy(7]e) . Nominal processes describe waste
package and drip shield degradation processes occurring at all times (as well as the other
screened-in nominal thermal, hydrologic, mechanical, and chemical processes), regardless of
igneous, seismic, or early-failure occurrence. Consequently, these processes occur in all futures of
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the repository. The contribution to total dose attributed to these processes is approximated by the
dose Dy(7|e) for the nominal scenario class (i.e., for the set of futures which include no events).
Because the nominal scenario class excludes the occurrence of any events, the quantity D(7]e)
does not depend on any of the aleatory uncertainties described by a.

Finally, using the results of Equation 2.4-8 through Equation 2.4-10, Equation 2.4-6 can be
written as

D(z|e) ZLSJDN rla,e)d,(ale dA+L D,.(r|a,e)d,(ale)dd
+LS D,(r|ae)d,(ale)d. +LS s(z]a,e)d, (ale)dd

_J.D (r|a,e)d,(ale) dA+I DEF(r|ae) L(ale)dd
+j D,(r|ae)d,(ale dA+J' Dy(r|a,e)d,(ale)d4

N(T|9)+DEF(T|e)+D1(T|E)+DS(T|E)
(Eq. 2.4-11)

The preceding expectation process is illustrated schematically in Figure 2.4-9 (also Figure 2.4-8).

In summary, the total expected annual dose for the first 10,000 years is approximated as the sum of
the expected annual doses for the four scenario classes:

D(7le)=D,(7le) +Dgr(7|e)+D/(z]e) + Ds(|e) (Eq. 2.4-12)

The TSPA model does not use the disjoint scenario classes explicitly in the calculation of expected
annual dose. Rather, as described in Total System Performance Assessment Model/Analysis for the
License Application (SNL 2008a, Section 6.1.2.4), the expected annual dose for each of the four
scenario classes (i.e., Dy(7]e), l_)EF(Tle), Ds( 7je), and Di( 7je)) is computed by integrating
annual dose over the given scenario class (Ay, Agp Ag, Or A4,) to obtain the quantities identified in
Equation 2.4-12. As implemented in the GoldSim and EXDOC LA software, calculation of
expected annual dose is evaluated by means of modeling cases (Section 2.4.2.1.5) which further
subdivide each of the scenario classes for a more computationally efficient implementation. 7otal
System Performance Assessment Model/Analysis for the License Application (SNL 2008a,
Section 6.1.2.4 and Appendix J) describes in further detail the calculation of each term in
Equation 2.4-12.
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Equation 2.4-12 can also be obtained directly from the expectation over aleatory uncertainty (£ ,)
of the total annual dose defined in Equation 2.4-4:

D(7le) = E,[D(7|a, e)]
=E,[Dy(7le)+ Dgp(7]a, )+ D, 7a,e)+ Dy 7a,e)] (Eq. 2.4-13)
=D,(7]e) + Dgr(7|e) + Di(7je) + Ds(7le)

However, the development of Equation 2.4-12 by means of disjoint scenario classes explicitly
demonstrates how the TSPA addresses Acceptance Criterion 1(2) in NUREG-1804,
Section 2.2.1.4.1.3.

Total Annual Dose Approximation for the Post-10,000 Year Period—Total annual dose is
approximated by Equation 2.4-4 for the 10,000-year period after disposal. However, for the
post-10,000-year period calculations, a different approximation is required because of the
interactions of nominal and seismic processes and the relatively high probability that seismic
damage occurs (Section 2.4.2.1.6). For these reasons it is not practical to separate the
contributions to total annual dose from nominal processes and seismic events.

Consequently, for the post-10,000-year period, total annual dose at time 7is approximated as:

D(7a,e)=Dy. (7]a,e) +Dgr(7]a, e)+D/7]a,e) (Eq. 2.4-14)

where

Dy, s(7la,e)  dose (mrem/yr) at time 7resulting from the combined effect of nominal
processes and seismic events occurring in the future a

Dgr(7la, e) additional dose (mrem/yr) at time 7 resulting from any early failures
occurring in the future a

D/(7la, e) additional dose (mrem/yr) at time 7 resulting from any igneous events
occurring in the future a

Because futures involving seismic events are not differentiated from futures involving nominal
processes, the set of eight disjoint scenario classes collapses to four (22 = 4) disjoint scenario classes
for the post-10,000-year dose calculation (Figure 2.4-17; SNL 2008a, Section 8.1.1). Additional
discussion regarding the validity of the total annual dose approximation for the post-10,000-year
period is given in Section 2.4.2.1.7.4.

The sequence of operations outlined in Equations 2.4-5 through 2.4-11 is applied to the total
annual dose approximation for the post-10,000-year period (Equation 2.4-14) to obtain the total
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expected annual dose for the post-10,000-year period based on disjoint sets in terms of the
nondisjoint scenario classes:

D(7le) =Dy s(7le)+Di(7le)+ Dgr(1le) (Eq. 2.4-15)

Analogous to the first 10,000-year period, the total expected annual dose can be written as the sum
of the expected annual dose for three scenario classes defined by three event classes: the
combination of nominal processes and seismic events, early failures, and igneous events (SNL
2008a, Section 8.1.1). As implemented in the GoldSim and EXDOC LA software, calculation of
expected annual dose is evaluated by means of modeling cases (Section 2.4.2.1.5) which further
subdivide each of the scenario classes for a more computationally efficient implementation. 7otal
System Performance Assessment Model/Analysis for the License Application (SNL 2008a,
Section 6.1.2.4 and Appendix J) describes in further detail the calculation of each term in
Equation 2.4-15.

2.4.2.1.5 Modeling Cases

For the purpose of estimating expected annual dose, each of the scenario classes is further divided
into smaller scenario classes, each of which represents the dose resulting from the occurrence of a
particular type of event. For convenience, these scenario classes are termed “modeling cases” to
distinguish them from the four scenario classes defined for each of the four event classes. In
calculating Equations 2.4-12 and 2.4-15, the terms on the right-hand side are subdivided, because
each scenario class includes two distinct types of event occurrences whose sets of futures are
subsets of the parent scenario class:

» Early-failure Scenario Class—Early-failed waste packages (EW) and early-failed drip
shields (ED)

» Igneous Scenario Class—Igneous intrusions (II) events and volcanic eruptions (VE)

* Seismic Scenario Class—Seismic ground motion (GM) events and fault displacement
(FD) events.

Modeling cases are based on this set of six types of event occurrences, which in turn describe
specific modes of waste package degradation or radionuclide transport. As shown in Total System
Performance Assessment Model/Analysis for the License Application (SNL 2008a, Sections J4.4
and J4.5), it is possible to construct a set of nondisjoint scenario classes around the aforementioned
six types of distinct event occurrences, similar to the construction shown in Section 2.4.2.1.3, and
to express the total expected dose as the sum of the expected dose for each of these six scenario
classes and the nominal scenario class. Thus, for the purposes of this discussion on modeling cases,
the calculation of additional dose for the three parent scenario classes is understood to be subdivided
into two sets of calculations for each parent scenario class.

While the dose for the nominal scenario class consists of only one term, the other terms in
Equation 2.4-12 are each the sum of two terms representing the dose for the corresponding
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modeling cases within the scenario class. Specifically, the expected additional annual doses for the
10,000 year period after disposal for the early failure, igneous, and seismic scenario classes, given
e, are computed as:

Dgr(t]e) = Dgy(7]e)+ Dep(tle) (Eq. 2.4-16)
Di(tle)=Dy(t]e)+ Dyx(1le) (Eq. 2.4-17)
Ds(7]e) = Dsc(7]e) + Dsr(7]e) (Eq. 2.4-18)

where the terms D p( 7je) and BED(T|e) are the expected annual dose estimates for the waste

package and drip shield early failure modeling cases, respectively; D;( 7je) and Dyi( 7|e) are the
expected annual dose estimates for the igneous intrusion and volcanic eruption modeling cases,

respectively; and Dsg( 7le) and Dgr( 7/e) are the expected annual dose estimates for the seismic
ground motion and fault displacement modeling cases, respectively. Combining these three
equations with Equation 2.4-12, produces the total expected annual dose estimate for 10,000
years:

D(7e)=Dy(1je) + Dpw(7|e) + Dgp(7je) + Dy(zie) + Dyp(7ie) + Dsg(zje) + Dsp(7]e)
(Eq. 2.4-19)

For the post-10,000-year period, the nominal and the seismic scenario classes are combined, and
the expected annual dose for this combined scenario class is computed as (compare to
Equation 2.4-18):

Dy+s(7l€) = Dy+sc(7]e)+ Dsr(t]e) (Eq. 2.4-20)

where Dy -+ sc(7]e) is the expected annual dose at time 7 resulting from the combined effect of
nominal and seismic ground motion processes. Thus, combining Equations 2.4-15, 2.4-16, 2.4-17,
and 2.4-20, gives the approximation for total expected annual dose for the post-10,000-year
period:

D(17]e) = Dgy(1{e) + Dgp(7]e) + Dy 7€) + Dyg( 7€) + Dy+ sc(7|e) + Dsr(7]e)
(Eq. 2.4-21)
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As previously described, the nominal processes and seismic ground motion events are combined
into one modeling case because the seismic ground motion consequences abstraction (SNL 2007c¢)
takes into account the increased susceptibility to seismic damage as a result of corrosion-induced
thinning of the waste package outer barrier, drip shield plate, and drip shield framework
(Sections 2.3.4.5.1.3.6 and 2.4.2.3.2.1.12.3).

Equations 2.4-19 and 2.4-21, which are used to calculate the total expected annual dose, show that
this calculation “appropriately sums the contribution of each of the disruptive event scenario
classes,” as described in Acceptance Criterion 1(2) of NUREG-1804, Section 2.2.1.4.1.3.

2.4.2.1.5.1 Nominal Scenario Class

The nominal scenario class includes one modeling case, the nominal modeling case. This modeling
case estimates the dose resulting from nominal processes, primarily corrosion of the waste package
and drip shield material. Although there is no aleatory uncertainty in the nominal modeling case
related to the occurrence of events, conceptually, the time, location and degree of damage to each
waste package that fails by nominal corrosion processes are aleatory uncertainties that could be
described by adding appropriate elements to the vector for aleatory uncertainty, a. These aleatory
quantities are not explicitly represented in the TSPA model in the same manner as aleatory
quantities related to early failures or events. Rather, the aleatory uncertainty pertaining to nominal
processes is addressed through a number of averaging operations within submodels that determine
time, location and degree of damage occurring by corrosion processes. Total System Performance
Assessment Model/Analysis for the License Application (SNL 2008a, Section 6.3.5) describes these
submodels and outlines the averaging operations that account for the aleatory uncertainty in these
submodels (SNL 2008a, Appendix N). The nominal modeling case computes the expectation over
aleatory uncertainty of the annual dose directly by means of these averaging operations.

The annual dose for the nominal modeling case, Dy( 7€), is calculated both for the first 10,000
years after disposal and for the post-10,000-year period by the GoldSim component of the TSPA
model. However, as described above, for estimating total expected annual dose for the
post-10,000-year period, Dy( 7€) is not used directly in Equation 2.4-21. Instead, as described in
Section 2.4.2.1.5.4, the dose due to nominal processes is calculated as part of the seismic ground
motion modeling case. Total System Performance Assessment Model /Analysis for the License
Application (SNL 2008a, Section 6.1.2.4 and Section J5) provides more details of the evaluation of

Dy(7le).
2.4.2.1.5.2 Early Failure Scenario Class

The early failure scenario class includes two modeling cases: the waste package early failure
modeling case (EW) and the drip shield early failure modeling case (ED). Because the two types of
early failure events are independent, the expected annual dose for the early failure scenario class is
equal to the sum of the expected annual doses from its constituent modeling cases, as given by
Equation 2.4-16. (Futures with both types of early failures contribute negligibly to the total dose.)

Waste Package Early Failure Modeling Case—The waste package early failure modeling case
estimates the dose resulting from the occurrence of waste package early failures. The aleatory
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uncertainties in this modeling case are the number of waste package early failures, the type of each
waste package having early failure, and the location of each early failed waste package.

For each realization e of epistemically uncertain parameters, the expected annual dose
Dew (7]e) is calculated by:

Dew(re) = 5 S S nWP pW (€) fWT, fBN, pDRP, (&) Dyy (7ll1, 7,5, (1€
e (Eq. 2.4-22)
where
PDRP, (&) = {1 ot i
and
nWP number of emplaced waste packages in the repository
pW(e) probability of a randomly chosen waste package having early
failure (element of e)
fWT, fraction of waste packages of type r (commercial SNF or
codisposal)
fBN, fraction of waste packages that are in percolation subregion s
fDRP, (e) fraction of waste packages of type r in percolation subregion s that

experience seeping (¢ = 1) or non-seeping (¢ = 0) conditions
(function of elements of e)

Dgy (7[1,r,s,t]e) dose at time 7that results from early failure of one waste package of
type r in percolation subregion s with seeping (# = 1) or non-seeping
(¢ = 0) conditions.

The GoldSim component of the TSPA model calculates the quantity Dy, (7|[1, 7, s, t]e), and the
EXDOC LA component computes the sum indicated in Equation 2.4-22. Total System
Performance Assessment Model/Analysis for the License Application (SNL 2008a, Sections 6.1.2.4
and J6.2) provides more details of Equation 2.4-22.

Drip Shield Early Failure Modeling Case—The drip shield early failure modeling case
estimates the dose resulting from the occurrence of drip shield early failures. The aleatory
uncertainties in this modeling case are the number of early drip shield failures, the type of waste
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package located beneath each early failed drip shield, and the location of each early-failed drip
shield.

The calculation of expected annual dose for the drip shield early failure modeling case is similar to
Equation 2.4-22 for expected annual dose for the waste package early failure modeling case.
Failure of a drip shield allows seepage waters, if present, to contact the underlying waste package.
The TSPA model assumes that localized corrosion occurs on any waste package under an early
failed drip shield in a location with seepage, and that no waste package failure occurs under other
early-failed drip shields (Section 2.4.2.3.2.1.12.1). Thus, only early-failed drip shields in locations
with seeping conditions contribute to the expected annual dose (Section 2.4.2.3.2.1.12.1). For

each realization e of epistemically uncertain parameters, the expected annual dose Dgp(7]e) is
calculated by:

Dep(7le) = i inWPpD(e)jWTerN,S fDRP(e) Dyp (7[1,r,s]e) (Eq.2.4-23)

r=1s=1
nWP number of emplaced waste packages in the repository
pD(e) probability of a randomly chosen drip shield having early failure
(element of e)
fWT, fraction of waste packages of type r (commercial SNF or
codisposal)
fBN, fraction of waste packages that are in percolation subregion s
fDRP, (e) fraction of waste packages of type » in percolation subregion s that

experience seeping conditions (function of elements of e )

Dgp (7][1,7,s]e)  dose at time 7that results from early failure of one drip shield over a
waste package of type r in percolation subregion s with seeping
conditions.

The GoldSim component of the TSPA model calculates the quantity; the EXDOC LA component
computes the sum indicated in Equation 2.4-23. Total System Performance Assessment
Model/Analysis for the License Application (SNL 2008a, Sections 6.1.2.4 and J6.3) provides more
details of Equation 2.4-23.

2.4.2.1.5.3 Igneous Scenario Class

The igneous scenario class includes two modeling cases: the igneous intrusion modeling case (II)
and the volcanic eruption modeling case (VE). Although the occurrences of intrusion and eruption
are not independent (Section 2.4.2.3.2.1.12.2), the dose transport pathways of an intrusion and an
eruption are independent, because an eruption results in radionuclide transport through the
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atmosphere, whereas an intrusion results in radionuclide transport through the groundwater
pathway. For the igneous scenario class, the expected annual dose is given in Equation 2.4-17.

Igneous Intrusion Modeling Case—The igneous intrusion modeling case calculates the dose
resulting from groundwater transport of radionuclides resulting from an igneous intrusion into the
repository. The occurrence time of the igneous event is the single aleatory random variable in the
igneous intrusion modeling case. The TSPA assumes that an igneous intrusion completely
compromises all waste packages; thus, the extent of damage is not treated as uncertain.

For each realization e of the epistemically uncertain parameters, the expected annual dose

D( 7]e) at time 7is approximated by:
— T
Di(te) = jOD,,( 7|[1, ], @)\ (e)dt (Eq. 2.4-24)

where D;(7|[1, ¢], @) is the dose at time 7from one igneous intrusion event occurring at time 7, and
A/ (e) is the sampled value for the annual frequency of igneous events. The quantity
D, (7|[1,¢],e) is computed using the GoldSim component of the TSPA model, and the integral
over igneous occurrences is approximated by a quadrature technique implemented in the
EXDOC_LA component of the TSPA model. For more details of Equation 2.4-24, see Total System
Performance Assessment Model/Analysis for the License Application (SNL 2008a, Sections 6.1.2.4
and J7.2).

Nominal corrosion processes are included in the igneous intrusion model for calculation of dose in
the post-10,000-year period. However, the calculation of D;,(7|[1, t], ) does not accumulate the
dose from radionuclides released by corrosion processes prior to the igneous intrusion to avoid
counting these radionuclides twice in the calculation of total mean annual dose in Equation 2.4-21.
This dose is accounted for as part of the nominal modeling case for the first 10,000 years after
closure, and as part of the seismic ground motion modeling case for the post-10,000-year period.

Volcanic Eruption Modeling Case—The volcanic eruption modeling case estimates the annual
dose resulting from eruptions, which are a subset of the igneous events. The aleatory uncertainties
in this modeling case include:

» Number of eruptive events

* Time of each eruptive event

» Number of waste packages affected in each event

+ Fraction of waste package content that is ejected into the atmosphere in each event

» Eruptive power, eruptive velocity, duration, wind speed, and wind direction for each
eruptive event.
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For each realization e of the epistemically uncertain parameters, the expected annual dose
Dyi( 7e) at time 7is formally calculated by:

Dye(1e) =pEx,(e)NVEFj0’[jU Dyp(7[1,¢ 1,u],e)d,(u)dU]dt (Eq.2.4-25)

where

pE probability that an igneous event has eruptive conduits that
intersect the emplaced waste, (0.28) - (0.2968) = 0.083
(Section 2.3.11.4.2.1)

A(e) epistemic uncertain frequency of igneous events

Nye mean number of waste packages affected by eruptive conduits

F mean fraction of waste package content ejected into the
atmosphere

Uyg vector space of all values of eruptive power, eruptive velocity,

duration, wind speed, and wind direction

u vector of values sampled from the distributions eruptive power,
eruptive velocity, duration, wind speed, and wind direction

d,(u) probability density function (pdf) on U, formed from the
individual probability distributions for eruptive power, eruptive
velocity, duration, wind speed, and wind direction

Dyg(7|[1,¢ 1,u],e) dose attime 7from one eruption occurring at time ¢, which affects
all of the content of one waste package, with eruptive power,
eruptive velocity, duration, wind speed, and wind direction
described by u.

The quantity Dyz(7][1,¢, 1, u], e) is computed using the GoldSim component of the TSPA model.
Due to the relatively large number of aleatory uncertainties described by the vector u, the integral
over Uy is calculated by means of a Monte Carlo method, using a Latin hypercube sample from the
vector space Uy, The integral over the igneous occurrence time is calculated by a quadrature
technique. These integrals are evaluated using the EXDOC LA component of the TSPA model. For
more details of Equation 2.4-25, see Total System Performance Assessment Model/Analysis for the
License Application (SNL 2008a, Sections 6.1.2.4 and J7.3).
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2.4.2.154 Seismic Scenario Class

The seismic scenario class includes two modeling cases: the seismic ground motion modeling case
(SG), and the seismic fault displacement modeling case (SF). For the seismic scenario class, the
expected annual dose for the first 10,000 years is approximated with Equation 2.4-18 using
Equations 2.4-26 and 2.4-28 below. For the post 10,000 year period the approximation in
Equation 2.4-20 results from the combination of Equations 2.4-27 and 2.4-28.

Seismic Ground Motion Modeling Case (First 10,000 Years)—The seismic ground motion
modeling case calculates annual dose from radionuclides released from the EBS due to damage to
waste packages resulting from vibratory ground motion. As discussed in more detail in
Section 2.4.2.2.2.3, for the first 10,000 years, the consequences of seismic ground motion events
can be approximated by examining only the occurrence of stress corrosion cracking damage to
codisposal waste packages with the drip shield intact and without rockfall, and without
considering thinning of the waste package outer barrier due to corrosion processes (SNL 2008a,
Section 7.3.2). This does not represent any changes to FEPs screening but, rather, a TSPA
simplification based on TSPA consequence analyses that have shown that other damage
mechanisms are insignificant in the first 10,000 years.

The aleatory uncertainties in the seismic ground motion modeling case for 10,000 years include:

* Number of seismic events that cause stress corrosion cracking damage to co-disposal
waste packages

* Occurrence time of each damaging seismic event
» Waste package surface area damaged by each damaging seismic event.

For a vector e of epistemically uncertain parameters, the expected annual dose is approximated
by:

Dy(rle)=[ (21 (e)exp(~4 (&)1)( [ D (< 1[11,4].€) ., (4] e)dA))dt

" L’(A (e)exp(~4 ())( [ [ Do (71115, 5].€) (B|e)27(e)dBds))a’t
(Eq. 2.4-26)

where

Ai(e) frequency of seismic ground motion events that cause stress
corrosion cracking damage to codisposal waste packages with intact
internals
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A, (e) frequency of seismic ground motion events that cause stress
corrosion cracking damage to codisposal waste packages with
degraded internals

d,(4]e) density function for damage area occurring on codisposal waste
packages with intact internals from seismic events that cause
damage, defined on the domain [0, D], where D is the surface area
of the waste package

d,,(Ble) density function for damage area occurring on codisposal waste
packages with degraded internals from seismic events that cause
damage, defined on the domain [0, D], where D is the surface area
of the waste package

Dgs(7|[1,1,4],e) dose at time 7 resulting from one seismic ground motion event
occurring at time ¢ that causes damaged area equal to A4

Two occurrence frequencies and damage density functions are used in Equation 2.4-26 because
there are different probability models for the occurrence and the extent of damage depending on
whether the internals of the waste package are intact or degraded (SNL 2007¢). The calculation of
expected annual dose in Equation 2.4-26 accounts for the possibility that more than one damaging
event occurs in the future of the repository, using the conservative assumption that the annual dose
from a sequence of seismic events causing cumulative damage to waste packages is reasonably
approximated by the sum of the annual dose resulting from the individual events. This assumption
of additivity in seismic consequences is discussed in Section 2.4.2.1.7 (SNL 2008a, Section J§8.3).

The quantity Dg;(7|[1, ¢, 4], ) is calculated by the Goldsim component of the TSPA model. The
integrals in Equation 2.4-26 are approximated by employing quadrature techniques implemented in
the EXDOC LA component of the TSPA model. For more details of Equation 2.4-26, including the
derivation of the occurrence frequencies and damage density functions from the seismic hazard
curve and the seismic consequence abstraction, see Tofal System Performance Assessment

Model/Analysis for the License Application (SNL 2008a, Sections 6.1.2.4.4, J8.3, J8.4, and J8.5).
Seismic Ground Motion Modeling Case (Post-10,000 Year-Period)—Section 2.3.4 outlines a
probabilistic model for effects on the EBS due to seismic ground motion events and provides

different probability models for (SNL 2007¢):

» The probability and extent of stress corrosion cracking damage to codisposal and
commercial SNF waste packages

» The probability and extent of rupture and puncture of codisposal and commercial SNF
waste packages

» The probability and extent of rockfall in the lithophysal and nonlithophysal zones

* The state of the drip shield and its supporting framework as a function of time.
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The model also accounts for the change in susceptibility (i.e., probability) of each EBS component
to damage, and, if damage occurs, the extent of damage. As mentioned at the beginning of this
section, for the post-10,000-year period after permanent closure, this full seismic consequence
abstraction (SNL 2007¢) is used, including the effects of corrosion processes on EBS components
and the dose resulting from corrosion processes.

The aleatory uncertainties in the seismic ground motion modeling case for 1,000,000 years
include:

* The number of seismic events
* The time of each seismic event

* The amount of rockfall in the lithophysal zone caused by each seismic event (see
Section 2.4.2.3.2.1.12.3, which discusses the use of the lithophysal rubble abstraction in
both lithophysal and nonlithophysal rock)

» The effect of drift collapse on the structure and function of drip shields at the time of each
seismic event

» The occurrence and extent of stress corrosion cracking damage to each type of waste
package (codisposal and commercial SNF) for each seismic event

» The occurrence and extent of rupture and/or puncture of the outer barrier for each type of
waste package (codisposal and commercial SNF) for each seismic event.

Because of the complexity of the post-10,000-year seismic consequence abstraction, the hundreds
of seismic events that could occur in the long-term future of the repository, as well as the failure of
waste packages and drip shields by nominal corrosion processes, a Monte Carlo technique is used
to estimate expected annual dose given epistemic uncertainty in the post-10,000-year period for
the seismic ground motion modeling case:

— 1 Na
Dy+sc(7]€) = N Y Dy.sc(7la;, e) (Eq. 2.4-27)
j=1
where
a,j=1,...,N, random sample of size N, for aleatory quantities (listed above)
Dy, sc(7a;,e) annual dose at time 7 from combined effects of seismic events and

nominal corrosion processes described by elements of @; and e .

The quantity Dy, s5(7]a;, ) is computed by the GoldSim component of the TSPA model, and the
averaging indicated in Equation 2.4-27 is done with the EXDOC LA component. For more details
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of Equation 2.4-27, see Total System Performance Assessment Model/Analysis for the License
Application (SNL 2008a, Sections 6.1.2.4.4 and J8.3).

Seismic Fault Displacement Modeling Case—The seismic fault displacement modeling case
computes annual dose from radionuclides released from the EBS due to damage caused by fault
displacements. The aleatory uncertainties included in this modeling case are:

» Number of fault displacement events affecting each type of waste package (commercial
SNF or codisposal)

* Occurrence time of each fault displacement event

* Number of waste packages of each type (commercial SNF or codisposal) damaged by
each fault displacement event

* Damaged area in the Alloy 22 outer barrier of each waste package type by each fault
displacement event.

When a fault displacement event occurs, the drip shield above the affected waste packages is
assumed to be ruptured by the event.

The calculation of expected annual dose for fault displacements, Dgz( 7]e), does not explicitly
treat the aleatory uncertainty for the location of each affected waste package. Instead, to reduce

computational requirements, Dsr(7|€) is approximated by modeling 100 waste packages of each
type, placed proportionally into the percolation subregions and, within each subregion, into
seeping or non-seeping locations. Results are calculated for each set of 100 waste packages and
then scaled to the expected number of packages affected by a fault displacement event. This
technique efficiently calculates the expected annual dose considering the uncertainty in the
locations and the types of waste packages affected by fault displacement.

For each realization e of epistemically uncertain parameters, the expected annual dose D ( 7e)
at time 7is calculated by:

Dsr(t]e) = i [MF,/loO][jo’(jf’Dm(q[1, 1,100, 4], e)d,(4)dA)dt]  (Eq.?2.4-28)
r=1
where

A, frequency of fault displacement events that cause damage to
waste packages of type

? I

expected number of waste packages of type » (commercial
SNF or codisposal) damaged by one fault displacement event
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dy.(A) density function for damage area on waste packages of type r
from a fault displacement, defined over domain [0, 4,], where
A, 1s the cross-sectional area of a waste package of type

Dy (7[1,1,100,4],e) dose at time 7resulting from one fault displacement occurring
at time ¢, which damages 100 waste packages of type r,
causing area opened equal to 4 on each waste package of

type r.

The GoldSim component of the TSPA model computes the quantity Dg.,.(7][1, ¢, 100, 4], e), and
the two integrals in Equation 2.4-28 are approximated using quadrature techniques implemented in
the EXDOC LA component. For more details of Equation 2.4-28, see Total System Performance
Assessment Model/Analysis for the License Application (SNL 2008a, Sections 6.1.2.4.4 and J8.6).

2.4.2.1.6 Scenario Class Probabilities

Because each scenario class is a subset of the probability space describing aleatory uncertainty, from
a mathematical perspective (SNL 2008a, Appendix J, Section J4.4) a probability can be computed
for each scenario class. However, because of the dependence of several elements of the aleatory
vector @ on elements of the epistemic vector e, the calculation of the probability for a scenario class
is also dependent on the epistemic vector e. In addition, because seismic and igneous events are
modeled as occurring randomly in time, the probability of these scenario classes also depends on the
time interval being considered.

For a given time interval and a given epistemic vector e, the probability of a scenario class 4,
conditional on the epistemic vector e is calculated by integrating the density function d,(a|e)
over the scenario class of interest:

paAle) = [ di(ale)d, (Eq. 2.4-29)

The mean probability of each scenario class p,(4)) can then be calculated by integrating p,(4,|e)
over epistemic uncertainty.

Intuitive definitions of these mean probabilities are

p4(Ay) = probability of one or more early failures (either waste package or drip shield),
p4(A4;) = probability of one or more igneous events,

p4(Ag) = probability of one or more seismic events,

p4(Ay) = probability of no early failures, igneous events or seismic events

The following sections provide values for the mean probabilities of each scenario class, as well as
the mean probabilities for the events represented by each scenario class.
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Early Failure Scenario Class—Because early failure is considered independently for each waste
package and drip shield (SNL 2008a, Section 6.4), the number of waste package and drip shield
early failures is described by binomial distributions. However, because the probability of early
failure of a randomly chosen waste package or drip shield is small (SNL 2008a, Table 6.4-2), the
number of early failures can be reasonably approximated by a Poisson distribution:

pa(Agle) = Iﬂ ds(ale)d,
=1—exp[-nWP(pW(e)+pD(e))]

(Eq. 2.4-30)

where nWP = 11,629 (i.e., 3,416 codisposal and 8,213 commercial waste packages) is the number
of individual waste packages and drip shields represented in the TSPA model, and pW(e) and
pD(e) are the probabilities of early failure for a randomly chosen waste package or drip shield,
respectively (SNL 2008a, Appendix J, Section J6.5).

The mean probability for the early-failure scenario class p ((A4y) is evaluated to be 0.45, which is the
mean probability that one or more early failures of waste packages or drip shields occur.
Considering the types of early failure separately, the mean probability of one or more early waste
package failures is 0.44, and the mean probability of one or more early drip shield failures is 0.017
(SNL 2008a, Section 8.2.2).

Igneous Scenario Class—The igneous scenario class considers the occurrence of igneous events.
Each igneous event involves a magmatic intrusion of the repository; some igneous events also
involve eruptive conduits that intersect emplaced waste. The number of igneous events occurring
in an interval of time is described by a Poisson distribution with an epistemically uncertain rate
A,(e)/yr. Thus, considering a time interval of length 7, the probability of the igneous scenario
class 4, conditional on the epistemic vector @ (SNL 2008a, Appendix J, Section J7.5) is given by:

pa(A|T, @) = 1 —exp(-A,(e)T) (Eq. 2.4-31)

The mean probability of the igneous scenario class p,(4,) is estimated to be 1.7 x 107 for 10,000
years, and 1.7 x 1072 for one million years (SNL 2008a, Table 6.5-2).

Every igneous event involves an intrusion into the repository by a magmatic dike; hence the mean
probability of the occurrence of an igneous intrusion event is the same as the mean probability of
the igneous scenario class (i.e., 1.7 x 107®%). As described in Section 2.3.11.4.2, only a fraction
(0.083) of these events also involve an eruptive conduit that intersects emplaced waste (SNL 2008a,
Section 6.5.2.2). Therefore, the mean probability of a volcanic eruption is (0.083) x (1.7 x 1074 =
1.4 x 107> for 10,000 years, and 1.4 x 10~ for 1,000,000 years.

Seismic Scenario Class—The seismic scenario class represents the occurrence of two types of
seismic events: ground motion and fault displacement. Each type of event is modeled to occur
independently and is described by a Poisson process. Not every ground motion event included in
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the seismic scenario class causes damage to waste packages and drip shields (Section 2.3.4).
Consequently, the rate for the Poisson process describing ground motion events is the rate of
occurrence of ground motion events with potential to cause damage to waste packages and drip
shields. For the purpose of calculating a probability for the seismic scenario class, this rate is
approximated as A, = 4.287 x 107 per year, corresponding to the frequency of events with PGV
exceeding 0.219 m/s (SNL 2008a, Appendix J, Section J8.8). The rate of occurrence of fault
displacement events is Ag- = 2.5 x 1077 per year, which is the frequency of fault displacement

events with potential to cause damage to waste packages (Table 2.3.4-59).

Considering a time interval of length 7, the probability of the seismic scenario class 4 is (SNL
2008a, Appendix J, Section J8.8):

pA(/qS‘T) = l_exp(_(x’mx—i_}\’SF)T)

Eq. 2.4-32
=1-exp(—(429%x 10 HT) (Fa :

The probability of the seismic scenario class p,(A4g) is estimated to be 0.99 for 10,000 years, and
1.00 for one million years. It is important to note that this probability (0.99) is the probability of
seismic events with potential to cause damage. The probability that damage occurs is much smaller,
as is discussed next.

Further insight into the outcomes associated with the seismic scenario class can be gained by
considering the probability of damage resulting from seismic events. These probabilities should not
be confused with the probability of occurrence of seismic events with potential to cause damage.
The probability that a seismic event causes damage depends on additional uncertainties, such as the
PGV of the seismic event, the state of the waste packages and drip shields at the time of the event,
and the epistemic uncertainty in residual stress threshold for Alloy 22. Section 2.3.4 describes the
probability models developed to describe the effects of seismic events; Section 2.4.2.3.2.1.12.3
summarizes the implementation of these models in the TSPA model.

Because seismic damage results from seismic events which are modeled by a Poisson process, the
occurrence of different modes of damage is also described by a Poisson process, with appropriate
rate terms. The following quantities illustrate the probabilities of occurrence of seismic events
resulting in several of the different modes of damage associated with the occurrence of a
potentially damaging seismic event:

* Mean probability of seismic events before 10,000 years which cause damage to intact
codisposal waste packages with outer barrier at least 23 mm in thickness: 0.070

* Mean probability of seismic events before 10,000 years which cause damage to intact
commercial SNF waste packages with outer barrier at least 23 mm in thickness 5.2 x 107,

Additional information about the effect of seismic events on waste packages and drip shields is
provided in Figures 2.1-11 through 2.1-17.
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Nominal Scenario Class—The nominal scenario class represents futures in which no early
failures and no igneous or seismic events occur. Consequently, the mean probability of the
nominal scenario class is

pa(Ay) = (1 =p,(Ap))(1=p(A))(1 - p(Ag)) (Eq. 2.4-33)

Using the values for p,(A4;), p,(A4;), and p,(Ag) provided above, the mean probability of the
nominal scenario class is 0.0055 for 10,000 years and essentially 0 for 1,000,000 years.

As described in Section 2.4.2.1.3, the probabilities of the scenario classes, p,(A4;), p,(A4;), and
p.4(Ag) should not be expected to add to 1.0, since they are not disjoint. However, the probabilities
of the eight disjoint scenario classes, which form the basis for the total annual dose calculation,
described in Section 2.4.2.1.4, do add to 1.0 because union of the eight disjoint scenario classes is
the entire aleatory probability space.

2.4.2.1.7 Overestimation in Annual Dose Arising from the Additivity Assumption

As outlined in Section 2.4.2.1.4, the calculation of total annual dose as the sum of annual dose from
each of the four primary scenario classes relies on the simplifying assumption that the occurrence
of an early failure or other event has no effect on the consequences of a later event. This additivity
or no-synergisms assumption allows the TSPA model to approximate the dose from a future
involving a combination of events, such as a seismic event followed by an igneous intrusion, as the
sum of the dose from the seismic event and the dose from the igneous event (plus the dose due to
nominal processes). The appropriateness of this assumption depends on both scenario class
probability and the expected doses to the RMEI that result from the futures associated with
individual scenario classes. However, in general, this method of approximation affects the TSPA
model results by overestimating the resulting dose. Table 2.4-7 summarizes the effect of each
combination of events on the calculation of total mean annual dose. These effects are discussed
below (SNL 2008a, Sections 6.1.2.3 and J10).

24.2.1.7.1 Intersection of Nominal Scenario Class with Other Scenario Classes

During the period before 10,000 years, the corrosion processes included in the nominal scenario
class have no consequences that affect the consequences of any early failure or disruptive event.
Thus, no combinations of the nominal scenario class with other scenario classes are relevant before
10,000 years.

During the post-10,000-year period after permanent closure, the corrosion processes described by
the nominal scenario class affect the consequences of seismic ground motion events, so these
processes are included in the seismic ground motion modeling case. As explained in
Sections 2.4.2.1.4 and 2.4.2.1.5, the inclusion of these processes means that dose due to nominal
processes is combined with the dose due to seismic ground motion events, and this combined
quantity is calculated by the seismic ground motion modeling case. The nominal corrosion
processes are also accounted for in the igneous intrusion modeling case, but the dose due to
corrosion processes before the time of the first intrusion is not included in the dose for the igneous
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intrusion modeling case. The corrosion processes are included in the simulation so that the
inventory remaining in the waste packages at the time of the intrusion is reduced by the
radionuclides released due to corrosion processes prior to the intrusion. This is done in the TSPA
model in order to avoid counting radionuclides twice in the calculation of total expected annual

dose D; (Equation 2.4-21). Nominal corrosion processes are not, however, included in the seismic
fault displacement, volcanic eruption, or early failure modeling cases resulting in a small
overestimation of radionuclide releases, because the inventory in the waste packages affected by
these events is not reduced by the radionuclides released due to corrosion processes prior to the
intrusion. The effect of the overestimation on total mean annual dose is small because the number
of waste packages impacted by these cases is, at most, two percent.

2.4.2.1.7.2 Intersection of Early-Failure Scenario Class with Other Scenario Classes

The TSPA model assumes all waste package and drip shield early failures occur at repository
closure. Further, an early failure cannot follow any disruptive event. In the TSPA, if a disruptive
event follows an early failure, the inventory released as a consequence of the disruptive event is
estimated without subtracting the inventory released from the waste packages affected by early
failure. This assumption is conservative, although its magnitude is small because on average less
than 2.49/11,629 = 0.02% of the waste packages are affected previously by early failure (SNL
2008a, Section 6.1.2.3.2), and, as a result, no more than 0.02% (on average) of the inventory is
counted twice.

24.2.1.7.3 Intersection of Igneous Scenario Class with Other Scenario Classes

The combinations of an igneous intrusion and volcanic eruption with other scenario classes are
considered separately (SNL 2008a, Section 6.1.2.3.3).

Igneous Intrusion with Seismic Scenario Class—The TSPA model assumes that all
components of the EBS suffer maximum damage from an igneous intrusion event. In other words,
after the intrusion, the EBS components (drip shields and waste packages) no longer function to
prevent or slow the rate of transport of radionuclides. Since the effects of a seismic event (either
vibratory ground motion or fault displacement) are damage to components of the EBS, a seismic
event following an igneous intrusion will not have any effect on the repository performance
because all waste packages and drip shields would have already been destroyed.

The TSPA model overestimates total dose by not excluding the dose resulting from seismic events
occurring after an igneous intrusion. Although this too is a conservative assumption, during
1,000,000 years the average probability of an igneous intrusion is roughly (1.7 x 1073/yr) x (10° yr)
= 1.7 x 1072, so the overestimate of dose affects only 2% of the futures considered in the seismic
ground motion modeling case.

Volcanic Eruption with Seismic Scenario Class—The TSPA model overestimates total dose by
not reducing the inventory that could be released by seismic events by the amount of inventory
released by any volcanic eruptions. However, on average an eruptive event affects less than 0.03%
of the waste packages, so not more than 0.03% (on average) of the inventory could be counted
twice, and the net effect on total mean annual dose of the combination of volcanic eruptions and
seismic events is negligible.
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Combinations of Igneous Intrusions with Volcanic Eruptions—The TSPA model overestimates
total dose by not reducing the inventory that could be released by intrusions or eruptions by the
amount of inventory released by any preceding igneous event. However, on average an eruptive
event affects less than 0.03% of the waste packages, so the effect on total mean annual dose of an
eruptive event preceding other igneous events is negligible (SNL 2008a, Section 6.1.2.3.3). The
TSPA Model accounts for multiple igneous intrusion events and for multiple volcanic eruption
events in the calculation of total mean annual dose.

24.2.1.7.4 Intersection of Seismic Scenario Class with Other Scenario Classes

The TSPA model overestimates total expected annual dose by not subtracting the inventory released
due to preceding seismic ground motion events from the inventory available at the time of an
igneous event (SNL 2008a, Section 6.1.2.3.4). During the 1,000,000 years after disposal, essentially
all future states of the repository eventually include releases due to either seismic ground motion
damage or nominal corrosion processes; thus, many realizations of the igneous modeling cases
overstate releases by the amount of inventory released prior to an intrusion. This interaction is
conservative in the sense that the consequences of the igneous modeling cases are always
overstated. However, the overestimate in expected annual dose from igneous events is shown to be
minor (SNL 2008a, Appendix J, Section J10).

The inventory released from a fault displacement event is not subtracted from the inventory that
could be released by a later disruptive event. In addition, the inventory that could be released from
waste packages affected by fault displacement is not reduced by releases from any preceding
disruptive events. However, a fault displacement affects at most 214/11,629 = 1.8% of the waste
packages (SNL 2008a, Section 6.1.2.3.4), so at most 1.8% of the inventory is counted twice, and the
net effect on total mean annual dose of the combination of fault displacements, with other disruptive
events, is negligible.

Table 2.4-7 summarizes all of the interaction terms discussed in Section 2.4.2.1.7.
2.4.2.1.8 Conclusion

The primary purpose of Section 2.4.2.1 is to address Acceptance Criterion 1 of NUREG-1804,
Section 2.2.1.4.1.3, “Scenarios Used in the Calculation of Annual Dose as a Function of Time Are
Adequate,” and Acceptance Criterion 3 of NUREG-1804, Section 2.2.1.2.1.3, “Formation of
Scenario Classes Using the Reduced Set of Events is Adequate.” The following discussion
summarizes the presentation in Section 2.4.2.1, and indicates where each part of these acceptance
criteria is addressed.

Section 2.4.2.1.2 presents the calculation of total mean and median annual dose as a function of
time. Section 2.4.2.1.3 describes the event and scenario classes that are included in these
calculations, and Section 2.4.2.1.4 outlines the methodology used in the calculations. Together,
these sections demonstrate, as requested by Acceptance Criterion 1(1) of NUREG-1804,
Section 2.2.1.4.1.3, that “all scenario classes that have been determined to be sufficiently probable,
or to have a sufficient effect on overall performance that they could not be screened from the total
system performance assessment analyses” are included in the annual dose calculations presented in
Section 2.4.2.2.1.
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As anticipated by Acceptance Criterion 1(2) of NUREG-1804, Section 2.2.1.4.1.3,
Section 2.4.2.1.4 shows how the calculation of the annual dose curve “appropriately sums the
contribution of each of the disruptive event scenario classes.” Section 2.4.2.1.5 summarizes how the
calculation for each scenario class “properly accounts for the effects that the time of occurrence of
the disruptive events comprising the scenario class has on the consequences.” Section 2.4.2.1.6
presents the calculation of probabilities for each scenario class and Section 2.4.2.2.1 summarizes
results and analyses for each scenario class; together, these sections demonstrate that the “annual
probability of occurrence of the events used to calculate the contribution to the annual dose is
consistent with the results of the scenario analysis.” Finally, Section 2.4.2.1.3 shows how the
“probabilities of occurrence of all scenario classes, included in calculating the annual dose curve,
sum to one.”

Formation of scenario classes is described in Section 2.2.1.3 and the results of that analysis are
summarized in Section 2.4.2.1.3. The methodology for calculating total expected annual dose,
presented in Section 2.4.2.1.4, is based on the set of mutually exclusive scenario classes listed in
Section 2.4.2.1.3. Thus, these sections show that the performance assessment results are based on
a set of scenario classes that are “mutually exclusive and complete, clearly documented, and
technically acceptable.”

2.4.2.2 Evaluation of Annual Dose to the RMEI with Respect to the Postclosure
Individual Protection Standard
[NUREG-1804, Section 2.2.1.4.1.3: AC 2]

The second of three acceptance criteria in NUREG-1804, Section 2.2.1.4.1.3, requires an adequate
demonstration that the annual dose to the RMEI does not exceed the individual protection
standards after permanent closure in proposed 10 CFR 63.311. This is demonstrated below. The
individual protection standard after permanent closure is defined in proposed 10 CFR 63.311, as
follows:

(a) DOE must demonstrate, using performance assessment, that there is a
reasonable expectation that the reasonably maximally exposed individual
receives no more than the following annual dose from releases from the
undisturbed Yucca Mountain disposal system:

1. 0.15 mSv (15 mrem) for 10,000 years following disposal; and

2. 3.5 mSv (350 mrem) after 10,000 years, but within the period of
geologic stability.

(b) DOE’s performance assessment must include all potential environmental
pathways of radionuclide transport and exposure.

As stated in proposed 10 CFR 63.303, compliance with the above numerical requirements is based
on the mean of projected doses prior to 10,000 years and on the median of projected doses during
the period of geologic stability after 10,000 years (i.e., until 1,000,000 years after permanent
closure). Also, the “undisturbed Yucca Mountain disposal system” is not affected by human
intrusion. Human intrusion is addressed in Section 2.4.3.
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The four specific subcriteria of NUREG-1804, Section 2.2.1.4.1.3, Acceptance Criterion 2 are as
follows:

1. A sufficient number of realizations has been obtained, for each scenario class, using the
total system performance assessment code, to ensure that the results of the calculations
are statistically stable;

2. The annual dose curve includes confidence intervals (e.g., 95th and 5th percentile) to
represent the uncertainty in the dose calculations;

3. Repository performance and the performance of individual components or subsystems
are consistent and reasonable; and

4. The total system performance assessment results confirm that the repository
performance results in annual dose, to the reasonably maximally exposed individual, in
any year, during the compliance period, that does not exceed the postclosure individual
protection standard.

Section 2.4.2.2.1 addresses Acceptance Criterion 2(2) and Acceptance Criterion 2(4) by showing
the dose results (statistical quantiles and major radionuclide contributors) for the seven modeling
cases and for the total dose. The annual dose plots, that include 5th and 95th percentile curves for
the uncertainty distribution of expected annual doses address Acceptance Criterion 2(2) by
indicating the range of uncertainty in the results. Section 2.4.2.2.2 addresses Acceptance
Criterion 2(1) by demonstrating statistical stability of the annual dose curves for the seven modeling
cases and for the total annual dose, including the confidence intervals for uncertainty in the mean
annual dose. Section 2.4.2.2.3 addresses Acceptance Criterion 2(3) by demonstrating consistency
between total system and subsystem results.

24.2.2.1 Annual Dose to the Reasonably Maximally Exposed Individual
[NUREG-1804, Section 2.2.1.4.1.3: AC 2(2) to (4)]

This section demonstrates that DOE satisfies Acceptance Criterion 2(2) and Acceptance
Criterion 2(4) in NUREG-1804, Section 2.2.1.4.1.3. In particular, (1) the mean annual dose to the
RMETI for the 10,000-year period after repository closure (proposed 10 CFR 63.303(a)), and the
median of the total expected annual dose to the RMEI for the post-10,000-year period ending at
1,000,000 years after disposal, do not exceed the corresponding individual protection standards in
proposed 10 CFR 63.311; and (2) the 5th and 95th percentile of the distribution of annual doses
indicate the range of uncertainty in the projected annual doses. This section, along with
Sections 2.4.2.2.3 and 2.4.2.3.3, also helps to demonstrate that the DOE satisfies Acceptance
Criterion 2(3) in NUREG-1804, Section 2.2.1.4.1.3 regarding consistency of total system
performance (dose) and subsystem performance. In particular, the following sections explain some
of the underlying causes of the shape and magnitude of the total mean annual dose curve through
descriptions of the behavior of key processes and submodels, such as release rates, solubilities,
waste package degradation, and transport processes. (More in-depth discussion of Acceptance
Criterion 2(3) is found in Section 2.4.2.2.3, which discusses details of various single-realization
analyses, and also in Section 2.4.2.3.3, which discusses uncertainty propagation in the TSPA
model.) In addition to total mean annual dose, the mean annual dose from each of the seven
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modeling cases that comprise the total mean annual dose curve is shown and explained, including
the uncertainty in the distribution of doses for each modeling case.

24.2.2.1.1 Quantitative Results for Total Mean or Median Annual Dose

Detailed probabilistic projections of the total annual dose, along with various statistical measures of
uncertainty are described in this section. The information will address several questions, including
which radionuclides contribute most to the projected annual doses and which scenario classes and
processes most influence the projected annual doses. As will be demonstrated below, the numerical
limits prescribed in proposed 10 CFR 63.311 are met, with the maximum of the total mean or
median annual dose, which is the mean (or median) dose summed over all modeling cases (i.e., all
scenario classes) and over all radionuclides, falling well below the statutory limits. A description of
which uncertain parameters are most important with respect to uncertainty in total mean annual dose
can be found in Section 2.4.2.3.3, which addresses Acceptance Criterion 3(3) in NUREG-1804,
Section 2.2.1.4.1.3 regarding uncertainty propagation in the TSPA model.

24.2.2.1.11 Total Annual Dose, with Associated Uncertainty

The total expected annual dose results computed according to Equations 2.4-19 and 2.4-21 are
shown in Figure 2.4-10a for the period within 10,000 years after permanent closure, and
Figure 2.4-10b for the post-10,000-year period. The mean, median, and 5th and 95th percentile
curves are superimposed on each plot to illustrate the central tendency and uncertainty. The total
mean annual dose history, which is plotted as the red curve, is computed by taking the arithmetic
average of the 300 expected annual dose values at each time 7 along the curves. Similarly, the
median dose history, plotted as the blue curve, is constructed by sorting the 300 expected values
from lowest to highest at each time 7, and then averaging the two middle values. Curves for the Sth
and 95th percentiles are also plotted to illustrate the spread in the expected annual dose histories;
270 of the 300 epistemic realizations of the projected dose histories fall between these two
percentile curves. For the 10,000-year period after permanent closure, the maximum mean annual
dose to the RMEI is estimated to be about 0.24 mrem, which is below the individual protection limit
of 15 mrem. Similarly, the maximum median annual dose for the post-10,000-year period but within
the period of geologic stability (1,000,000 years) is estimated to be about 0.96 mrem, which is
below the individual protection limit of 350 mrem. Note that the dose for the first 10,000 years of
the post-10,000-year dose plot is similar to the 10,000-year dose plot, even though a different time
stepping and calculation methodology is used. This provides additional confidence in the two
methodologies.

The times of the maximum mean and median doses are shown in Table 2.4-2.
2.4.2.2.1.1.2 Contribution of Modeling Cases to Total Mean Annual Dose

Important risk insights can be gained by disaggregating the total mean annual dose into the mean
annual dose contributions from the individual modeling cases, as shown on Figure 2.4-18. From
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these dose curves, the following general observations can be drawn about the projected
postclosure performance:

* Mean annual doses calculated for both the 10,000-year and the post-10,000-year time
periods are dominated by dose contributions from the seismic ground motion modeling
case (which includes releases caused by nominal corrosion failures) and the igneous
intrusion modeling case. (Note: “Failure” of a waste package means a through-wall
opening in the Alloy 22 outer barrier, either a crack (which only allows diffusive releases)
or a patch (which allows both diffusive and advective releases).)

* Mean annual doses from all other modeling cases for both the 10,000-year and the
post-10,000-year time periods comprise on the order of 1% or less of the total mean
annual dose for the majority of the simulated time period.

With regard to the first observation, the seismic ground motion modeling case dominates the mean
annual dose for 10,000 years after permanent closure, whereas for the post-10,000-year period, the
igneous intrusion modeling case and seismic ground motion modeling case provide approximately
equal contributions to the total mean annual dose to the RMEI for the last 300,000 years of the time
period.

This discussion of the contribution of individual modeling cases to total dose is based on the total
mean and the individual modeling case means, even for the post-10,000-year period (when the
regulatory metric is the median rather than the mean) because of the mathematical nature of the
mean and median. In particular, the sum of the means of the expected annual doses for the individual
modeling cases equals the total mean; however, the same cannot be said for the medians; the total
median is not the sum of the individual medians. Thus, for the purposes of discussing the influence
of the individual modeling case on the total dose, it is more useful and appropriate to discuss means,
regardless of the time period. This same rationale also applies in Sections 2.4.2.2.1.1.3 and
2.4.2.2.1.2 in the discussions of the contributions of dose from individual radionuclides to the dose
summed over radionuclides, which is also called “total” dose for a given modeling case.

An important clarification regarding the seismic ground motion modeling case is that the releases
and annual doses for the 10,000-year time period are only for the damaged codisposal waste
packages. As described in Section 2.4.2.2.2.3, the releases from the commercial SNF waste
packages contribute only negligibly to the total dose of the seismic ground motion modeling case
because of the low consequences of seismic-induced failures of commercial SNF waste packages.
Seismic-induced failures of commercial SNF waste packages result in low consequences largely
due to the low probability of damage to transportation, aging, and disposal (TAD)-bearing
commercial SNF packages in the first 10,000 years (SNL 2008a, Section 7.3.2.6.1.3). The expected
damage frequency for TAD-bearing commercial SNF package is calculated to be 5.249 x 10~ per
year, which leads to the probability of failure of 5.249 x 10~ in 10,000 years.

For most of the postclosure period release of radionuclides from the repository is attributable to
effects on EBS components resulting from nominal corrosion processes and from vibratory ground
motion and igneous intrusion events. Based on the FEPs screening process (Section 2.2), these two
types of disruptive events affect only the EBS barrier. In the case of vibratory ground motion, the
important aspects are the occurrence of damage to the waste package (also called waste package
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failure, which is defined as any through-wall breach in the Alloy 22 outer barrier), the cumulative
damage area on the waste packages, and the failure of drip shields. The initial failure and initial
damage to waste packages generally results from a relatively large ground motion event. After the
waste package is breached, subsequent seismic damage is calculated based on the degraded
internals seismic consequence abstraction, whereby small to moderate ground motion events can
cause damage, which results in a gradual increase in the number of through-wall stress corrosion
cracks in the waste packages (Figures 2.1-13a and 2.1-15a). This accumulation continues up to the
time of drip shield plate failure, after which the waste package is modeled to be surrounded by
rubble (due to drift degradation), which cushions the waste package from any significant further
damage. The stress corrosion cracks release radionuclides to the surrounding host rock through
diffusive transport. This mode of transport dominates until patch penetrations of the waste package
by general corrosion patches or seismic-induced puncture of the waste packages, after which
advective transport also becomes important in seeping environments. General corrosion does not
result in patch penetrations until about 500,000 years after repository closure (Figures 2.1-16b and
2.1-17b); however, in the seismic ground motion modeling case there can be a few realizations with
seismic ruptures (prior to drip shield plate failure) or punctures (past drip shield plate failure) that
allow advective releases much earlier (Figures 2.1-16a and 2.1-17a). In general, the dose
attributable to nonsorbing, high solubility radionuclides, such as **Tc and '?°I, is due to the first
seismic event, because of their rapid release from the EBS through even small waste-package
openings, whereas the dose arising from lower solubility and more highly sorbing actinides, such as
242py and Z"Np, is proportional to the cumulative waste package opening area, caused by a
succession of small to moderate seismic events that follow the first damaging event.

In contrast to the effect of seismic events, in the case of an igneous intrusion into the emplacement
drifts, the damage and failure of the waste packages is by a single discrete event that causes
complete elimination of the primary contribution of the waste package and drip shield to barrier
capability (i.e., isolation from the outside aqueous environment). This results in advection being the
dominant release mechanism through all waste packages.

The occurrence of seismic events is described as a Poisson process with the highest annual
exceedance frequency, 4,,,,, of potentially damaging events equal to 4.287 x 107 per year and the
lowest annual exceedance frequency of A, equal to 1078 per year (SNL 2007c, Section 6.12.2),
which is the threshold in proposed 10 CFR 63.342(b) for the occurrence rate of very unlikely events
that can be excluded from the performance assessment. Based on these exceedance frequencies
from the seismic hazard curve, the expected number of events in any time period 7 is equal to
(Apar — Amin)T- Thus, during the first 10,000 years after permanent closure, approximately four
potentially damaging events can be expected to occur, compared to approximately 430 potentially
damaging events in the 1,000,000-year period after permanent closure (SNL 2008a,
Section 6.6.1.3.2). In contrast, the mean annual frequency of a magmatic dike intersecting the
repository is estimated to be 1.7 x 1078 per year (BSC 2004a, Table 7-1), which is just slightly
greater than the NRC threshold frequency of 1078 per year for very unlikely events and processes
that are excluded from the performance assessment (proposed 10 CFR 63.342(b)), and which leads
to an expected number of damaging igneous events equal to about 0.00017 in 10,000 years and
0.017in 1,000,000 years. Thus, while both igneous and seismic disruptive events are included in the
TSPA, seismic events are much more probable, and therefore the focus of much of the subsequent
discussion is on seismic consequences. The consequences attributable to igneous events in the
TSPA are estimated by assuming that all waste packages and drip shields in the repository are
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completely destroyed by any dike that intersects the repository. (Note that the expected number of
actually damaging seismic events is significantly less than the expected number of potentially
damaging seismic events. For example, the expected frequency of damaging seismic events for
codisposal packages with intact internals, is equal to 7.48 x 107 per year when averaged over all
values of the residual stress threshold, which implies that there are less than 0.075 damaging seismic
events in 10,000 years. However, this expected number of seismic events is still orders of magnitude
more than the expected number (0.00017) of igneous events in 10,000 years.)

Seismically-induced damage of the waste packages is most likely to occur from deformation or
denting of the Alloy 22 outer wall (Section 2.3.4.1). These localized areas of deformation or denting
develop residual stresses that can cause damage by stress corrosion cracking (which allows only
diffusive releases of radionuclides). Rupture or puncture of the Alloy 22 outer wall of a waste
package can also occur (which allows advective releases of radionuclides) but only as a result of low
probability strong-ground-motion earthquakes (SNL 2008a, Section 7.3.2.6.1.3). The probability of
incurring seismic damage as a function of time for codisposal and commercial SNF waste packages
is shown on Figure 2.4-19. As shown in Figure 2.4-19, the commercial SNF waste package has a
very low probability of failing by events in the first 10,000 years and a low probability of failing for
1,000,000 years. (Note that the expected fraction of waste packages breached is the same as the
probability of incurring seismic damage because prior to the breach the failure fraction is zero and
following the breach it is one.)

Damage of the waste packages by either nominal degradation processes, such as general corrosion,
or by seismic or igneous events, will allow radionuclides to be available for transport out of the EBS.
The processes involved in such transport are discussed in Sections 2.1 and 2.3.

A much more in-depth discussion and explanation of the dose projections for each of the seven
modeling cases is presented in Section 2.4.2.2.1.2.

24.2.2.1.1.3 Radionuclides Important to Postclosure Performance

The contributions of the individual radionuclides to the total mean annual dose are shown on
Figure 2.4-20 for 10,000 years and post-10,000 years after disposal. All dose curves on this figure
are mean annual dose curves. The radionuclides that dominate the calculation of annual doses
typically have a combination of unique characteristics such as: (1) large initial inventory in the
nuclear waste, (2) moderate to high solubility, (3) long half-life (e.g., = 10 years), and (4) low
sorption. The radionuclides that become important to dose also depend on the time frame considered
(i.e., 10,000 years or 1,000,000 years after permanent closure) because of the effect of radionuclide
decay and the effect of retardation from sorption along the flow path. Ingrowth of radionuclides via
chain decay over a very long period of time can also be an important process that determines the role
and importance of radionuclides in the actinium, uranium, neptunium, and thorium decay series
(Figure 2.4-21) (SNL 2008a, Section 8.1.1.5[a]).

Important Radionuclides for 10,000-Year Performance—The mean dose curves shown on
Figure 2.4-20a, show the principal contributors to the mean annual dose, ranked from highest to
lowest, are: *Tc (half-life 2.13 x 103 years), “C (half-life 5.72 x 103 years), 2*°Pu (half-life
2.41 x 10* years), '?°I (half-life 1.57 x 107 years), *°Cl (half-life 3.01 x 10° years), 2*°Pu (half-life
6.56 x 103 years), °Se (half-life 2.90 x 10° years), and 2*’Np (half-life 2.14 x 10° years) (SNL
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2008a, Table 6.3.9-1[a]). Collectively, these eight radionuclides account for over 99% of the
maximum mean annual dose, which occurs at the end of 10,000 years. The single largest
contributor is *Tc, which accounts for about 51% of the maximum mean dose.

The dominant fission products, **Tc and %I together with the activation product, '*C, which is
treated in the TSPA as having similar mobilization and transport properties as *°Tc, contribute to the
mean dose because they are very soluble in water, do not sorb to materials in the engineered system
and natural system, and (with the exception of '“C) have long half-lives relative to the 10,000-year
time frame. Their release rates are limited only by: (1) the waste-form degradation rate, (2) the rate
and extent of water ingress into the waste package, and (3) the relevant mass transport mechanism
(i.e., diffusion and/or advection) out of the waste package (SNL 2008a, Section 8.1.1.5[a]). Their
nonsorbing nature causes these radionuclides to be transported from the EBS through the Lower
Natural Barrier and to the RMEI with no delay by chemical retardation. A description of repository
barrier capabilities with respect to **Tc has previously been presented in Section 2.1. (Note:
Although 'C can be expected to have a significant partitioning into the gas and mineral phases,
because of the complexity of modeling the associated reactive transport processes and because the
14C inventory is relatively small, '4C is treated as behaving similarly to non-reactive tracers, such
as Tc and '*I—see excluded FEP 2.2.11.03.0A, Gas transport in geosphere (Table 2.2-1) (SNL
2008c¢, Section 6).)

Important Radionuclides for Post-10,000-Year Performance—Figure 2.4-20b  shows that
between 10,000 years and 20,000 years, the dominant radionuclides are the same as those listed
for the 10,000-year performance projection, namely, *Tc, '“C, 2°Pu and '*’I; however, 2*°Pu
becomes increasingly important with time. Between about 20,000 years until 200,000 years, the
radionuclides with largest contributions to total mean annual dose are *Pu and *Tc, with 2*?Pu
(half-life 3.75 x 10° years) supplanting **Tc around 150,000 years to become the second highest
dose contributor. Beyond 200,000 years, **’Pu is the largest contributor, with secondary
contributions from *°Tc, 12°I, 2’Np (half-life 2.14 x 10° years), and ??°Ra (half-life 1,600 years).
The peak of the total mean annual dose occurs at 1,000,000 years; the radionuclides contributing
to total mean annual dose, ranked from highest to lowest, are: 2*?Pu, 3’Np, *°Ra, and '*’I. These
four radionuclides account for about 77% of the total mean annual dose, with 24*Pu and 23'Np
together accounting for about 52% of the total mean annual dose. (Note that the 2?’Ra mean
annual dose curve, which is overlain by the 2*’Np dose curve for the period from about 300,000 to
700,000 years, represents the sum of 2?°Ra and 2!°Pb doses, based on an assumption of secular
equilibrium. Thus, a combined biosphere dose conversion factor (BDCF) is used for these two
radionuclides, which has a contribution of about 42% from the individual 2!°Pb BDCF and 58%
from the 2*Ra BDCF (Figure 2.3.10-11).)

The persistent importance of *Tc and '*°I to total mean annual dose for the post-10,000-year period
(Figure 2.4-18) is derived from their contributions to mean annual dose from seismic ground motion
modeling case, where commercial SNF waste packages gradually fail by nominal corrosion
processes, most commonly by stress corrosion cracking of lid welds (Figures 2.1-13a and 2.1-15a).
As these waste packages fail, additional quantities of **Tc and !> are released from the EBS, which
results in continual releases of these radionuclides from the repository system throughout the
1,000,000 year period. Beyond 20,000 years, two plutonium species, 2*°Pu and ?*’Pu, are the
dominant contributors to total mean annual dose, with 24’Pu supplanting 2*°Pu at about 200,000
years due to radioactive decay of the latter. The contribution of these two plutonium species to total
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mean annual dose is due primarily to the igneous intrusion modeling case, where these two species
comprise the dominant contributors to mean annual dose and are transported out of the waste
package by both advection and diffusion once all waste packages fail following the igneous event.
The contribution of 2*’Np and ??°Ra to total mean annual dose is also primarily from the igneous
intrusion modeling case. 2*’Np has a long half-life and undergoes moderate retardation during its
transport, while the 2>Ra dose, even though 2?°Ra has a relatively short half life (1,600 years), is
sustained through chain decay of the longer lived radionuclides 2*Th (half-life 7.54 x 10* years)
and 234U (half-life 2.46 x 10° years), which travel with some retardation in the unsaturated zone and
saturated zone.

2.4.2.2.1.2 Expected Annual Doses for the Individual Modeling Cases

To clarify and help explain the behavior of the total annual dose projections in the previous section,
this section presents the probabilistic dose projections for the seven individual modeling cases. As
indicated previously, the distributions of annual dose to the RMEI are based on a summation
(Equations 2.4-19 and 2.4-21) of the expected annual doses over the scenario-class modeling cases.
The individual scenario-class modeling cases are: (1) nominal; (2) waste package early failure;
(3) drip shield early failure; (4)igneous intrusion; (5) volcanic eruption; (6) seismic ground
motion; and (7) fault displacement. As stated earlier, for 1,000,000-year calculations the nominal
modeling case is not explicitly included in the sum of expected doses from the other six modeling
cases because its effects are already embedded in the seismic ground motion modeling case, and to
a lesser extent in the igneous intrusion modeling case. Also, as mentioned in the previous section,
contributions of modeling cases to the total annual dose, and contributions of individual
radionuclides to the total annual dose, are generally described in terms of the mean expected annual
dose, even for the post-10,000-year period, because the sum of the means equals the mean of the
sum, which is not the case for medians.

As mentioned in the previous section and displayed in Figure 2.4-18, examination of the projected
annual doses for the individual modeling cases leads to the following general observations about
relative importance of these modeling cases:

* Mean annual doses calculated for both the 10,000-year and the post-10,000-year time
periods are dominated by releases from the seismic ground motion and igneous intrusion
modeling cases.

* Mean annual doses from all other modeling cases (i.e., waste package early failure, drip
shield early failure, seismic fault displacement, and volcanic eruption) for both the
10,000-year and the post-10,000-year time periods comprise on the order of 1% or less of
the total mean annual dose.

* Mean annual doses from the drip shield early failure and volcanic eruption cases are least
important to the total mean annual dose and comprise on the order of 0.1% or less of the
total mean annual dose in the first 10,000 years and on the order of 0.01% or less of the
total mean annual dose in the post-10,000-year period.

At the maximum of the total mean annual dose in 10,000 years (which takes place at 10,000 years),
the seismic ground motion modeling case contributes about 71% and the igneous intrusion
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modeling case contributes about 27% of the maximum mean dose. In contrast, for the
post-10,000-year period, the seismic ground motion and igneous intrusion modeling cases
contribute almost equally to the maximum of the total mean (which occurs at 1,000,000 years)
(Figure 2.4-18). A discussion of the causes of this behavior follows.

24.2.2.1.2.1 Nominal Modeling Case

The nominal scenario class serves as a “reference system state” from which all other modeling
cases are developed and is a representation of the set of possible repository futures when
disruptive events and early failures of drip shields and waste packages are excluded. The system
behavior for the nominal modeling case is defined in terms of the likely and unlikely included
FEPs that describe the evolution of the natural and engineered barriers in the absence of disruptive
events and early failure events. The technical discussion for the representation of this nominal
scenario class is summarized in Section 2.4.2.3.2.1 and Section 2.1 and discussed in detail in
Section 2.3. Characteristics of the nominal scenario class include:

1. Climate changes and attendant changes in net infiltration and percolation in the Upper
Natural Barrier

2. Seepage of percolating water into the repository drifts
3. Changes to the water chemistry induced by repository heating

4. Progressive degradation of the engineered barriers by corrosion processes and
subsequent partial loss of the waste isolation integrity

5. Accumulation of moisture inside the waste packages, degradation and dissolution of the
waste forms, and mobilization of the radionuclides

6. Migration of dissolved and colloidal-phase radionuclides through and out of the EBS
Barrier

7. Radionuclide transport through the Lower Natural Barrier and to the accessible
environment

8. Water withdrawal and exposure to the RMEI.

The probabilistic projections of annual dose for this modeling case are shown on Figure 2.4-22a. As
can be seen from this plot, there are no doses to the RMEI due to nominal processes alone in the
10,000-year period after disposal.

As indicated in Figures 2.1-9a and 2.1-9b, there is only a 5% chance of having a waste package
failure due to nominal processes prior to about 170,000 years (i.e., 95% of the possible repository
futures have had no waste package failures by nominal processes alone for at least 170,000 years
after permanent closure). These initial failures are due to stress corrosion cracking of the closure-lid
welds (Figure 2.1-10a). The number of these through-wall cracks per breached waste package
gradually increases with time (Figures 2.1-13b and 2.1-15b), leading to an increased area for
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diffusion through the thin water films adsorbed to the pore walls of the degraded waste form and the
corrosion products of the degrading waste package (both the stainless-steel inner vessel and the
Alloy 22 outer corrosion barrier). Realizations with waste package failures by general corrosion
patches (Section 2.3.6.2.2), which allow both diffusive and advective transport of radionuclides
through the Alloy 22 outer corrosion barrier, take much longer to appear, as indicated in
Figure 2.1-10b. The surface area affected by through-wall patches increases with time as the waste
package outer barrier thins from general corrosion (Figures 2.1-16b and 2.1-17b). (The spatially
averaged thickness of the outer corrosion barrier is shown in Figure 2.4-23.) There is only a 5%
chance of a general corrosion patch penetration prior to 600,000 years. By 1,000,000 years,
approximately 57% of the waste packages are projected to have failed by stress corrosion cracking
and about 9% by general corrosion patches (Figure 2.1-10).

Regarding the integrity of the drip shields, Figure 2.1-8 indicates that there is a 5% chance of failure
of the drip shields by nominal processes alone prior to 280,000 years but a 95% chance prior to
312,000 years. Thus, the uncertainty regarding the drip shield general corrosion rate has a relatively
narrow range. There is no spatial variability regarding drip shield failure in the TSPA, so all drip
shields fail concurrently when general corrosion has completely thinned the initial 15 mm-thick
titanium drip shield plates (SNL 2007d, Table 4-2). However, drip shield failures occur in the TSPA
through a combination of general corrosion thinning and static and dynamic loading caused by
rockfall and strong vibratory ground motion in the seismic ground motion modeling case (SNL
2008a, Section 8.1.1.3[a]). This causes the drip shields to fail somewhat earlier than the
approximately 300,000-year expected failure time from general corrosion alone. The difference is
indicated in Figure 2.4-24.

The TSPA results for the post-10,000-year period indicate that the chance of radiologic exposure to
the RMEI is less than 5% before about 160,000 years after closure (Figure 2.4-22a). The maximum
median annual dose for this reference modeling case (where only nominal processes are considered)
is about 0.3 mrem, occurring about 850,000 years, while the peak mean annual dose is about
0.5 mrem, occurring at about 730,000 years. Two radionuclides dominate the mean annual dose
over most of the post-10,000-year performance period. These radionuclides are the highly soluble,
long-lived, and mobile radionuclide species '*°I and ®Tc. At 1,000,000 years, several other
radionuclides contribute to total mean dose, including *4*Pu, '33Cs, 3"Np, and "°Se, as indicated in
Figure 2.4-22b. The mobile radionuclides such as '*°I and *°Tc are released quickly by diffusion
though stress corrosion cracks once the waste package is breached and their release rate is primarily
controlled by the waste package failure rate (Figure 2.1-9). On the other hand, the release of
radionuclides such as ***Pu and 2*’Np out of the waste package is considerably slower and is
primarily controlled by imposed dissolved concentration limits (from solubility of controlling
mineral phase) and by sorption on the stationary corrosion products inside the waste package (SNL
2008a, Section 7.7.1.5[a]). The dose from 2*’Pu and >3’Np continues to increase with the increasing
number and surface area of failed packages by general corrosion patch penetrations
(Figures 2.1-10b and 2.1-16b).

Although the individual dose histories on Figure 2.4-22a are labeled as “expected annual dose,”
they do not involve an explicit expectation over aleatory uncertainty. However, there is an implicit
expectation over the aleatory uncertainty associated with the spatial location of waste packages
failed by nominal processes alone, in the sense that each percolation subregion and each waste
package type involve a different set of thermal-hydrologic conditions, which produces a different
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waste package failure curve for each location and type (Section 2.4.2.1.5.1). The uncertainty in
expected annual dose is found to result predominantly from the uncertainty in the
temperature-dependent coefficient for the general corrosion rate of Alloy 22 (Section 2.4.2.3.3.4)
(Note that the several jumps in the annual dose curves at 200,000, 300,000, 500,000, and 700,000
years are due to the temporal discretization used in the waste package degradation code
WAPDEG—see Sections 2.4.2.2.3.1 and Sections 2.4.2.3.2.2.2). The stress corrosion crack growth
rate is reevaluated at each calculation timestep using the waste package thickness and stress profiles
appropriate for the time step. When increases in the growth rate occur, existing cracks may penetrate
the remaining thickness rapidly, resulting in several breaches immediately after the timestep. The
increase in the number of waste package failures is the cause of the resulting dose increase.

As mentioned previously, it is very important to differentiate the nominal modeling case results
from those for other modeling cases. The nominal modeling case projections of annual dose are not
to be taken as a representation of compliance with radiation protection limits because the mean
annual dose for the nominal modeling case is not summed into the calculation of the total mean
annual doses for the post-10,000-year period (Equation 2.4-21). Rather, the effect of nominal drip
shield and waste package corrosion processes for the post-10,000-year period are accounted for in
the seismic ground motion modeling case (see explanation in Section 2.4.2.1.4). This special
nominal modeling case only provides a reference system state that can be compared to the other six
modeling cases.

2.4.2.2.1.2.2 Seismic Scenario Class Modeling Cases

As described in Sections 2.4.2.1 and 2.4.2.3.2.1.12.3, the seismic scenario class consists of two
modeling cases: (1)the seismic ground motion modeling case and (2)the seismic fault
displacement modeling case. These modeling cases take into account the aleatory uncertainty in the
timing and number of seismic events and various random effects of seismic events on the integrity
of drip shields, waste packages, and emplacement drifts (SNL 2008a, Table 6.6-2). They also
include epistemic uncertainties related to several important parameters, including both the residual
stress threshold for crack propagation through Alloy 22 and the density of the ensuing crack
network for the seismic ground motion case. The probabilistic projections for expected annual
doses for the seismic scenario class are based on seismic events with a mean annual exceedance
frequency in the range of 4.287 x 107 to 107® per year from the ground-motion hazard curve and
a range of 2.5 x 107 to 1078 per year from the fault-displacement hazard curve (SNL 2007c,
Sections 6.4.3 and 6.11.4).

For the seismic ground motion modeling case for most of the postclosure period (at least until about
600,000 years after closure) the important release pathway for each waste package is the
accumulated crack damage induced by vibratory ground motion events (Figures 2.1-13a, 2.1-15a,
2.1-16a, and 2.1-17a). Only diffusive radionuclide releases occur through these cracks. Rarer
rupture or puncture events cause patch openings in the waste packages, which allow advective
releases, but their contribution to dose is small because of their low probability (SNL 2008a,
Section 7.3.2.6.1.3). However, patch failures caused by nominal general corrosion processes
become important at about 600,000 years after closure and allow advective transport of
radionuclides out of the waste packages. In the seismic fault displacement modeling case, the
releases are mainly via advection, due to the failure of the drip shield and the open breach area in
the waste package and the fact that about 70% of the waste packages are modeled as being in a

2.4-64



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

seeping environment (SNL 2008a, Table 8.3-5[a] and Table P-2). Thus, the release and transport
behavior of the radionuclides in the seismic fault displacement modeling case is expected to be
similar to the other two modeling cases that primarily have advective releases, which are the drip
shield early failure modeling case and the igneous intrusion modeling case, as described below.

2.4.2.2.1.2.2.1 Seismic Ground Motion Modeling Case

The seismic ground motion modeling case focuses on postclosure performance as a function of EBS
disruptions caused by vibratory ground motion. Depending on the timing, sequence, and intensity
of the ground motion events, the drip shields could fail by either buckling of the drip shield
framework or rupture of the drip shield plates (SNL 2008a, Section 8.2.4.1). Similarly, the waste
packages can be damaged by: (1) local tensile strain resulting in stress that exceeds ultimate tensile
strength (rupture); (2) deformations creating residual stresses that induce stress corrosion cracking;
and (3) lithostatic loading from rockfall that causes a puncture of the outer barrier by the degraded
waste package internals (Section 2.4.2.3.2.1.12.3). Drip shields and waste packages are also
degraded by nominal corrosion processes (e.g., general corrosion of the waste packages and drip
shields and stress corrosion cracking of the waste-package closure lid welds). Drift degradation also
results in a significant increase in the fraction of waste packages that encounter seeping conditions,
from 40% to 69% based on the increase in the seepage fraction (SNL 2008a, Tables 8.3-3[a]
and 8.3-5[a)).

The expected annual dose histories for the seismic ground motion modeling case are shown in
Figure 2.4-25 for the (a) 10,000-year period, and (b) post-10,000-year period. The mean, median,
and 5th and 95th percentile curves indicate the range and central tendency of the epistemic
uncertainty. Each of the 300 expected annual dose curves in this figure is an average over the
aleatory uncertainty associated with the seismic ground motion—specifically, the number of future
events and the time at which they occur, as well as the EBS damage associated with each event (SNL
2008a, Section 6.1.2.4.4). This figure shows that the maximum mean annual dose for the first
10,000 years after closure is less than 0.2 mrem, while the maximum median expected dose in the
1,000,000-year period after closure is less than 0.5 mrem. The expected annual dose curves for
1,000,000 years are not as smooth as the ones for 10,000 years because of the two different
integration methods that are used. In particular, the random sampling of aleatory uncertainty in the
1,000,000-year case is fairly coarse (sample size = 30), but sufficient, as described in
Section 2.4.2.2.2.3. However, despite the coarseness of the aleatory integration for 1,000,000 years,
the annual dose at 10,000 years in Figure 2.4-25b is approximately the same (equal to about
0.2 mrem) as the dose indicated on Figure 2.4-25a. This is the case even though the integration
methods for computing the aleatory expectation (Section 2.4.2.1.5.4) are quite different for the
10,000-year analysis (quadrature) versus the million-year analysis (Monte Carlo sampling) and
even though the dose presented in the 10,000-year analysis is strictly due to stress corrosion
cracking damage of codisposal waste packages, whereas the million-year analysis includes all
possible seismic damage mechanisms in the dose computation (Section 2.4.2.1.5.4). (Also, the
numerical timestepping in the GoldSim calculations is coarser in the million-year analysis
compared to the 10,000-year analysis.)

The radionuclides that contribute most to the estimate of mean annual dose for this modeling case
are presented on Figure 2.4-26. These mean dose curves illustrate that five radionuclides, **Tc, 4C,
1291, 36Cl, and 7°Se, contribute most to the maximum mean annual dose for the 10,000-year time
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period, while the radionuclides that contribute most to the maximum mean annual dose for the
post-10,000 years are 24?Pu, '2°I, 2"Np, 13°Cs, and 2*'Pa (Figure 2.4-26). As previously mentioned,
the predominant damage to the codisposal and commercial SNF waste packages are stress corrosion
cracks that result in releases from the waste packages by diffusion. Diffusive transport of dissolved
radionuclides through the cracks is relatively rapid for high solubility radionuclides such as **Tc and
1291, which is why they dominate the mean dose curve.

The different shapes of the various radionuclide annual dose curves in Figure 2.4-26b for the
1,000,000-year period, such as '?°I versus 24’Pu, are the result of a combination of a number of
competing processes. For example, the '2°I dose curve is relatively flat and stable for the entire
1,000,000-year period, whereas the *?Pu dose curve (as well as the other actinide dose curves) is
steadily increasing (although radioactive decay does begin to limit the increase of *’Pu toward the
end of the 1,000,000 years, since its half life is about 375,000 years). These two different behaviors
reflect the fact that highly soluble radionuclides such as *Tc and '*°I have nearly instantaneous
release and depletion from the waste packages and so their releases and doses are controlled by the
waste package failure rate. In other words, a relatively constant waste package failure rate (as
demonstrated by the slope of the mean curve on Figure 2.1-12a) will produce a relatively flat and
constant release and dose for quick-release radionuclides, such as '2°I and **Tc. On the other hand,
solubility-limited radionuclides that undergo sorption, such as **Pu or 2*’Np, have nearly constant
continuous release from all failed waste packages (Figure 2.1-23b). Thus, because the number of
commercial SNF waste packages continue to fail by nominal corrosion processes through time,
primarily by stress corrosion cracking (Figure 2.1-10a), there is a continually increasing slow
release of actinides available for transport in the EBS, such as 2*’Pu or 23’Np. This different release
behavior for these two classes of radionuclides is discussed in Section 2.4.2.2.3, which describes in
detail the behavior of the repository system for a single future in the seismic ground motion case.

Other factors also contribute to the shape of the individual dose curves. For example, the more
sharply rising nature of the >*>Pu and 2*’Np mean dose curves after about 600,000 years is due to a
significant increase in the advective breach area of the failed waste packages, which causes a
proportional increase in releases of solubility-limited radionuclides, such as ***Pu and 2¥’Np
(Figure 2.1-23b). This is associated with the increasing number of packages that have general
corrosion patch failures (Figure 2.1-10b) and the increasing expected number of general corrosion
patches per failed waste package (Figure 2.1-16b). Comparison of the seismic ground motion dose
histories in Figure 2.4-26b with the waste package fractional failure histories in Figures 2.1-12a and
2.1-12¢ shows that releases from codisposal waste packages dominate doses prior to about 250,000
years, and that the commercial SNF releases arising from a combination of nominal and seismic
processes dominate releases later in time. This is because seismic failures of codisposal packages
occur early in time, since they lack the structural strength of the TAD-bearing commercial SNF
packages (although the seismic codisposal failures generally only result in a very tiny open crack
area that allows diffusive transport). More specifically, it is rare for an intact commercial SNF waste
package to fail by seismicity; however, as shown in Figures 2.1-9a and 2.1-10a, nominal stress
corrosion cracking processes result in through-wall cracks in the lid weld region beginning at about
200,000 years. After a nominal stress corrosion crack penetrates Alloy 22, it is assumed that the
inner vessel and the TAD canister degrade rapidly, which causes the commercial SNF package to
lose structural strength. At that point it can be damaged more readily (i.e., there is greater probability
of damage) by subsequent seismic events, particularly if the drip shield plates are still not failed,
resulting in increased area for diffusion. This only has an effect while the drip shield plates are still
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intact because after drip shield plate failure the applicable seismic abstraction model is the
abstraction for a waste package surrounded by rubble (Section 2.4.2.3.2.1.12.3), which is applied
regardless of the condition of the waste package internals. The use of the surrounded by rubble
abstraction is appropriate because analyses have shown that the drip shields typically fail by rubble
loading prior to the time of drip shield failure by corrosion processes. Also, applying the abstraction
for degraded internals to waste packages whose internals may still provide some structural strength
is considered a bounding approach (SNL 2007c, Section 6.9). Because the rock rubble pins the
waste package in place after drip shield plate failure, and therefore reduces the seismic impact and
deformation forces encountered by the package, subsequent seismic events cause little damage to
the waste package (SNL 2008a, Section 7.7.1.4[a]). This is why the damage curve flattens out
beyond about 250,000 years (Figure 2.1-15a). (Only rarely occurring large events can cause
damage to a waste package after it is surrounded by rubble (SNL 2008a, Figure 6.6-15)).

As demonstrated in Section 2.4.2.3.3.6, the occurrence of damage to waste packages in the first
200,000 years is strongly affected by the uncertainty in the residual stress threshold for Alloy 22.
The probability of waste package damage decreases as the residual stress threshold increases. At
later times, the uncertainty in the temperature dependent coefficient for general corrosion rate of
Alloy 22 becomes important, indicating the increasing importance of nominal corrosion processes.

24.2.2.1.2.2.2 Seismic Fault Displacement Modeling Case

As described in Section 2.4.2.3.2.1.12.3, the expected number of waste package failures that could
occur due to fault displacement is less than 1% of the total number of waste packages in the
repository (SNL 2008a, Table 6.6-1). The EBS consequences of a fault displacement that occurs in
an emplacement drift are a sudden discontinuity in the profile of the drift, which could result in one
portion of the drift being displaced vertically or horizontally relative to the adjacent section. Such
a discontinuity in the drift could cause shearing of the waste package and drip shield located over
the fault if the fault displacement exceeds the available clearance in the EBS (taken to be
one-quarter of the outer diameter of the waste package (SNL 2007c, Section 6.11.1.2)).

Fault displacement events are only caused by extremely low frequency, high amplitude seismic
events, corresponding to an annual exceedance frequency of less than or equal to 2.5 x 1077 per year
(SNL 2007¢, Table 6-67). At greater frequencies no effects of fault displacement are considered in
the TSPA. Damaging fault displacement events are considered to cause an open breach area in the
waste package and a complete elimination of the drip shield’s ability to limit advective flow into the
waste package. The drift is also assumed to be collapsed or significantly degraded following the
event, allowing a higher seepage rate (SNL 2008a, Section 6.3.3.1.2). Given the complexity of the
response of EBS components and the invert to a fault displacement, a simplified failure criterion is
applied to determine shear failure in a collapsed drift. If the fault displacement exceeds one-quarter
ofthe outer diameter of the outer corrosion barrier (about 0.4 to 0.5 m), the waste package fails from
shear (SNL 2007c, Section 6.11.1.2). The simplified failure criterion is justified by the fact that fault
displacement events affect very few waste packages (SNL 2007c¢, Table 6-87) and are caused only
by low frequency seismic events.

The expected mean annual dose histories for the seismic fault displacement modeling case are
shown on Figure 2.4-27 for the (a) 10,000-year period, and (b) 1,000,000-year period. The
expected annual dose takes into account aleatory uncertainty associated with the number and timing
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of fault-displacement events and the number and damage area of affected waste packages (SNL
2008a, Section 6.1.2.4.4). The mean, median, and 5th and 95th percentile curves on Figure 2.4-27
show uncertainty in the value of the expected annual dose, taking into account epistemic uncertainty
associated with parameters related to nominal processes such as degradation, release, and transport
processes. Figure 2.4-27 shows that the maximum mean annual dose from fault displacement for
10,000 years postclosure is less than 0.002 mrem and that the maximum median expected dose for
the 1,000,000-year time period is approximately 0.01 mrem.

The individual radionuclide contributions to mean annual dose are shown in the results presented on
Figure 2.4-28 for the 10,000 year and post-10,000-year period after closure. The plot for the
10,000-year period shows that **Tc and '?°I dominate the dose for the first 5,000 years after closure
and that *°Tc and 23°Pu dominate for the subsequent 5,000 years. Figure 2.4-28b shows that 23°Pu
(half-life equal to 24,100 years) dominates the mean annual doses for the period after 10,000 years
and up to about 200,000 years. At 1,000,000 years, the radionuclides contributing most to mean
annual dose are 2*’Pu, 'Np, and ??°Ra. The contributions and behavior of the individual
radionuclides for this advection-dominated modeling case are similar to the contributions and
behavior of other advection-dominated modeling cases, such as the drip shield early failure case and
the igneous intrusion case.

As described in Section 2.4.2.3.3.8, during the 10,000 year period after closure the uncertain inputs
that (1) influence the rate of water flow (such as the saturated-zone groundwater specific discharge
and the infiltration scenario) and (2) affect **Tc dose (such as the biosphere dose conversion factor
for technetium) have the strongest influence on the uncertainty in the expected annual dose. For the
post-10,000 year period after closure, the uncertain parameters that influence the rate of water flow
continue to remain important, but other uncertain input parameters also become important due to the
fact that other radionuclides, such as 23°Pu and *?Pu, contribute strongly to the total mean annual
dose. For example, the uncertain parameter that influences plutonium solubility is important at late
times.

24.2.2.1.2.3 Igneous Scenario Class Modeling Cases

The projections for the igneous scenario class demonstrate postclosure performance for unlikely
igneous events and processes that could disrupt the EBS. As noted in Section 2.4.2.2.1.1.2, the
estimated annual frequency of igneous activity at the repository site is 1.7 x 10~ per year (BSC
2004a). The TSPA submodel for igneous intrusion EBS damage assumes that all the 3,416
codisposal and 8,213 commercial SNF modeled waste packages and associated drip shields
completely fail when exposed to the magma. As previously described, the igneous scenario class
consists of two modeling cases: (1) the igneous intrusion modeling case that represents the
intersection of one or more magmatic dikes with the emplacement drifts and the ensuing release of
radionuclides to the groundwater; and (2) the volcanic eruption modeling case that represents a
hypothetical eruptive conduit to the ground surface and the subsequent dispersal of radionuclides to
the atmosphere.

24.2.2.1.2.3.1 Igneous Intrusion Modeling Case

In this modeling case, a simulated magmatic dike intersects a drift in the geologic repository,
causing failure of the waste packages and drip shields (Section 2.4.2.3.2.1.12.2). Radionuclides are
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then transported out of the EBS primarily by advection, because the drip shield has been
compromised and the waste package has lost its integrity to flow. The natural barriers function in the
same way as the other modeling cases. As mentioned previously, this modeling case assumes that
a dike intersection of any emplacement drift will affect all emplacement drifts via communication
along the main drifts and ventilation drifts, causing failure of all waste packages. With drifts
assumed to be filled with magma, which then fractures as it cools, the drifts will not act as a capillary
barrier. Accordingly, the seepage water flux into a magma-intruded drift is assumed equal to the
percolation flux in the overlying host rock (SNL 2008a, Section 8.2.3.1). Both the geometry of the
waste form (which is important for diffusive transport) and the formation of corrosion products
from degradation of the waste package are assumed to be the same as in the nominal scenario class.

The expected annual dose histories for the igneous intrusion modeling case are shown in
Figure 2.4-29 for the (a) 10,000-year period and (b) post-10,000 year period. The mean, median,
and 5th and 95th percentile curves indicate the range and central tendency of the epistemic
uncertainty. Each of the 300 expected annual dose curves on this figure is calculated by taking an
expectation over the aleatory uncertainty associated with the igneous intrusion—specifically, the
number of future events and the time at which they occur (SNL 2008a, Section 6.1.2.4.3).
Figure 2.4-29 indicates that the maximum mean annual dose for the 10,000 year time period is less
than 0.1 mrem and the maximum median dose for the post-10,000-year time period is less than
0.5 mrem.

Figure 2.4-30 shows that °Tc and '2°I dominate the estimate of the mean for the first 4,000 years and
239py, PTc, 240Pu, and '?°I dominate the estimate of the mean for the remainder of the 10,000-year
postclosure period. Figure 2.4-30 also indicates that 23°Pu, which is transported both in dissolved
and colloidal form, dominates the maximum mean annual dose for the first 150,000 years and 24*Pu,
237Np, and ?2°Ra dominate the estimate of the mean for the remainder of the post-10,000-year time
period. The behavior of the major radionuclides is similar between the igneous intrusion case and
the drip shield early failure case, described later. This is because both cases are dominated by
advective transport due to the total failure of the drip shield and waste package. The waste package
early failure case, described later, is also similar, but has a greater delay in the rise of importance of
239Pu because diffusive transport (the only mode of transport in the early failure waste package case
up to about 300,000 years) combined with sorption is a slower mode of release than advective
transport combined with sorption (sorption in the waste package corrosion products). In the igneous
intrusion case compared to the other two advection-dominated release cases (drip shield early
failure and seismic fault displacement), the in-package uranium solubility is on average higher,
because of the occurrence of silica-rich solubility-controlling mineral phases, such as
Na-boltwoodite, that are possible due to the availability of dissolved silica from basalt dissolution
(SNL 2008a, Section 6.3.7.5.2).

The behavior related to the nature of Poisson processes can be seen in the different shapes of the
individual radionuclide mean dose curves on Figure 2.4-30. The '?° dose curve is relatively flat and
stable for the entire 1,000,000-year period (and essentially unaffected by radioactive decay because
of its long half-life), whereas the dose curves for actinides with long half-lives, such as 23°U, 23U,
and "Np (and their decay products) are steadily increasing. These two differing behaviors are a
result of the Poisson nature of igneous activity at the repository in which the probability of an
igneous event increases linearly through time at a value of Az for small A7 (where A is the annual
occurrence rate, with a mean of 1.7 x 107® per year for igneous activity, and 7 is the time since
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closure). This steadily increasing probability has two different manifestations when combined with:
(1) nearly instantaneous release (and limited dispersion and delay in the natural system) of a
radionuclide such as '?°I, and (2) nearly constant continuous release of a solubility-limited
radionuclide that undergoes sorption such as 2*U or 2*’Np (SNL 2008a, Section 8.2.3.1[a]). The
manifestations are as previously mentioned: a relatively constant expected-value consequence
(dose) for the instantaneous release radionuclide and an approximately linearly increasing
expected-value consequence (dose) for the constant release radionuclide. (The linear increase of
expected dose with time is more obvious on a linear y-axis scale.) The expected dose curve for '2°1
is not perfectly flat through time, as would be expected for a Poisson process, but rather begins to
show a decreasing tendency in mean annual dose beginning about 400,000 years after repository
closure. This is because, as mentioned in Section 2.4.2.1.5.3, nominal corrosion processes (e.g.,
stress corrosion cracking and general corrosion) are included in the igneous intrusion modeling case
prior to the occurrence of the event, which leads to some '*°I inventory depletion prior to the
occurrence of late-time igneous events. The contribution of '?°I released prior to the igneous
intrusion is not included in the dose curve for the igneous intrusion case (but is instead included in
the seismic ground motion modeling case), thereby leading to the decreasing tendency at late times
in Figure 2.4-30.

The uncertain input that predominately explains the uncertainty in the expected annual dose is the
rate of occurrence of the igneous intrusive event. Other uncertain inputs that are identified as having
a lesser effect on expected annual dose are related to those that influence the rate of water flow in
the natural system (such as the saturated zone groundwater specific discharge and the infiltration
scenario).

2.4.2.2.1.2.3.2 Volcanic Eruption Modeling Case

In this modeling case, the EBS disruption is conceptualized as a volcanic eruptive conduit
intersecting an emplacement drift resulting in a portion of the waste dispersed through
waste-contaminated tephra in the atmosphere, with attendant deposition of contaminated tephra on
the land surface. The performance projections evaluate the post-eruption consequences due to both
waste redistributed from upstream in the Fortymile Wash watershed and waste deposited directly at
the RMEI location. Waste packages in the direct path of the conduit are assumed to be destroyed and
entrained into the eruption, although a certain percentage of the entrained waste (average equal to
70%) is deposited as a scoria cone and lava flows and not dispersed into the atmosphere
(Section 2.4.2.3.2.1.12.2). The primary radiologic exposure scenario is the RMEI inhaling
contaminated volcanic ash mixed with surface soil.

Every igneous intrusion that rises to within several hundred meters of the land surface can
reasonably be assumed to be accompanied by a volcanic eruption somewhere. However, as noted
in Section 2.4.2.3.2.1.12.2, probabilistic calculations of the number of waste packages hit by a
volcanic conduit indicate that there is about a 72% probability that the conduit will form outside of
the repository footprint and not impact any waste packages. In addition, the small conduit diameters
relative to drift spacing leads to the result that, of the 28% of conduits that intersect the repository
footprint, 70% of these will intersect between drifts and not impact any waste packages. Therefore,
the probability of an eruption that intersects waste packages is a factor of 0.28 times 0.297, or 0.083.
In the 8.3% of eruptions in which one or more packages are intersected, the expected number hit is
about four and the maximum number hit is seven.
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The expected annual dose histories for this modeling case are shown on Figure 2.4-31 for the
(a) 10,000-year and (b) post-10,000-year periods. The expected dose histories take into account
aleatory uncertainty associated with characteristics of the eruption such as the number of waste
packages intersected by the eruption, time of the eruption, fraction of waste-form content that is
ejected into the atmosphere, eruption power, wind direction, and wind speed (SNL 2008a, Eq.
6.1.2-18). The mean, median, and 5th and 95th percentile curves on Figure 2.4-31 show uncertainty
in the value of the expected annual dose, taking into account epistemic uncertainty associated with
incomplete knowledge of the frequency of igneous events as well as the eruption properties and the
tephra redistribution properties in the Fortymile Wash watershed, such as tephra particle diameter,
and fraction of the alluvial fan that represents distributary channels versus interchannel divides,
among others (SNL 2008a, Tables 6.5-4 and 6.5-5). Figure 2.4-31 shows that the mean annual dose
within 10,000 years postclosure is about 10~ mrem, and is largely uniform for the entire postclosure
period. The maximum median annual dose after 10,000 years is less than 6 x 10~> mrem, occurring
at 1,000,000 years.

The radionuclide contributions to the mean annual dose are shown on Figure 2.4-32. Because of
potentially rapid atmospheric transport of radionuclides to the location of the RMEI for the volcanic
eruption modeling case compared to the igneous intrusion modeling case, radionuclides with short
half-lives are able to contribute to the estimate of the mean annual dose at very early times.
Examples of three short-lived radionuclides are '¥’Cs, *°Sr, and 23®Pu, which make significant
contributions to the dose in the first few hundred years, but their contributions drop off rapidly
because of radioactive decay. However, there is a very low probability of this type of dose scenario.
For example, based on the mean annual occurrence frequency of 1.7 x 107® per year, the chance of
an eruption that intersects waste in the first 500 years is (1.7 x 1078/yr) (0.083) (500 years), which
is equal to about one chance in 1.4 million. At 300 years, **' Am dominates the total, but its
contribution rapidly diminishes after about 1,000 years, also due to radioactive decay (its half life
is about 433 years—Figure 2.4-21). After 1,000 years, 2>’Pu and 2*°Pu become dominant
contributors until approximately 100,000 years, then *?°Ra and ?°Th become the primary
contributors for the remainder of the post-10,000-year time period.

The uncertain input that predominately explains the uncertainty in the expected annual dose is the
rate of occurrence of the igneous eruptive event (Section 2.4.2.3.3.8). Other uncertain inputs such
as those related to long-term inhalation dose, diffusivity of radionuclides in divides of the Fortymile
Wash alluvial fan, and inventory mass have relatively smaller effects on expected annual dose.

2.4.2.2.1.24 Early Failure Scenario Class Modeling Cases

As described in Sections 2.4.1 and 2.4.2.3.2.1.12.1, drip shield and waste package early failures are
attributed to manufacturing and handling defects, such as the presence of undetected weld flaws and
improper heat treatment. In the case of a drip shield, these types of defects would diminish its ability
to withstand the dynamic and static loadings caused by seismic activity; however, they are treated
in the TSPA model as an immediate failure, which means loss of protection for the waste package
from impinging seepage or rockfall. Similarly, an improperly heat-treated waste package, for
example, would lead to a shorter period of containment for nominal performance and would also be
more susceptible to seismic damage. This greater susceptibility to damage would occur over a
period of time, perhaps a significant length of time, but it is treated as an immediate failure (loss of
isolation from the outer aqueous environment) in the TSPA.
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The numbers of failed drip shields and waste packages are simulated in the TSPA model using
random Poisson processes with the following characteristics (see SNL 2008a, Sections 6.4.1 and
6.4.2 for an exact definition of the Poisson probability distributions) (SNL 2008a, Section 8.2.2):

* Drip Shield Early Failure

— Probability of one or more early failures = 0.0166
— Expected number of early failures = 0.018
— Expected number of early failures if one or more occur = 1.1

» Waste Package Early Failure

— Probability of one or more early failure = 0.44
— Expected number of early failures = 1.1
— Expected number of early failures if one or more occur = 2.5

The FEPs for these two early failure modeling cases (Section 2.3.6) are the same as those for the
nominal modeling case, except for the FEPs specifically related to early failure of the waste package
and drip shield. It is important to emphasize that waste packages associated with early failed drip
shields are also assumed to be failed in the TSPA model through localized corrosion processes
(Section 2.4.2.3.2.1.12.1).

24.2.2.1.24.1 Drip Shield Early Failure Modeling Case

As indicated above, the expected number of drip shield early failures is estimated to be very small,
equal to 0.018 waste-package/drip-shield pairs out of a total number of 11,629 emplaced waste
packages, which means that this modeling case must be simulated with importance sampling
(i.e., by assuming one early-failed drip shield and associated failed waste package) and then
effectively weighting these conditional results by the expected number of early-failed drip shields
(SNL 2008a, Section 6.1.2.4.2). With such a small expected number, the contribution of the drip
shield early failure modeling case to the total dose will be minimal. As implemented in the TSPA
model, the drip shield early failures are accounted for by simply removing the drip shield as a barrier
to seepage for a given realization, as well as failing the underlying waste package (SNL 2008a,
Section 6.4).

The expected annual dose histories for the drip shield early failure modeling case are shown in
Figure 2.4-33 for the (a) 10,000-year period after closure and (b) 1,000,000-year period. The
projections for the first 10,000 years show that the maximum mean annual dose is about
3 x 10* mrem and occurs at approximately 2,000 years, after which the mean annual dose declines
to about 6 x 107> mrem at 10,000 years. In the post-10,000-year period, the mean annual dose shows
a second peak occurring at about 40,000 years with a value slightly greater than 10~* mrem, but
declines thereafter for the entire postclosure period. The first peak at 2,000 years is a result of the
step change between the monsoon and the glacial-transition climates, with its accompanying
increase in seepage flux and flow through the waste package and invert. The second peak at about
40,000 years is due to increased advective releases of 2°Pu caused by the post-10,000-year climate
change, whose effect is delayed by retardation in the unsaturated and saturated zones. After about
200,000 years 2*°Pu has decayed by about eight half-lives, so its importance has diminished and the
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longer-lived actinides 24?Pu and 2*’Np begin to dominate the mean annual doses. The contributions
of the individual radionuclides are shown in Figure 2.4-34, which indicates that the highly soluble
and mobile nuclides **Tc and '*I are the major dose contributors out to about 5,000 years, after
which 23°Pu becomes important as it is released slowly from the waste packages due to solubility
constraints and sorption on the corrosion products. As shown in Figure 2.4-33b, in the
post-10,000-year period, the median annual dose reaches a maximum of about 10~ mrem at about
60,000 years.

The uncertainty in the expected annual dose is predominantly due to the uncertain input that
quantifies the probability of early failure of the drip shield (Section 2.4.2.3.3.5.1). Other uncertain
inputs that are identified as having lesser effects are those related to uncertainty in seepage and in
the infiltration scenario.

24.2.2.1.24.2 Waste Package Early Failure Modeling Case

As indicated above, the expected number of waste package early failures is estimated to be small—
equal to 1.1 waste packages out of a total number of 11,629 emplaced waste packages. Although this
number is not nearly as small as the number of early failed drip shields, it is still small enough that
this modeling case is simulated with importance sampling (i.e., by assuming one early failed waste
package per realization) and then weighting these conditional results by the expected number of
early failed waste packages (SNL 2008a, Section 6.1.2.4.2). Part of the reason for this is that
although there is slightly more than one expected early-failed waste package, it could be either a
codisposal or commercial SNF fuel type and would randomly fail in a number of different
environments, such as seeping versus nonseeping, and percolation subregions 1 through 5, which
means that each of these environments would have an expected number of early failures much less
than 1. This aleatory uncertainty is handled by assuming one waste package failure in each different
environment and then weighting the results of each environment by its probability of occurrence
(SNL 2008a, Eq. 6.1.2-13). With the average number of early failed waste packages being around 1,
the contribution of the waste package early failure modeling case to the total dose is small. Thus, as
implemented in the TSPA model, the waste package early failure is conservatively conceptualized
as if the entire surface area is breached at the time of repository closure (SNL 2008a, Section 6.4).

The expected annual dose histories for the waste package early failure modeling case are shown in
Figure 2.4-35 for the (a) 10,000-year period after closure and (b) 1,000,000-year period. For the
first 10,000 years after repository closure, the maximum mean annual dose is estimated to be about
4 x 1073 mrem, occurring just before 10,000 years. This is the time when releases begin to occur
from the commercial SNF waste package, due to the increase of the commercial SNF in-package
relative humidity above the 95% threshold necessary for the formation of a continuous water film,
followed by diffusive releases (Section 2.4.2.3.2.1.8). Prior to that time, the dose is strictly due to
releases from early failed codisposal packages. The mean annual dose then reaches a maximum, as
a result of commercial SNF releases, at approximately 2 x 1072 mrem between 10,000 and 15,000
years and thereafter declines until about 300,000 years, at which time the drip shield fails
(Figure 2.1-8), allowing advective releases of *’Pu and 2*’Np, as shown in Figure 2.4-36. This
raises the mean annual dose slightly, but not above its earlier peak. The mean annual dose declines
thereafter to a level of 1073 mrem at 1,000,000 years. The median annual dose in the
post-10,000-year period reaches a maximum of about 6 x 1073 mrem between 10,000 and 15,000
years (SNL 2008a, Section 8.2.2.2[a]).
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The major radionuclides that contribute to the mean annual dose for the waste package early failure
modeling case are shown in Figure 2.4-36, which indicates that in the first 10,000 years postclosure,
the soluble and mobile radionuclides *Tc, '“C, and '2°1 dominate the estimate of mean annual dose.
In the post-10,000-year period, after the *Tc, '*C, and '?°I contribution declines, the maximum
mean annual dose is dominated by 2*°Pu up to about 200,000 years (its half life is 24,100 years),
after which 2#?Pu, 2*Ra, and 2>’Np are the primary contributors. As stated in Section 2.4.2.2.1.1.3,
the importance of C is exaggerated by assumptions about its transport properties (i.€., its lack of
interaction with gas and mineral phases).

The uncertainty in the expected annual dose is predominantly due to the uncertain input that
quantifies the probability of early failure of the waste package (Section 2.4.2.3.3.5.2). Other
uncertain inputs that are identified as having lesser effects are those related to uncertainty in the
infiltration scenario and host rock thermal conductivity, both of which affect the time to reach the
95% relative humidity threshold for initiating transport (Section 2.4.2.3.2.1.7).

2.4.2.2.2 Statistical Stability
[NUREG-1804, Section 2.2.1.4.1.3: AC 2(1)]

This section addresses the NUREG-1804, Section 2.2.1.4.1.3, Acceptance Criterion 2(1) for
statistical stability of the annual dose curve: “A sufficient number of realizations has been obtained,
for each scenario class, using the total system performance assessment code, to ensure that the
results of the calculations are statistically stable.” Stability relates to how much variability takes
place in the outcome of interest as model results are repeatedly calculated with different samples.
As described in Section 2.4.2.1, the four primary scenario classes have been broken into modeling
cases for numerical and computational purposes. Therefore, stability for each scenario class is
demonstrated by showing stability for each modeling case. Stability is also demonstrated for the
total annual dose curve summed over the modeling cases.

2.4.2.2.2.1 Statistical Stability Methodology

The main issue regarding the stability of the TSPA model results is whether enough Monte Carlo
realizations (i.e., enough statistical experiments) were performed to adequately estimate the mean
and median annual dose. In other words, although there is inherent uncertainty in the mean dose
estimates because of: (1) incomplete knowledge about the data and processes (epistemic or
reducible uncertainty); and (2) the stochastic nature of some of the event-driven processes (aleatory
or irreducible uncertainty), the uncertainty in the mean arising from the finite nature of the
numerical estimation technique must be quantified and reduced as much as practically possible.
Theoretically, quantification of the numerical or statistical stability of model results involves
carrying out multiple model runs with different numbers or sets of realizations, and examining
whether or not the computed outcomes converge toward a constant value that would be obtained
using an infinite number of realizations.

Several techniques are available to address the TSPA model stability. Each technique relies on a
statistical analysis of the model results. The technique used successfully in the certification of the
Waste Isolation Pilot Plant transuranic nuclear waste repository is replicated sampling, or
repetitions of the same number of realizations for each modeling case but using a different random
seed in the Latin hypercube sample, which forces a different sampling of the underlying parameters,
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albeit with the same stratification. Another method that is employed to illustrate the stability of the
TSPA results is the bootstrap method, which is a resampling method described below that relies on
the already existing distribution of output (dose) results to generate an uncertainty (or “sampling”)
distribution for the mean of those results (from which confidence intervals can be derived). Both of
these statistical techniques for illustrating the stability of the mean are used here and they not only
provide a numerical estimation of confidence intervals, but they also allow visual or graphical
comparison of the results and associated confidence intervals, to provide a qualitative assessment
of stability. In particular, because there is no exact quantitative assessment of stability, qualitative
methods are also important.

As described in Section 2.4.2.1, the TSPA model computes total mean annual dose 1:)( 7) attime 7
by numerically evaluating

D(7) = E,[E,[D(1a,e)]]

= | (f D(7a, e)dA(ale)dA)dE(e)dE
F (Eq. 2.4-34)

= [ D(7le)d;(e)dE

= E;[D(1le)]

where E is the expectation operator, £ is a probability space comprising the epistemic uncertain
parameters, 4 is a probability space comprising the aleatory uncertainties that describe possible
future states of the repository, and D( 7|a, e) is a function that computes the annual dose at time 7
for a given element e in &, and a in 4. Numerical evaluation of Equation 2.4-34 involves four
steps:

1. Selection of values for epistemic parameters € and aleatory uncertainties a

2. Evaluation of the annual dose, D(7]a, ), by numerically solving a complex, coupled
system of differential equations describing radionuclide decay, flow, transport, and
other physical processes

3. Integration over aleatory uncertainty, carried out either by quadrature or Monte Carlo
techniques, depending on the modeling case (SNL 2008a, Section 6.1.2.4)

4. Integration over epistemic uncertainty, conducted by a Monte Carlo technique due to
the large number of epistemic parameters that define the probability space .

These steps are carried out for each of the modeling cases defined in Section 2.4.2.1. The results of
the modeling cases are summed to compute mean annual dose, which is the overall measure of
repository compliance with the individual protection standard up to 10,000 years postclosure
specified in proposed 10 CFR 63.303(a) (70 FR 53313). The process for demonstrating stability for
Steps 3 and 4 is summarized in this section, in reverse order.
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The integration over epistemic uncertainty employs Latin hypercube sampling (McKay et al. 1979),
to sample the distributions of epistemic uncertain parameters. This sampling technique is selected
because of the efficient manner in which it stratifies the sampling of values across the range of each
uncertain variable, and the stability it provides for uncertainty and sensitivity analysis results in
performance assessments of complex systems (McKay et al. 1979; Iman and Helton 1991; Helton
1999). Theoretical results indicate that, under certain conditions, Latin hypercube sampling does
indeed exhibit better statistical convergence properties than random sampling (McKay et al. 1979;
Stein 1987). However, due to the complexity of the TSPA model, it is not possible to prove
theoretically that these conditions are respected. As a result, a practical method of assessing the
stability of the results obtained with Latin hypercube sampling is used. In particular,
Section 2.4.2.2.2.2 compares mean annual dose and uncertainty in the mean annual dose for three
independent Latin hypercube sampling samples, each with a sample size of 300. Using these three
independent Latin hypercube sampling samples, confidence intervals are computed. The analysis
concludes that the sample size of 300 is adequate to estimate mean annual dose for each modeling
case, as well as to estimate total mean annual dose (summed over all modeling cases) (SNL 2008a,
Section 7.3.1).

Section 2.4.2.2.2.3 discusses the numerical accuracy and stability of the integration over aleatory
uncertainty. These calculations evaluate the expected annual dose for each modeling case using
the following equation:

I_)(z'|e) = E, [D(7a,e)] = jﬁD(f]a,e)dA(a|e)dA (Eq. 2.4-35)

for each modeling case. As described earlier, the quantity D( z]e) is called “expected annual dose,”
to distinguish it from the mean annual dose defined in Equation 2.4-34 (which is the expectation
over both aleatory and epistemic uncertainty), and to avoid cumbersome repetition of the more
precise phrase “the expectation over aleatory uncertainty of annual dose conditional on the
epistemic parameters.” Expected annual dose is computed either by quadrature techniques or by
Monte Carlo techniques, depending on the modeling case; both techniques are implemented in
EXDOC_LA V2.0. Section 2.4.2.2.2.3 presents an analysis that concludes that the discretization
used for the quadrature techniques is sufficient, and that the sample sizes used for the Monte Carlo
techniques are also sufficient (SNL 2008a, Section 7.3.2).

Use of Stability Testing for TSPA Model Validation Activities—The statistical and numerical
stability of the TSPA model results is important to validation and confidence building. Also,
demonstration of model stability is one of the procedurally required “during-development”
activities described below in Section 2.4.2.3.2.3. As discussed next, these stability tests were
conducted on a slightly different version of the TSPA model, v5.000, than the one that produced
the dose results shown in Section 2.4.2.2.1, v5.005 (SNL 2008a, Section 7.10.3[a]).

As described in Section 2.4.2.3.2.3.4, a key aspect about confidence-building and validation of the
TSPA model is the iterative nature of the process. Scientific data and models are updated on a
continuous basis, as are software and hardware, as well as underlying process models and
abstractions. Independent reviews of the TSPA, both during and after model development, are
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another factor that can result in various improvements and changes to the TSPA
(Section 2.4.2.3.2.3.4). Thus, TSPA methodology, and associated models, has evolved through the
years and decisions that are the basis of one particular iteration can be expected to evolve or change
for the next iteration. This also occurs on even a shorter time scale within the timeframe of a
particular iteration of the TSPA model, particularly given the large number of validation activities
and various formal and informal reviews described in Section 2.4.2.3.2. Iterations of the TSPA
model within this shorter timescale resulted in two versions used for the performance assessment:
v5.000 and v5.005.

Various validation analyses were conducted for both TSPA versions v5.000 and v5.005. The
differences between these two versions did not reduce confidence in the validation, even though the
model changes between the two versions produced slightly different annual dose curves
(Section 2.4.2.3.2). Thus, the annual doses in Section 2.4.2.2.1 were generated with v5.005 of the
TSPA model, but many of the validation result plots shown in this Section 2.4.2.2.2 were generated
with v5.000 of the TSPA model. Each validation activity for TSPA model v5.000 was reviewed to
determine which activities were affected by changes made between TSPA model v5.000 and
v5.005. Where validation activities could potentially be affected by model changes, these validation
activities were repeated using v5.005 to verify that model changes did not adversely affect the
overall validation of the TSPA model (SNL 2008a, Sections 7[a] and 7.3.1.5[a]). Both the v5.000
and v5.005 total mean annual dose curves for 10,000 years and the total median annual dose curves
for post-10,000-years are well below the compliance standards in proposed 10 CFR 63.311 and both
fall within the bounds of the 5th and 95th percentiles of the distribution of projected doses for either
version of the model. Validation activities conducted with both versions include the
single-realization analyses presented below in Section 2.4.2.2.3 and the uncertainty/sensitivity
analyses presented below in Section 2.4.2.3.3. However, only the v5.005 results are presented for
these two types of analyses, since they represent the latest iteration. Replicated sampling to show
statistical stability with respect to sample size was conducted only with v5.000; however, a
bootstrap analysis to determine the uncertainty in the distribution of the mean was conducted for
v5.005. All other validation analyses shown in Section 2.4.2 are from v5.000 of the TSPA model
except the verification tests in Section 2.4.2.3.2.2, which are from v4.042 (SNL 2008a,
Section 7.2).

Some of the validation analyses that motivated the update from v5.000 to v5.005 included detailed
analyses of both probabilistic results and single-realization analyses (Sections 2.4.2.2.3 and
2.4.2.3.3), which indicated that some TSPA implementations of the underlying seismic
consequence abstractions were too simplistic in nature (SNL 2008a, Section P3). This led to some
changes in the implementation of the seismic ground motion modeling case between v5.000 and
v5.005. Other analyses of the v.5.000 TSPA probabilistic results revealed conservatisms in some
underlying process models (SNL 2008a, Section P15) that could bias the results to extreme physical
situations instead of the full range of defensible parameter distributions, in contrast to the
requirements in 10 CFR 63.304. This led to changes in parameter distributions (e.g., longitudinal
dispersivity in the 1-D saturated zone flow and transport submodel) that resulted in more defensible
parameter values for the v5.005 annual dose results, which form the basis for demonstrating
compliance with proposed 10 CFR 63.311, proposed 10 CFR 63.321, and 10 CFR 63.331. Finally,
as indicated in Section 2.4.2.2.3, single-realization analyses are necessary, in addition to rigorous
verification, implementation, and quality assurance procedures, in order to uncover implementation
errors. These single-realization analyses revealed some minor implementation errors in v5.000
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(SNL 2008a, Table P-6[a]). An impact assessment of each of the differences between v5.000 and
v5.005 (SNL 2008a, Table P-7[a]) indicates that the predicted annual doses are similar, as discussed
in Section 2.4.2.3.2.

2.4.2.2.2.2 Statistical Stability for the Epistemic Uncertainty

As discussed above, mean annual dose is calculated as the expected value over both the epistemic
uncertainty and the aleatory uncertainty in the estimates of annual dose, D( 7]a, e). The expectation
of annual dose over aleatory uncertainty is evaluated first, the result of which is termed “expected
annual dose.” The integral of expected annual dose over epistemic uncertainty is referred to as the
“mean annual dose,” and is evaluated numerically using a Monte Carlo technique.

This section describes the methodology used to determine statistical stability and to compute the
confidence intervals for the mean annual dose. Results are presented for each modeling case and for
total mean annual dose (summed over all modeling cases). The analysis concludes that the sample
size used in the Monte Carlo technique is adequate to estimate mean annual dose in each modeling
case, as well as to estimate the total mean annual dose (SNL 2008a, Section 7.3.1).

As described in Section 2.4.2.1, values for epistemic parameters are selected using a form of Monte
Carlo random sampling called Latin hypercube sampling. In the TSPA, the Latin hypercube
sampling technique samples 305 epistemically uncertain parameters in the groundwater release
pathway (comprising all modeling cases except the volcanic eruption modeling case) and 87
epistemically uncertain parameters in the volcanic eruption modeling case (SNL 2008a,
Section 7.3.1.1 and Table K.3-1). The base sample size for the Latin hypercube sampling is 300 for
all modeling cases.

A replicated sampling procedure developed in the NRC HLW program at Sandia National
Laboratories provides an effective approach to estimating the potential sampling error in quantities
derived from Latin hypercube sampling (Iman 1982). With this procedure, the random sample of all
(epistemic) uncertain parameters is repeatedly generated with different random seeds (SNL 2008a,
Section J4.10). Each sample is used to produce an estimate of the mean annual dose. The ensemble
of estimates of the mean annual dose is used to compute an overall mean and standard error.
Confidence intervals for the mean annual dose can then be estimated by means of the #-distribution.
The appropriate value for the number of replicates cannot be known a priori. In practice, a
reasonable computational strategy is to start with a small number of replicates (e.g., three to five)
and then add additional replicates if additional refinement of the confidence interval is desired.

For the TSPA model, the epistemic stability analysis is conducted by generating three replicates for
each modeling case. The mean annual dose and the distribution of uncertainty in the annual dose
(e.g., the 5th and 95th percentiles of the 300-realization sample) are compared for the three
replicates. The three sample means are used to compute an overall mean and a 95% confidence
interval about the overall mean. The confidence interval is displayed as an upper and lower bound.
At each point in time, the overall mean annual dose is less than the upper bound of the confidence
interval (and greater than the lower bound) with probability 0.95 (i.e., a 95% confidence interval is
plotted for each of the cases shown below).
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Nominal Modeling Case—Figure 2.4-37a shows the mean annual dose for each of the three
replicates of the nominal modeling case, along with the median and the 5th and 95th percentiles of
the distribution of uncertainty in the annual dose. The similarity of the median and the 5th and
95th percentiles indicates that the distributions of annual dose are similar in all three replicates.
The means differ somewhat before 200,000 years because the mean is being determined by a very
few realizations (less than 5%) that have corrosion failures before about 175,000 years
(Figure 2.1-9).

Figure 2.4-37b shows the mean annual dose for each of the three replicates, the overall mean, and
the upper and lower bounds for the 95% confidence interval about the overall mean. The interval
indicates that, with probability 0.975, there is no numerically significant dose from nominal
processes before 100,000 years. Between 100,000 years and 300,000 years, when relatively few
realizations have corrosion failures, the confidence intervals are wider than after 300,000 years,
when corrosion failures are observed in many realizations. However, for most of the 1,000,000-year
period, the mean of each replicate is within an order of magnitude of the upper confidence bound
and within a factor of 2 at the maximum of the mean, indicating that the true mean annual dose is
estimated adequately by each of the three replicates. The similarity evident among the three
replicates and the relatively small width of the confidence interval demonstrate that the sample size
of 300 is adequate.

As described in Section 2.4.2.1.5.1, because the aleatory uncertain variables in the nominal
modeling case are sampled with the epistemic uncertain variables, the expected annual dose is the
same as the annual dose calculated directly by GoldSim (i.e., D(7le) = D(7a,e) in
Equation 2.4-35). Consequently, the accuracy of the estimate of mean annual dose for each
replicate depends on the size of the Latin hypercube sample used to calculate annual dose. To

demonstrate that mean annual dose is numerically stable, the sample size was increased from 300
to 1000.

Increasing the Latin hypercube sampling size to 1,000 did not result in any meaningful differences
in the mean annual dose. For the larger sample size, waste package corrosion failures were observed
to occur before 100,000 years in six realizations, which did not occur in the smaller Latin hypercube
sampling size of 300 (SNL 2008a, Figure 7.3.2-1). Figure 2.4-38 compares the mean, median, 95th
percentile and 5th percentile of dose for (1) a Latin hypercube sampling of size 300; and (2) a Latin
hypercube sampling of size 1,000. The mean dose for Latin hypercube sampling size of 1,000 is
larger at very early times than the mean dose for Latin hypercube sampling size of 300, due to the
six realizations with very early corrosion failures. However, at these early times the magnitude of
the mean dose for either Latin hypercube sampling size is small (<10~ mrem) compared to the
long-term mean dose (~0.4 mrem); thus the differences in mean dose for the two sample sizes are
not meaningful. In addition, the uncertainties in expected annual dose (as depicted by the median,
95th, and 5th percentiles) are nearly identical for the two sample sizes. Consequently, the mean dose
computed using a Latin hypercube sampling of size 300 is numerically stable.

Early Failure Modeling Cases—Figure 2.4-39a shows the mean annual dose for each of the
three replicates of the waste package early failure modeling case for 20,000 years, along with the
median and the 5th and 95th percentiles of the distribution of uncertainty in the expected annual
dose. Figure 2.4-39b displays the 95% confidence interval for the waste package early failure
modeling case for 20,000 years. Similarly to the nominal modeling case, the lower bound of the
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confidence interval is visually distorted by the logarithmic scale used for displaying dose.
However, the similarity evident among the three replicates and the relatively small width of the
confidence interval demonstrates that the mean annual dose is estimated with sufficient accuracy
with the sample size of 300.

Figure 2.4-40a shows the mean annual dose for each of the three replicates of the waste package
early failure modeling case for 1,000,000 years, along with the median and the 5th and 95th
percentiles of the distribution of uncertainty in the expected annual dose. Figure 2.4-40b displays
the 95% confidence interval for the waste package early failure modeling case for 1,000,000 years.
The figures indicate that the sample size for 300 is adequate to estimate the mean annual dose.

Figures 2.4-41 and 2.4-42 display the mean annual dose, along with the median and the 5th and 95th
percentiles of expected annual dose, for each of the three replicates of the drip shield early failure
modeling case, and the 95% confidence intervals for the drip shield early failure modeling case for
both 20,000 years and 1,000,000 years. The figures indicate that the sample size for 300 is adequate
for the drip shield early failure modeling cases.

Igneous Modeling Cases—Figure 2.4-43a shows the mean annual dose for each of the three
replicates of the igneous intrusion modeling case for 20,000 years, along with the median and the
5th and 95th percentiles of the distribution of uncertainty in the expected annual dose.
Figure 2.4-43b displays the 95% confidence interval for this modeling case. The high degree of
similarity among replicates and the overall narrow confidence interval indicates that the mean
annual dose for this modeling case is accurately estimated and the sample size of 300 is adequate.

Figure 2.4-44a shows the mean annual dose for each of the three replicates of the igneous intrusion
modeling case for 1,000,000 years, along with the median and the 5th and 95th percentiles of the
distribution of uncertainty in the expected annual dose. Figure 2.4-44b displays the 95% confidence
interval for this modeling case. As in the 20,000-year calculation, the high degree of similarity
among replicates and the overall narrow confidence interval indicates that the mean annual dose for
this modeling case is accurately estimated and the sample size of 300 is adequate.

Figures 2.4-45 and 2.4-46 display the mean annual dose along with the median and the 5th and 95th
percentiles of expected annual dose for each of the three replicates of the volcanic eruption
modeling case, and the 95% confidence intervals of this modeling case for both 20,000 years and
1,000,000 years. The figures indicate that the sample size of 300 is adequate to estimate mean
annual dose for the volcanic eruption modeling cases.

Seismic Modeling Cases—Figure 2.4-47a shows the mean annual dose for each of the three
replicates of the seismic ground motion modeling case for 20,000 years, along with the median
and the 5th and 95th percentiles of the distribution of uncertainty in the expected annual dose.
Figure 2.4-47b displays the 95% confidence interval for this modeling case. The high degree of
similarity among replicates and the very narrow confidence interval indicates that the mean annual
dose for this modeling case is accurately estimated and the sample size of 300 is adequate.

Figure 2.4-48a shows the mean annual dose for each of the three replicates of the seismic ground
motion modeling case for 1,000,000 years, along with the median and the 5th and 95th percentiles
of the uncertainty distribution in the expected annual dose. Figure 2.4-48b displays the 95%
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confidence interval for this modeling case. Because the seismic ground motion modeling case
employs a Monte Carlo integration technique for 1,000,000 years and a quadrature integration
technique for 20,000 years (SNL 2008a, Section 6.1.2.4), the 1,000,000-year results are not as
smooth as the 20,000 year results. However, the distribution of mean annual dose compares very
well among the three replicates, and the confidence interval indicates that the estimate of the mean
annual dose is stable (Figure 2.4-48b). Therefore, the sample size of 300 is adequate for estimating
mean annual dose in this modeling case.

Figure 2.4-49a shows the mean annual dose for each of the three replicates of the seismic fault
displacement modeling case for 20,000 years, along with the median and the 5th and 95th
percentiles of the distribution of uncertainty in the expected annual dose. Figure 2.4-49b displays
the 95% confidence interval for this modeling case. The high degree of similarity among replicates
and the very narrow confidence interval indicates that the sample size of 300 is adequate.

Figure 2.4-50 displays the distributions of mean annual dose and the 95% confidence interval for
the seismic fault displacement modeling case for 1,000,000 years. The figure indicates that the
sample size of 300 is adequate to estimate mean annual dose for this modeling case.

Total Annual Dose—Total annual dose is computed by summing the results of each modeling
case, as described in Section 2.4.2.1. The distribution of uncertainty in total annual dose is first
obtained by summing the expected annual doses for each modeling case by epistemic sample
element, resulting in one total expected annual dose history for each sample element. The mean of
the distribution of total expected annual dose is the total mean annual dose.

The stability of the total mean annual dose is determined, as above, for each modeling case by
computing first the distribution of total expected annual dose for each of the three replicated Latin
hypercube sampling samples, and then the confidence interval using the total mean annual doses
from the three replicates, assuming a #-distribution for the sampling distribution of the mean. This
is done at every time 7in the various dose histories. Figure 2.4-51a shows the total mean annual dose
for the three replicates for 20,000 years, along with the median and the 5th and 95th percentiles of
the distribution of uncertainty in the total expected annual dose. Figure 2.4-51b displays the 95%
confidence interval for total mean annual dose for 20,000 years. The high degree of similarity
among replicates, the very narrow confidence interval, and the large separation between the
confidence interval and the regulatory limit relative to the width of the confidence interval indicates
that the total mean annual dose is estimated with sufficient accuracy. Therefore, the sample size of
300 is adequate.

Figure 2.4-52 displays the distributions of total mean annual dose, and the 95% confidence interval
for total mean annual dose for 1,000,000 years. The figure indicates that the sample size of 300 is
adequate.

Stability of the Total Dose Using the Bootstrap Method—As indicated at the beginning of this
section, another statistical technique is employed to show the stability of the v5.005 TSPA model.
Bootstrap simulation is a numerical procedure for simulating the sampling distribution of any
statistic of interest (e.g., mean dose) and estimating its mean and standard deviation, as well as the
corresponding confidence intervals (Cullen and Frey 1999). Given a data set of sample size n, the
general approach in bootstrap simulation is to perform  replications of the data set by randomly
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drawing, with replacement, n values from the empirical cumulative distribution function. The
statistic of interest is calculated for each new data set, yielding a bootstrap distribution of the
statistic. The fundamental assumption here is that the observed data are representative of the
underlying population. This assumption is justified by the replicated sampling analysis performed
with results from TSPA version v5.000. By resampling observations from the observed data, the
process of sampling observations from the population is mimicked. Furthermore, confidence
intervals for the statistic of interest can be readily obtained from the » values that form an
approximation of its sampling distribution.

To estimate the variability of the mean annual dose of the TSPA model v5.005, the bootstrap method
is applied to the single replicate of the total dose (of size 300), shown in Figure 2.4-10. One
thousand samples of size 300 were drawn with replacement from the original set of 300 realizations,
at each time 7. These 1,000 samples created a sampling distribution of the total mean annual dose,
from which the 95% confidence interval could be generated. Figure 2.4-53a shows the 95%
confidence interval for the total mean annual dose for the first 20,000 years for v5.000 of the TSPA
model (using the bootstrap method), while Figure 2.4-53b shows the 95% confidence interval for
total mean annual dose for the first 20,000 years for v5.005 of the TSPA model (using the bootstrap
method). Figure 2.4-54a shows the 95% confidence interval for total mean annual dose for the
1,000,000-year postclosure period for v5.000 of the TSPA model, while Figure 2.4-54b shows the
95% confidence interval for total mean annual dose for the 1,000,000-year postclosure period for
v5.005 of the TSPA model. Figures 2.4-53 and 2.4-54 show relatively narrow confidence intervals,
indicating that the sample size of 300 is sufficient to estimate the mean annual dose. When
compared to Figures 2.4-51b and 2.4-52b, which are confidence intervals based on applying the
t-distribution to the three v5.000 replicates, the confidence interval bands from both statistical
methods are similar. Therefore, the results of TSPA v5.005 are statistically stable.

2.4.2.2.2.3 Statistical Stability for the Aleatory Uncertainty and Numerical Accuracy
of the Expected Dose Integration

The TSPA model calculates an expected annual dose curve, D( 7|e), for each epistemic realization.
As described above, the term “expected annual dose” refers to the expectation of dose over aleatory
uncertainty, but this is conditional on epistemic uncertainty. In general, the calculation for expected
annual dose involves numerical evaluation of one or more integrals (SNL 2008a, Section 6.1.2.4).
Because each modeling case addresses different aleatory uncertainties, the methods of calculating
expected annual dose differ for each modeling case. Also, in general, the numerical methods can
differ for 10,000 years versus 1,000,000 years. This is particularly true for the seismic ground
motion modeling case because of some simplifying assumptions that are appropriate for the
10,000-year seismic ground motion case, arising from the low probability of many of the EBS
damage mechanisms, but not for the 1,000,000 year simulation. This section summarizes the
numerical accuracy and stability of the calculations and integrations over aleatory uncertainty for
each modeling case, as described in more detail in Total System Performance Assessment
Model/Analysis for the License Application (SNL 2008a, Section 7.3.2).

Seismic Ground Motion Modeling Case for 10,000 Years—Expected annual dose for the
seismic ground motion modeling case is numerically evaluated in two steps (SNL 2008a,
Section 7.3.2.6.1). First, the annual dose at time 7 from a seismic event occurring at time ¢ and
resulting in damage fraction 4, for each realization, Dg;(7|[ 1,1, 4], e), is calculated using the
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GoldSim component of the TSPA model (Section 2.4.2.1.5.4), for each of a sequence of times for
seismic events and a set of damage fractions. The term “damage fraction” is more precisely
defined as the fraction of waste package surface area that consists of stress corrosion cracks.
Second, the GoldSim results are used by the EXDOC LA component of the TSPA model to
calculate expected annual dose. The EXDOC LA code calculates the expected dose over aleatory
uncertainty (using various numerical integration methods) and estimates statistics on expected
dose over epistemic uncertainty for the modeling cases considered in the TSPA calculations (DOE
2007a).

For the 10,000-year period, validation of the calculation of expected dose involved three separate
steps:

1. Demonstration that expected dose calculations are numerically accurate
2. Justification of assumptions about linearity in damage fraction

3. Justification of simplifications (generally, omissions) related to various forms of EBS
damage in the seismic consequences abstraction, such as drip shield damage, drift
collapse, and rupture/puncture of the waste package.

To demonstrate that the expected dose calculations conducted by EXDOC LA are numerically
accurate, the number of times of seismic events is increased from N = 6 to 12, and the number of
damage fractions is increased from M =5 to 8. The former set of 6 event times (at 200, 1,000, 3,000,
6,000, 12,000, and 18,000 years) and 5 damage fractions (10~7, 107, 10~>, 107*, 1073) is called the
base case, and is the basis for the dose results in Section 2.4.2.2.1 (Figure 2.4-25). The latter set of
12 event times (at 100, 1,600, 3,200, 4,800, 6,400, 8,000, 9,600, 11,200, 12,800, 14,400, 16,000, and
19,200 years) and 8 damage fractions (107, 1078, 107, 1076, 1073, 1074, 1073, 5 x 1073) that is used
to test numerical accuracy is called the expanded case.

EXDOC LA computes the expected dose for the 10,000-year seismic ground motion modeling
case by interpolating between single dose histories generated for event time and each damage
fraction (SNL 2008a, Section 6.1.2.4.4), and performing numerical integration using the
interpolated dose histories. Because the dose histories maintain similar shapes as the event time and
damage fraction change (SNL 2008a, Figures 7.3.2-8 through 7.3.2-10), the interpolation scheme
implemented in EXDOC_LA is justified.

Figure 2.4-55 compares the expected annual dose over 20,000 years for five different epistemic
realizations calculated for the base case and for the expanded case, using the times of seismic events
and damage fractions listed above (SNL 2008a, Section 7.3.2.6). Figure 2.4-55 shows that
increasing the number of event times and the number of damage fractions does not change the
expected dose calculation for any realization. Therefore, the discretization used to calculate
expected dose is adequate and the calculation of expected dose is numerically accurate.

Additivity in Annual Dose from Multiple Seismic Events—One important assumption made
for the numerical integration used to compute expected dose for the 10,000-year seismic ground
motion modeling case is the assumption that the annual dose from two or more events causing
cumulative damage to waste packages is reasonably approximated by the sum of the annual doses
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from the events modeled independently (SNL 2008a, Section 6.1.2.4.4). Calculations have shown
that the change in dose is proportional to changes in damage fraction (open crack area), up to the
damage fraction of about 10~ (SNL 2008a, Figure 7.3.2-12). Beyond a damage fraction of 107,
dose increases less than linearly with increasing damage fraction. Thus, when two or more seismic
events cause a cumulative damage fraction exceeding 107>, this additivity assumption results in an
overestimate of the dose resulting from seismic events.

To estimate the degree of overestimation of dose due to this additivity assumption, the expected
dose from one seismic event is compared to the expected dose from all seismic damaging events for
codisposal packages. Comparing the expected dose from the first damaging event to the expected
dose from all damaging events shows that the second and subsequent damaging events do not
change the magnitude or range of uncertainty of expected dose to any great extent (SNL 2008a,
Figures 7.3.2-13 and 7.3.2-14). Consequently, the additivity assumption for multiple events does
not result in a significant overestimate of the expected dose.

Simplifications to the Seismic Consequence Abstraction for 10,000 Years—For 10,000 years,
the distribution of expected annual dose for the seismic ground motion modeling is approximated
by examining only the occurrence of stress corrosion cracking damage to codisposal waste
packages with the drip shield intact and without significant rockfall, and without considering the
effects of corrosion processes. This does not represent any changes to FEPs screening but, rather,
a TSPA simplification based on TSPA consequence analyses that have shown that other damage
mechanisms are insignificant in the first 10,000 years. In particular, corrosion processes do not
appreciably thin the waste package outer barrier in 10,000 years (Figure 2.4-23); hence, these
processes need not be explicitly represented in this modeling case. The contributions to expected
annual dose from futures involving drip shield plate or framework failure within 10,000 years are
low enough that these failures are omitted from the calculation. The expected volume of rockfall
within 10,000 years is small enough that it is reasonable to omit the changes to temperature and
seepage caused by rockfall. Rupture and puncture of codisposal waste packages are not included
because the probability that these events occur within 10,000 years is low enough that the
expected dose consequence from these events is also low. Finally, damage to TAD-bearing
commercial SNF waste packages, either by cracking or rupture, is omitted because the low
probability of seismic damage to commercial SNF waste packages results in low estimates of the
expected dose consequence from commercial SNF waste packages. Each of these approximations
is justified in Total System Performance Assessment Model/Analysis for the License Application
(SNL 2008a, Section 7.3.2.6.1.3), through consequence calculations that show that the dose
consequences from these processes are low compared to the process of crack damage to
codisposal waste packages.

Seismic Ground Motion Modeling Case for 1,000,000 Years—Expected annual dose for the
seismic ground motion modeling case for 1,000,000 years is calculated using a Monte Carlo
technique for sampling aleatory uncertainty (SNL 2008a, Equation 6.1.2-23). First, a Latin
hypercube sampling of size 300 is generated for uncertain epistemic parameters. Next, for each
vector €; in the epistemic Latin hypercube sampling, an aleatory sample is randomly generated,
consisting of 30 independent sequences {a,;},_ 5, of seismic events and corrosion failures.

Then, annual dose at time 7 from the combination of corrosion processes and seismic ground
motion events, Dy.s;(7]€,a,;) , is calculated. For each vector e; in the epistemic Latin

1
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hypercube sampling, expected annual dose Dy sg( 7e;) over aleatory uncertainty is computed
as a numerical average over the 30 samples:

30
= 1
Dy-so(7e) = 353 Dy se(7le, ;) (Eq. 2.4-36)

j=1

Mean annual dose Dy+s6(7) is computed as a numerical average over the 300 values of expected
annual dose:

300 30
= 1 1

i=1% j=1

Because of the Monte Carlo technique used in the seismic ground motion modeling case for
1,000,000 years, the size (30) of the aleatory sample, and the wide variability in the effects of a
seismic event (caused by the multiple damage abstractions to EBS components), it is not reasonable
to presume that the expected dose would be as numerically stable for each individual epistemic
vector e; as it is for other modeling cases (SNL 2008a, Section 7.3.2.6.2).

Figure 2.4-56 compares expected dose for an aleatory sample size of 30 to expected dose for an
aleatory sample size of 90, for epistemic Realizations 1 through 5. The similarity in each pair of
expected dose results indicates that increasing the aleatory sample size does not produce a
qualitatively different expected dose, although at any particular time the expected dose could vary
significantly. However, as shown in Figure 2.4-48, the mean annual dose calculated by
Equation 2.4-37 is statistically stable. The confidence bounds follow the overall mean quite closely,
and the upper confidence bound is consistently about twice the magnitude of the overall mean,
indicating that the overall mean dose is statistically stable.

Igneous Intrusion Modeling Case—Expected annual dose in the igneous intrusion modeling
case, for each epistemic sample e,, is numerically evaluated in two steps (SNL 2008a,
Section 7.3.2.4). First, for each of a sequence of times for igneous intrusions, annual dose at time 7
from an intrusion occurring at time, ¢, D;( 7|[ 1, t], @), is calculated using the GoldSim component
of the TSPA model (Section 2.4.2.1.5.3). Second, the GoldSim results are used by the
EXDOC LA component of the TSPA model to calculate expected annual dose.

The accuracy of the numerical evaluation is examined by increasing the number of times of igneous
intrusions for which GoldSim results are calculated from N =10 to 50 (SNL 2008a, Table 7.3.2-1).
For each single dose history D (7|[1, t], e), its shape is similar for different times of intrusion
within the same climate period, indicating that the interpolation techniques within the EXDOC LA
software are justified (SNL 2008a, Figure 7.3.2-3).
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Figure 2.4-57 compares the expected annual dose over 20,000 years for 5 epistemic realizations
calculated, using the 10 intrusion times for the base case, and again using the 50 intrusion times for
the expanded case. The comparison shows that 10 intrusion times are sufficient to obtain a
numerically accurate calculation of expected dose over 20,000 years. Figure 2.4-58 compares the
expected annual dose over 1,000,000 years for five epistemic realizations calculated using the 10
intrusion times for the base case, and again using the 50 intrusion times for the expanded case.
Figure 2.4-58 shows that 10 intrusion times are sufficient to obtain a numerically accurate
calculation of expected dose over 1,000,000 years.

Volcanic Eruption Modeling Case—Expected annual dose for the volcanic eruption modeling
case, for each epistemic sample e,, is numerically evaluated in two steps (SNL 2008a,
Section 7.3.2.5). First, for each of a sequence of times for eruption events and a Latin hypercube
sampling of uncertain aleatory parameters describing an eruption event, annual dose at time 7
from an eruption event occurring at time ¢ and described by parameters u, and affecting one waste
package, Dy;(7][1,¢ 1,u], e), is calculated using the GoldSim component of the TSPA model
(Section 2.4.2.1.5.3). Second, the GoldSim results are used by the EXDOC LA component of the
TSPA model to calculate expected annual dose.

Validation of the calculation of expected dose involved two steps: (1) demonstration that the size of
the Latin hypercube sampling of uncertain aleatory parameters is sufficient; and (2) demonstration
that the integration over time of the eruption event is numerically accurate. Sufficiency of the size
of the Latin hypercube sampling for aleatory parameters is demonstrated by increasing the Latin
hypercube sampling size from 40 to 80 (SNL 2008a, Section 7.3.2.5). The numerical accuracy of the
integration over time is demonstrated by increasing the number of specified times from the set (0,
10, 100, 600, 2,000, 4,000, 6,000, 10,000, 14,000, and 18,000 years) for the base case to the set (0,
10, 40, 100, 240, 400, 600, 800, 1,000, 2,000, 4,000, 6,000, 10,000, 14,000, and 18,000 years) for
the expanded case (SNL 2008a, Table 7.3.2-2). The aleatory parameters included in the Latin
hypercube sampling described by [u] are eruptive power, eruptive velocity, eruptive duration, wind
speed, and wind direction.

Figure 2.4-59 shows the expected dose resulting from the two different Latin hypercube sampling
sizes (40 vs. 80) for five realizations of epistemic parameters. The expected dose curves shown on
Figure 2.4-59 use the eruption times for the base case. The expected dose is generally greater for the
larger Latin hypercube sampling, but the difference is no more than 10%, and is relatively constant
throughout the 1,000,000-year period. Consequently, the Latin hypercube sampling size of 40 used
in the base case is adequate to estimate expected dose.

Because dose from volcanic eruption constitutes most of the total dose during the first 1,000 years,
it is most important to verify the accuracy of the volcanic eruption dose during this time period.
Additional event times were added primarily during the first 1,000 years, as listed above.
Figure 2.4-60a shows the expected dose for 20,000 years calculated using the specified eruption
times for the base case, and again using the additional times for the expanded case, for the first five
epistemic realizations. Figure 2.4-60b focuses on the expected dose for the first 1,000 years. The
expected dose curves shown in Figure 2.4-60 use the Latin hypercube sampling of size 40 for
aleatory parameters describing eruptive power, eruptive velocity, eruptive duration, wind speed,
and wind direction. The expected dose does not significantly change when more event times are
used, either during the first 1,000 years or throughout the 20,000-year period. Consequently, the 10
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specified eruption times for the base case provide a sufficiently accurate calculation of expected
dose (SNL 2008a, Section 7.3.2.5). This same sort of stability with respect to the integration over
event times also is evident in the expected dose calculation for 1,000,000 years because the eruption
processes remain the same through time (SNL 2008a, Section 7.3.2.5).

Nominal Modeling Case—Because the uncertain aleatory variables in the nominal modeling
case are not sampled separately from the epistemic variables, the expected annual dose is the same
as the annual dose calculated directly by GoldSim for each epistemic sample e, . Discussion of the
numerical accuracy of the mean dose for the nominal modeling case is provided in
Section 2.4.2.2.2.2.

Waste Package Early Failure Modeling Case—Since expected annual dose for the waste
package early failure modeling case involves only sums rather than numerical integration, the
calculation of expected annual dose does not require an estimate of numerical accuracy (SNL
2008a, Section 7.3.2.2). The EXDOC LA calculation of expected dose for the waste package
early failure modeling case is verified by reproducing the EXDOC LA results using Mathcad
(SNL 2008a, Section 7.3.2.2).

Drip Shield Early Failure Modeling Case—Since expected annual dose for the drip shield early
failure modeling case involves only sums rather than numerical integration, the calculation of
expected annual dose does not require an estimate of numerical accuracy stability (SNL 2008a,
Section 7.3.2.3). The EXDOC LA calculation of expected dose for the drip shield early failure
modeling case is verified by reproducing the EXDOC LA results using Mathcad (SNL 2008a,
Section 7.3.2.3).

Seismic Fault Displacement Modeling Case—Expected annual dose for the seismic fault
displacement modeling case is numerically evaluated in two steps (SNL 2008a, Section 7.3.2.7).
First, for each of a sequence of times for fault displacement events, each waste package type, and
a set of damage areas, annual dose at time 7 from a fault displacement event occurring at time ¢
resulting in damage area 4 to 100 waste packages of type 7, Dg.(7][1, ¢, 100, 4], e), is calculated
using the GoldSim component of the TSPA model (Section 2.4.2.1.5.4). The 100 waste packages
are placed proportionally into each percolation subregion based on the spatial area of the
subregion, and within each subregion, proportionally into seeping and nonseeping locations.
Second, the GoldSim results are used by the EXDOC LA component of the TSPA model to
calculate expected annual dose.

To determine if the expected dose calculations performed using EXDOC LA are numerically
accurate, the number of times for fault displacement events is increased from N = 6 to 12, and the
number of damage areas is increased from M = 3 to 5. The former set of 6 event times (at 200, 800,
2,000, 4,000, 8,000, 18,000 years) and 3 damage fractions (1/3, 2/3, 1) is called the base case and
is the basis for the dose results in Section 2.4.2.2.1 (Figure 2.4-27). The latter set of 12 event times
(at 200, 1,600, 3,200, 4,800, 6,400, 8,000, 9,600, 11,200, 12,800, 14,400, 16,000, 19,200 years) and
5 damage fractions (1/12, 1/6, 1/3, 2/3, 1) that is used to test numerical accuracy is called the
expanded case.

EXDOC_LA computes the expected dose for the seismic fault displacement modeling case by
interpolating between single dose histories for the different event times and damage areas, and by
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performing numerical integration using the interpolated dose histories. Because the dose histories
maintain similar shapes as the event time and damage fraction change, the interpolation scheme
implemented in EXDOC LA is justified (SNL 2008a, Section 7.3.2.7).

Figure 2.4-61 compares the expected annual dose over 20,000 years for five epistemic realizations
calculated for the base case and the expanded case using the times of seismic events and damage
fractions listed above (SNL 2008a, Section 7.3.2.7). Using the additional event times and damage
areas in the expanded case increased the expected dose by up to about 30% in all five realizations.
Because the individual dose histories have very little dependence on damaged area (SNL 2008a,
Figure 7.3.2-25), the change in expected dose is due to the additional event times included in the
numerical integration. However, further extension of the number of event times up to N =23 did not
result in additional increases in expected dose (SNL 2008a, Section 7.3.2.7[a]). Inclusion of
additional event times in the baseline expected dose calculation would improve the accuracy of the
baseline results. However, because the seismic fault displacement modeling case is not a significant
contributor to total dose (Figure 2.4-18), the improvement in the accuracy of this modeling case
does not justify the additional event times.

24.2.2.3 Consistency and Reasonableness of Repository Performance and the
Performance of Individual Components or Subsystems
[NUREG-1804, Section 2.2.1.4.1.3: AC 2(3)]

There are a number of methods and analyses capable of demonstrating that “repository performance
and the performance of individual components or subsystems are consistent and reasonable,” in
order to address NUREG-1804, Section 2.2.1.4.1.3, Acceptance Criterion 2(3). The analyses and
explanations in Section 2.4.2.2.2 have already demonstrated this to a large degree, through an
explanation of key aspects of the behavior of the total mean annual dose and the mean annual dose
for the individual modeling cases, including the behavior of the individual radionuclides. Various
dependencies of repository performance (i.e., dose) on subsystem parameters and behavior were
pointed out, including dependencies on the failure rates and degradation characteristics of the drip
shield and waste package, various transport characteristics, characteristics of the in-package
environment, and characteristics of the occurrence rates of disruptive or early failure events.
Additional detailed explanations of the dependency of dose on the most important uncertain
parameters that characterize individual model components can be found in Section 2.4.2.3.3, which
is the presentation of uncertainty propagation in the TSPA model. Thus, Section 2.4.2.3.3 also helps
address Acceptance Criterion 2(3).

In this section, however, more in-depth descriptions are presented of how the dose behavior is
consistent with the behavior of the subsystems, through the detailed explanation and analysis of
selected single-realizations from the set of 300 epistemic realizations. These analyses are
collectively designated as “single-realization deterministic analyses,” and they have been
formulated for five of the key modeling cases for the TSPA (SNL 2008a, Section 7.7.1[a]): (1) the
nominal modeling case; (2) the waste package early-failure modeling case; (3) the drip shield
early-failure modeling case; (4) the igneous intrusion modeling case; and (5) the seismic ground
motion modeling case. Of these cases, two have been chosen for discussion here: (1) the nominal
modeling case, which includes the majority of FEPs that form the basis of all of the groundwater
modeling cases; and (2) the seismic ground motion modeling case, which represents the most
probable set of long-term futures for the repository. These single-realization analyses also enhance
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confidence in the credibility of the TSPA model and are a key aspect of model validation as
described in Sections 2.4.2.3.2 and 2.4.2.3.2.3.2.1.

The single-realization analyses provide a useful insight into the interaction of several submodels
under varying thermal-mechanical-chemical-physical conditions in the repository. They help in
understanding the coupling of the EBS, unsaturated zone, and saturated zone transport models and
how their behavior influences the annual dose to the RMEI in a given realization. Within each
barrier that reduces and delays radionuclide releases (i.e., the EBS and Lower Natural Barrier), the
interaction of various submodels under a given set of physical-chemical conditions is described in
detail, which provides confidence that the submodels are coupled as intended and their behavior can
be explained in a logical manner leading to the dose result. Besides explaining the interaction of
submodels, the transport behavior of major dose contributing radionuclides is also described and
highlighted in the various single-realization analyses for the given modeling cases.

The methodology for calculating the expected annual dose (expectation of annual dose over
aleatory uncertainty) for the various modeling cases is described in Section 2.4.2.1, which
distinguishes epistemic uncertainty from aleatory uncertainty in the TSPA model. Although the
treatment of aleatory uncertainty varies by modeling case, the general methodology for selecting a
single realization for detailed analysis is similar in all modeling cases. First, an epistemic
uncertainty vector, €;, is chosen from the set of 300 epistemic uncertainty realizations. The

criteria for selecting e is such that the general behavior of the expected annual dose D,( 7]e;) for

modeling case J is similar to the mean annual dose Ds(7) (expectation over aleatory and
epistemic uncertainty) and the magnitude of the expected annual dose is somewhat higher than the
mean annual dose over the time periods of interest. This choice is intended to select epistemic
realizations that highlight processes of interest in each modeling case (i.e., processes that
contribute to the mean result).

Since the expected annual dose D,( 7]€;) itself represents an average over a number of realizations
of aleatory uncertainty, it must be further broken down to select a realization representing an
individual aleatory uncertainty vector a. The aleatory vector is chosen by comparing each annual
D,(7|a, e;) to the annual dose from other aleatory vectors in the set and selecting an aleatory
realization which best describes the behavior of the expected annual dose. This process is not
necessary for the nominal modeling case, which has no explicitly represented aleatory uncertainty,
but is necessary for the other modeling cases. For the seismic ground motion modeling case, one
GoldSim realization D ,(7]a, e;), representing a unique combination of epistemic and aleatory
uncertainty, is chosen for detailed analysis.

2.4.2.2.3.1 Single-Realization Deterministic Analysis for the Nominal Modeling Case

This section presents an analysis of a single realization from the 300 realization base-case run
(random seed #1) for the nominal modeling case for the 1,000,000-year simulation duration (SNL
2008a, Section 7.7.1.5[a]). The nominal scenario class consists of a single modeling case that
represents the set of possible repository futures with no disruptive events or early failures of drip
shields and waste packages. Moreover, the nominal modeling case serves as a “reference system
state” from which all other modeling cases are developed (SNL 2008a, Section 8.2.1). A single
epistemic vector is selected for further analysis in such a manner that the expected annual dose is
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broadly representative of the modeling case and similar in behavior to the mean annual dose.
Epistemic vector 286 (e,44), which is equivalent to GoldSim Realization 286, is chosen for further
analysis (Figure 2.4-62). The distribution of expected annual dose for 300 epistemic vectors shown
in Figure 2.4-62 implicitly account for aleatory uncertainties in nominal degradation processes,
such as time, location, and degree of damage to each waste package. Note that there is no net dose
to the RMEI within the 10,000-year regulatory period in the nominal case because neither drip
shields nor waste packages are calculated to fail in that period.

Two minor peaks in the mean annual dose are apparent early on, at around 40,000 and 80,000 years
(Figure 2.4-62). These are the result of waste packages failing by stress corrosion cracking from two
realizations (out of the total of 300 realizations). After about 100,000 years, the mean annual dose
steadily increases as a result of gradual waste package failures. Step-wise increases in the mean
annual dose noticeable around 200,000, 300,000, 500,000 and 700,000 years, are due to increases
in the number of waste package failures following those time points and result from the coarse time
discretization employed in the waste package degradation software code WAPDEG at late
time-periods. WAPDEG calculates the corrosion rates at the timesteps provided in the waste
package thermal history input files from the multiscale thermal-hydrologic model abstraction (SNL
2008a, Section 6.3.2.3). The thermal history files have coarse temporal resolution past 100,000
years (due to small changes at late time periods) leading to evaluation of temperature at 200,000;
300,000; 500,000, 700,000; and 1,000,000 years. The stress corrosion crack growth rate is given by
a power law function of stress intensity factor and repassivation slope n (SNL 2008a,
Equation 6.3.5-14). The stress intensity factor is evaluated at the beginning of each WAPDEG
timestep and is a function of the crack depth that drives the crack propagation. The large timesteps
taken past 100,000 years combined with the sensitivity of the crack growth rate to the stress intensity
factor, which is raised to the power 4n, where n has a mean value of 1.165 (SNL 2007e, Table 8-15),
can cause dramatic changes in the crack growth rate at each timestep (SNL 2008a,
Section 7.3.3.7[a]). As aresult, the crack growth rate can change from a small value for the timestep
in which the crack initiates to a much larger value at the beginning of the next timestep, resulting
in almost immediate penetration of many cracks and failure of waste packages (SNL 2008a,
Section 7.7.1.5[a]). An assessment of this temporal discretization for the nominal modeling case
indicates that it has a negligible effect on the results (Section 2.4.2.3.2.2.2).

Figure 2.4-63 shows the major radionuclides that contribute to the expected annual dose for
Realization 286 of the nominal modeling case. Of these, the relatively long-lived, highly soluble and
mobile radionuclides *Tc and !?°I are the primary contributors with relatively minor contributions
from the long-lived, sparingly soluble, and highly sorbing '3°Cs at very late times. Thus, the
behavior of this single realization is similar to the mean behavior of the nominal modeling case,
shown in Figure 2.4-22b, but with lower late-time contributions from >3’Np and ?4’Pu. Between
250,000 and 300,000 years, the annual dose for Realization 286 exhibits small step increases that
result from a single codisposal waste package failure in the non-seeping environment of percolation
subregion 2 and two codisposal waste package failures in the seeping environment of percolation
subregion 2. All three codisposal waste package failures are caused by stress corrosion cracking
failure on the outer lids prior to the drip shield failure, which occurs at 304,000 years.

Figures 2.4-64a and 2.4-64b, illustrate the number and timing of waste package failures within each
percolation subregion for the codisposal and commercial SNF waste packages. These waste
package failures occur in both the non-seeping and seeping environments of each percolation
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subregion. By the end of the simulation at 1,000,000 years, a total of 7,716 commercial SNF waste
packages have failed compared to a total of 3,227 failed codisposal waste packages (out of a total
of 8,213 commercial SNF waste packages and 3,416 codisposal waste packages). However, the
average failed area (per failed waste package) remains very small throughout the simulation, on the
order of 1 cm?, as illustrated in Figure 2.4-65. This breached area remains relatively small because
the failures are generally only due to stress corrosion cracking in the lid welds. In particular, only
percolation subregion 1 for commercial SNF waste package has a general corrosion patch failure
within the simulated time frame, which occurs after 950,000 years, leading to a very small increase
in area in percolation subregion 1. Thus, because only stress-corrosion-crack failures occur on most
of the waste packages for the majority of the simulation, advective releases are not important and
radionuclides are primarily transported by diffusion out of the waste package.

The rates at which '2°I, 13°Cs, and 2**Pu are released (integrated over all percolation subregions)
from the EBS components, unsaturated zone, and saturated zone are shown on Figures 2.4-66,
2.4-67, and 2.4-68, respectively. For '?°I the curves that represent these release rates generally lie
close to each other, which is indicative of each radionuclide being transported as a solute with little
to no retardation through the engineered barrier and natural systems. The transport of '3°Cs (as
solute and reversibly sorbed on the colloids) exhibits the same behavior through the EBS and the
unsaturated zone but has significant retardation through the saturated zone. For 24?Pu (dissolved and
reversibly sorbed on colloids), the mass released from the waste form is large relative to the mass
released from the waste package, invert, unsaturated zone, and saturated zone. This behavior
reflects retardation due to sorption onto corrosion products inside the waste package.

Figures 2.4-69 and 2.4-70 compare the advective and diffusive releases of '*°I and *?Pu (dissolved
and reversibly sorbed on colloids) from all failed waste packages in all percolation subregions.
There is no advective release from codisposal waste packages since there are no general corrosion
patch failures. However, because there is corrosion patch failure for commercial SNF waste
packages in percolation subregion 1 past 950,000 years, there is some advective release, but it is still
negligible compared to diffusive release. The advective release for 4*Pu (dissolved and reversibly
sorbed on colloids) is not shown since it is below the lower bound on the y-axis. The step increase
in diffusive releases coincides with the step increases in waste package failures but, except for these
minor step changes, the diffusive releases remain steady for '?°I and show gradual increase for
242py. This is attributed to the failure rate of the waste packages. In other words, despite the small
diffusive release area, the high concentration of '*°I tends to cause rapid release (relative the
million-year time scale) from each failed waste package. This causes the '*°I release curve (in either
Figure 2.4-69 or Figure 2.4-66) to follow the waste package failure rate (the derivative of the
cumulative failure curves in Figure 2.4-64). The release of **Pu (dissolved and reversibly sorbed
on colloids), in addition to being similarly affected by the waste package failure rate, is also
impacted by sorption on the corrosion products inside the waste package as well as a relatively low
aqueous solubility, which reduces the concentration gradient. Combined with a small breach area
per package (Figure 2.4-65), these factors cause >*?Pu to be released slowly from each failed waste
package. As a result, as packages fail through time, the 2*?Pu release rate from all failed packages
increases. Thus, the 24?Pu release rate tends to mirror the cumulative waste package failure curve
rather than the instantaneous failure rate curve, which was the case with %°I. Releases from
commercial SNF waste packages dominate that of codisposal waste packages because
(a) comparatively more commercial SNF waste packages are failed, and (b) there is comparatively
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larger inventory for the radionuclides of interest on a per package basis in a commercial SNF waste
package.

The mass fraction of ' passed to the unsaturated zone matrix and fracture continuum from the
EBS at the repository level is shown in Figure 2.4-71. The fraction of mass going into fractures
increases in proportion to the fraction of waste packages in the seeping environment versus
non-seeping environment for a given percolation subregion. The fraction of waste packages
assigned to a seeping environment is directly proportional to the seepage fraction for the given
percolation subregion, which generally increases from percolation subregion 1 to 5 resulting in an
increased proportion of mass being released to the unsaturated zone fractures. Since '*°I is neither
sorbed nor limited by solubility, the diffusive mass release from the waste package remains largely
a function of waste form degradation rate and concentration inside the waste package. The change
in the waste package to invert concentration gradient between non-seeping environment and
seeping environment due to flow through the invert has limited effect on the diffusive releases of '*°1
per failed waste package. Thus the fraction of '?°I mass passed to an unsaturated zone fracture for
a given percolation subregion is proportional to the number of failed waste packages in a seeping
environment compared to the non-seeping environment and thus directly related to the seepage
fraction, which increases from percolation subregion 1 to 5. Note that although no water is modeled
to flow advectively through the waste packages (since waste package failures are only due to stress
corrosion cracks), the seeping environments have in-drift seepage which flows around the waste
packages (and drip shields) to the invert and, thus the diffusive releases out of the waste package are
carried advectively from the invert into the fractures of the unsaturated zone with less mass release
into the matrix. In the non-seeping environment the transport through the invert is primarily by
diffusion into the matrix continuum due to large effective diffusive area of the matrix continuum
(SNL 2008a, Section 6.3.8.3).

The mass fraction of 24*Pu (dissolved and reversibly sorbed on colloids) passed to the unsaturated
zone matrix and fracture continuum from the EBS at the repository level is shown in Figure 2.4-72.
In contrast to the fracture mass fraction of 121, a relatively larger fraction of 2*?Pu is passed into the
fractures, indicating a disproportionately larger contribution from waste packages located in the
seeping environments compared to the non-seeping environment. This is because highly sorbed
species such as 24’Pu have a lower concentration in the waste package than a nonsorbing species
such as '?°I, and the diffusive flux is primarily controlled by the concentration gradient between the
waste package and the invert. In the seeping environment the flow through the invert causes the
concentration gradient to increase (due to reduction in distance to the effective zero concentration
boundary from the waste package) leading to disproportionately larger diffusive mass flux from the
seeping environment than the non-seeping environment per failed waste package. As a result, most
of the 2*’Pu mass released in a given percolation subregion is from the contribution of waste
packages in the seeping environment that are released to the unsaturated zone fracture continuum.

Radionuclide transport through the saturated zone is governed by sampling four breakthrough
curves for each radionuclide from a set of 200 Monte Carlo realizations representing epistemic
uncertainty in saturated zone flow and transport properties. (The four breakthrough curves represent
the four saturated zone release zones at the water table, as described in Section 2.3.9.3.4.) For TSPA
Realization 286 in this single realization analysis, the saturated-zone Monte Carlo Realization 33
was sampled. Solute transport of 12°I and other nonsorbing species in the saturated zone is relatively
rapid, as shown by release rates for the saturated zone when compared to the unsaturated zone in
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Figure 2.4-66. In contrast, dissolved **Pu (with sampled K, of about 84.2 mL/g for saturated-zone
volcanic matrix rock and 87.1 mL/g for saturated-zone alluvium) and to a much greater extent
dissolved '33Cs (with sampled K, of about 5,986 mL/g for saturated-zone volcanic matrix and
562 mL/g for saturated zone alluvium), undergo sorption while being transported through the
saturated zone and hence are highly retarded, as indicated in Figures 2.4-67 and 2.4-68.

242Py is transported both as a dissolved species and sorbed onto colloids, both reversibly and
irreversibly. The irreversible fraction is further partitioned into a fast traveling and a slow traveling
fraction of colloids (Sections2.4.2.3.2.1.8 and 2.4.2.3.2.1.10). Figure 2.4-73 shows the
contribution to the mean annual dose of 2#?Pu transported as dissolved and reversibly sorbed, as well
as the dose associated with 2*?Pu transported irreversibly on colloids (for both the slow and fast
fractions). The figure indicates that while colloidal irreversibly sorbed 2*’Pu exists and is
transported in the Lower Natural Barrier, its contribution to the mean annual dose is small and the
majority of the dose is from the dissolved plus reversibly sorbed 2*Pu (SNL 2008a,
Section 7.7.1.5[a]).

The above descriptions of cause-and-effect relationships between degradation, release, and
transport and their influence on dose for the nominal modeling case help demonstrate consistency
between the repository performance and the performance of individual components of the TSPA
model.

2.4.2.2.3.2 Single-Realization Deterministic Analyses for the Seismic Ground Motion
Modeling Case

Seismic ground motion modeling cases for the 10,000-year and 1,000,000-year simulation duration
are evaluated somewhat differently due to a separate computational methodology employed for
calculating the expected dose. In the 10,000-year calculations, a dose response function is
determined by specifying a combination of waste package damage time and waste package damage
area for each GoldSim realization, which is then used to compute expected dose (SNL 2008a,
Equation 6.1.2-22). For the 1,000,000-year calculation, a sequence of seismic events is generated
randomly for each GoldSim realization and the damaged area of the waste package is determined
from seismic damage abstractions implemented in TSPA based on the magnitude of the event and
the state of the waste package, drip shield, and drift at the time of the event. For the 10,000-year
calculation, the dose consequences are approximated by only examining the occurrence of stress
corrosion cracking damage to codisposal waste packages under intact drip shields, since other
effects make only a minor contribution to expected dose for the seismic ground motion modeling
case (SNL 2008a, Section 7.3.2.6.1.3). Because of these differences in methodology, cause and
effect relationships are simpler for the 10,000-year single realization analysis.

2.4.2.2.3.2.1 Seismic Ground Motion Modeling Case for the 10,000-Year Period

This section presents an analysis of a single realization from the 9,000-realization base-case run
(random seed #1) for the seismic ground motion modeling case for the 10,000 year simulation
duration (300 epistemic samples times 30 aleatory samples equals 9000 realizations) (SNL 2008a,
Section 7.7.1.7[a]). The expected annual dose is presented on Figure 2.4-74, where each of the 300
realizations represent expected annual dose for one epistemic uncertainty vector.
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The expected annual dose for a given epistemic uncertainty vector e is generated by taking an
expectation over a sample of 30 aleatory uncertainty vectors. The dose response functions for 30
aleatory uncertainty vectors are calculated by specifying six discrete damage times (at 200, 1000,
3000, 6000, 12000, and 18000 years) over five fractional waste package damage areas (10~7, 107°,
107, 107*, and 10~%). As mentioned above, for the 10,000 year simulation, the dose consequences
are approximated by only examining the occurrence of stress corrosion cracking damage to
codisposal waste packages under an intact drip shield, because of the low consequences of other
processes, such as the effects of rockfall and drift degradation, waste package puncture and rupture,
general corrosion of the waste package and drip shield, and seismic crack damage to commercial
SNF waste packages. Because the drift-degradation is not considered, the thermal-hydrologic
processes in the EBS remain the same as under nominal conditions. The expected annual dose for
each epistemic uncertainty vector is described in Section 2.4.2.1.5.4 (also see Equation 2.4-26).

A single epistemic vector (out of sample size of 300 epistemic vectors) is selected for further
analysis in such a manner that the expected annual dose is broadly representative of the modeling
case and similar in behavior to the mean annual dose curve. Based on this, epistemic vector 155
(e,ss) was chosen for further evaluation (Figure 2.4-74). The thirty aleatory vectors corresponding
to (e,ss) are represented by GoldSim Realizations 4,621 through 4,650 (Figure 2.4-75). The
expected annual dose from epistemic vector 155 was developed from the aleatory vectors illustrated
on Figure 2.4-75 using the integral over aleatory uncertainty indicated in Equation 2.4-26. Of the
aleatory vectors shown in Figure 2.4-75, the eighth aleatory vector (ag), which is equivalent to
GoldSim Realization 4,628, was selected for further analysis (dashed red curve). In this aleatory
vector, the seismic damage time is specified at 1,000 years and the fractional damaged area of the
codisposal waste package is specified at 107, It should be noted that the “realization” examined
here is not a representative repository future (unlike the single-realization examples for the nominal
modeling case and the 1-million-year seismic ground motion modeling case, which represent a
repository future). Rather it is stylized dose curve used in the numerical integration that produces
the expected annual dose shown in Equation 2.4-26. (Note: Only 20 of the aleatory vectors
corresponding to epistemic vector 155 are visible in Figure 2.4-75. The other 10 occur at times
beyond 10,000 years but are used in the interpolation and quadrature methodology of
EXDOC LA))

The conditional total annual dose from Realization 4,628 (ess, @g) is presented on Figure 2.4-76
along with the annual dose curves from the major dose-contributing radionuclides. The dominant
radionuclides are *°Tc, 12°I, 14C, 36Cl, and "Se, with negligible contributions from the remaining
radionuclides. The annual dose increases rapidly following the waste package damaging event at
1,000 years, reaching a maximum around 2,000 years and then declining gradually with time as the
radionuclide mass is depleted. The bump noticeable around 2,000 years is a result of climate change
from monsoonal to glacial-transition climate that occurs at 2,000 years after emplacement. The dose
behaviors for *Te, '2°1, C, and *°Cl are nearly identical to each other because of their similar
transport characteristics through the EBS, unsaturated zone, and saturated zone, since all of these
radionuclides are mobilized without solubility controlling mineral phases and with no sorption in
the EBS and Lower Natural Barriers. The relative differences in dose among them are primarily due
to their different inventory masses, decay rates, and BDCFs. The transport of 7°Se is somewhat
different from the rest because 7°Se is sorbed in the unsaturated zone and saturated zone, although
it has no solubility controlling mineral phase. Hence for the purpose of describing the transport
behavior of major dose contributing radionuclides, only *Tc (the highest dose contributor among
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radionuclides that have similar transport characteristics) and "°Se are considered in the following
discussion.

All codisposal waste packages in all five percolation subregions fail at 1,000 years in this
realization. The number of failed packages in a given percolation subregion is proportional to the
repository area occupied by that percolation subregion. As a result, 40% of the waste packages
belong to percolation subregion 3, 25% each to percolation subregions 2 and 4, and 5% each to
percolation subregions 1 and 5. In each percolation subregion, the number of waste packages are
further distributed among seeping and non-seeping environments based on the seepage fraction for
that percolation subregion. The number of failed waste packages for all percolation subregions
distinguished by seeping and non-seeping environments is shown in Figure 2.4-77. Note that for a
given percolation subregion most of the waste packages fall in the non-seeping environment due to
the relatively small calculated seepage fraction in intact or moderately degraded drifts, which is the
situation in the first 10,000 years. For example, the seepage fraction for percolation subregion 3 is
about 0.33, so only 33% of the waste packages assigned to percolation subregion 3 belong to the
seeping environment; the remaining 67% belong to the non-seeping environment. The seepage
fraction for a given percolation subregion remains constant over the simulation duration and is
based on the determination of the fraction of seeping locations at 10,000 years in the given
percolation subregion.

Since the drip shields remain intact and stress corrosion cracking on the codisposal waste package
surface due to vibratory ground motion is the only waste package damage mechanism, no advective
transport of radionuclides can occur through the waste package. The only release mechanism out of
the waste package is by diffusion along the diffusive pathways inside the waste package and through
the cracks on the waste package outer barrier to the invert. Since the fractional damage area to the
waste package outer barrier in this realization is specified to be 107, it is equivalent to a diffusive
area of 3.26 x 10™* m? (note that the outer surface area of the codisposal waste package is given as
32.6 m?), which is applied only over the waste package outer barrier thickness (computed to be
0.0301 m, the distance from the outside of the inner vessel to the outside of the outer barrier). Inside
the waste package the diffusive areas and diffusive lengths for the discretized transport domains are
larger (SNL 2008a, Section 6.3.8). Thus, the narrow cracks in the Alloy 22 outer barrier control the
diffusive transport rate and act as a choke point for diffusive releases.

The diffusive releases of *Tc from the failed codisposal waste packages for various percolation
subregions (combined over seeping and non-seeping environments) are shown in Figure 2.4-78.
The diffusive release for percolation subregion 3 is the highest, as expected, due to greatest number
of failed waste packages among various percolation subregions. Although the number of failed
waste packages is the same among percolation subregions 2 and 4, and among percolation
subregions 1 and 5, the relative peak releases are different because of higher seepage fractions for
percolation subregion 4 (compared to 2) and 5 (compared to 1) leading to a greater proportion of
waste packages being placed in a seeping environment. Diffusive release from a waste package
placed in a seeping environment, compared to a non-seeping environment, tends to be higher due
to different downstream boundary conditions. Drift seepage water flows through the invert in the
seeping environment, which has the effect of moving the zero concentration boundary closer to the
waste package, thereby increasing the concentration gradient from the waste package to the invert.
The diffusive releases of ”Se from failed codisposal waste packages for various percolation
subregions are similarly affected, as shown in Figure 2.4-79. The magnitude of "°Se release,
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however, is much smaller than **Tc, due primarily to lower inventory mass per failed codisposal
waste package (about 12.5 g) compared to *°Tc (about 960 g per failed codisposal waste package),
thus leading to lower concentrations in the waste package and a lower diffusive gradient. Also, the
free water diffusion coefficients of the two radionuclides are slightly different. *Tc has a free water
diffusion coefficient of 1.95 x 10~ m?%/s, while that for 7°Se is lower, at 1.04 x 10~ m?/s.

Within percolation subregion 3, the diffusive and advective mass fluxes of *Tc from the EBS are
compared in Figure 2.4-80 for the seeping and non-seeping environments. Even though the releases
from the waste package are only diffusive, because of liquid flow in the invert the advective flux
from the EBS is greater in the seeping environment. For the non-seeping environment, the diffusive
flux from EBS is greater than the advective flux (which is only due to imbibition flow in the invert).
Since the total mass flux for the non-seeping environment is greater than that for the seeping
environment for percolation subregion 3 (due to larger number of failed waste packages in the
non-seeping environment), the results for the non-seeping environment are analyzed in more detail
below.

The dissolved concentrations of *Tc out of the various transport domains in the EBS are shown in
Figure 2.4-81. The concentrations in the HLW and DOE SNF waste form sub-domains and in the
corrosion products domain are equal because of fast transport of *Tc inside the waste package
arising from the large diffusive areas modeled. As shown in Figure 2.4-81, the HLW glass is nearly
completely degraded by about 4,000 years. Despite that, the *Tc mass in the waste form and
corrosion products domains is not fully depleted, and the concentration declines gradually. This is
attributed to the low diffusive area 0of3.26 x 10~* m? in the transport cell representing the few stress
corrosion cracks in the Alloy 22 outer barrier. This small diffusive area reduces the diffusive
conductance across the outer barrier and thus exerts a strong influence on the concentration gradient
and the resulting mass transport rate. As a result, the concentration in the outer barrier cell is
considerably reduced compared to the upstream waste form cells. The diffusive mass fluxes of °Tc
exiting the downstream boundaries of the various EBS domains are compared in Figure 2.4-82. A
large reduction in diffusive flux across the outer barrier at early times is apparent, when compared
to the waste form domains, thereby causing retention of appreciable mass in the waste package for
thousands of years following the breach. Also, the diffusive release out of the upstream cell
representing the corrosion products domain virtually overlaps that of the downstream outer barrier
cell because the diffusive conductance between the two domains is controlled by the very small
diffusive area in the Alloy 22 outer barrier.

The initial sharp increase in concentration noticeable in Figure 2.4-81 is due to the delayed onset of
transport following the seismic event at 1,000 years, as the relative humidity remains below the
threshold value of 95% (required to initiate transport) until 1,080 years. As a result, almost 80 years
of HLW mass is accumulated from degradation prior to the onset of release. Similarly, since all of
the DOE SNF mass is degraded instantaneously following the waste package breach it is also all
available for release after 1,080 years. The characteristics of diffusive release and concentration
gradients for °Se are similar to that for *Tc, and are not shown here.

The mass released from the EBS (for each percolation subregion summed over the seeping and
non-seeping environments) is passed to the unsaturated zone by partitioning the mass into the
fracture and matrix nodes of the unsaturated zone transport model at the repository horizon. The
fraction of *Tc and 7Se mass that is passed to the fractures is shown in Figures 2.4-83 and 2.4-84,
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respectively. In almost all percolation subregions (except for percolation subregion 1) the mass
fraction going into the fracture continuum (compared to the matrix) is greater than 0.5 initially
following the breach and then diminishes rapidly. This is because initially the mass flux from the
seeping environment, which is predominantly passed into the unsaturated zone fracture continuum,
is greater than the non-seeping environment (due to a higher initial concentration gradient between
the waste package and invert, caused by flow through the invert). Eventually, the mass contribution
from the non-seeping environment predominates (since more waste packages are failed in the
non-seeping environment) and more mass diffuses into the unsaturated zone matrix continuum due
to its larger effective diffusive area connection with the invert. After 4,000 years, steady state
conditions pertain, once the HLW waste form is fully degraded and the release is controlled by the
small diffusive area through the waste package outer barrier. Among the various percolation
subregions, the fraction of mass released into the fracture is proportional to the seepage fraction.
Thus percolation subregion 5 (seepage fraction of 0.44) has relatively greater mass going into the
fractures than percolation subregion 1 (seepage fraction of 0.16). As a result, the sharp increase
noticed around 2,000 years due to climate change is most pronounced in percolation subregion 5 and
least in percolation subregion 1.

The cumulative release over all percolation subregions from various transport domains in the EBS
and Lower Natural Barriers is shown in Figure 2.4-85 for **Tc and Figure 2.4-86 for 7°Se (SNL
2008a, Section 7.7.1.7[a]). For *Tc, considerable delay in release occurs out of the waste package
compared to the release out of the waste form due to the small diffusive area in the outer barrier. A
small delay is noticed for the invert early on (designated “EBS” in the figure) due to transient
conditions as the concentrations build up in the invert leading to increased release rates. After few
thousand years, the mass released from the EBS matches that released from the waste package
indicating limited barrier capability of the invert for a non-sorbing radionuclide with no solubility
control. The cumulative release curve for the unsaturated zone indicates some delay compared to the
release from the EBS. This is attributed to the majority of the mass entering the unsaturated zone in
the matrix nodes and undergoing slower transport. Due to fracture-matrix interaction, the mass that
is released into the matrix continuum slowly diffuses into the fracture continuum, where it is then
rapidly transported to the water table by advection. Thus, although the majority of the mass enters
the unsaturated zone through matrix nodes, it generally reaches the water table via the fractures, due
to matrix diffusion from the matrix back to the fractures. For this particular realization of the
saturated zone breakthrough curves, only a small transport delay occurs in the saturated zone-as a
result of longitudinal dispersion and fracture-matrix diffusive interaction. This is demonstrated in
the breakthrough curves for *Tc in the saturated zone for all four regions, as shown in
Figure 2.4-87. For this particular sampling of the saturated zone breakthrough curves
(saturated-zone Realization 33), the median breakthrough time to the accessible environment is
about 200 years. The long tail that extends for thousands of years indicates high degree of dispersion
due to the fracture-matrix interaction as the mass that initially diffused into the saturated zone
matrix moves back into the fracture and is eventually transported out.

The cumulative releases for *Se (Figure 2.4-86) show similar behavior to *°Tc (Figure 2.4-85) for
the release from the waste form, waste package, and EBS. However, in contrast to °*Tc, the transport
of 7Se is significantly retarded in the unsaturated zone and saturated zone. This is because of
reversible sorption of 7Se in the unsaturated zone and in the saturated zone volcanic matrix and
saturated zone alluvium. The sampled K, for the unsaturated zone tuff matrix is about 9.3 mL/g (for
zeolitic units), 7.4 mL/g (for devitrified units), and 4 mL/g (for vitric units). The sampled K, for the
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saturated zone matrix in the volcanic units is about 16.4 mL/g and that for the saturated zone
alluvium is about 13.4 mL/g. In the unsaturated zone matrix, even with small sampled K ; values, the
retardation is significant since the concentration gradient from the matrix to the fracture is further
reduced due to sorption in the matrix (SNL 2008a, Section 7.7.1.7[a]). By 10,000 years only about
41% of the total mass released from the EBS is released out of the unsaturated zone. In the saturated
zone, the delay is even more pronounced as only about 20% of the mass that enters from unsaturated
zone is released out of the saturated zone model boundary by 10,000 years. Figure 2.4-87 shows the
breakthrough curves from the four saturated zone regions indicating significant retardation for 7°Se,
with a median breakthrough time of around 20,000 years. Compared to the transport of an
unretarded species such as ®Tc, the effective retardation factor of 7Se in the saturated zone, for this
realization, is about 100 (based on the ratio of median travel times of °Se to *Tc).

The release rates out of the saturated zone model boundary (to the accessible environment) for *Tc
and 7°Se are shown in Figure 2.4-88 for Realization 4,628. The yearly saturated-zone mass releases
are mixed into 3,000 acre-ft of water (the annual water usage by the RMEI as defined by 10 CFR
63.312) to compute the mass concentrations, which are subsequently converted to activity
concentrations (curies per liter of water), and then multiplied by the corresponding BDCFs to give
annual dose to the RMEI. The end result is shown in Figure 2.4-76.

2.4.2.2.3.2.2 Seismic Ground Motion Modeling Case for the 1,000,000-Year Period

This section presents an analysis of a single realization (SNL 2008a, Section 7.7.1.4[a]) from the
9,000-realization base-case run (random seed #1) for the seismic ground motion modeling case for
the 1,000,000 year simulation duration (300 epistemic samples times 30 aleatory samples equals
9,000 realizations). The expected annual dose is presented on Figure 2.4-89, where each of the 300
realizations represent expected annual dose for one epistemic uncertainty vector. The expected
annual dose for each epistemic uncertainty vector is generated by taking an expectation over a
sample of 30 aleatory uncertainty vectors, as described in Section 2.4.2.2.2.3 (also see
Equation 2.4-36). A single epistemic vector is selected for further analysis in such a manner that the
expected annual dose is broadly representative of the modeling case and similar in behavior to the
mean annual dose curve. The epistemic uncertainty vector 155 is selected, as indicated on
Figure 2.4-89. This is the same epistemic sample as the previously described single-realization
simulation for the 10,000-year period.

Epistemic vector @55 corresponds to the 30 corresponding aleatory sampling sequences that are
GoldSim Realizations 4,621 through 4,650 (Figure 2.4-90). Of these, GoldSim Realization 4,641 is
selected for further analysis (solid red curve). Note that Realization 4,641 represents epistemic
uncertainty vector 155 and aleatory uncertainty vector (i.e., seismic event sequence) 21
(i.e., @y 155 ). The total annual dose from Realization 4,641 is presented on Figure 2.4-91 along
with the dose contribution from major radionuclides. In general, the annual dose profile shows four
peaks, of which two occur before 100,000 years and the remaining two around 200,000 years.
Before 300,000 years, the dominant radionuclides are *Tc, 12°1, 7Se, 23°Pu, but afterwards the dose
is predominantly from 2*’Pu with minor contribution from '*Cs and 2*’Np. The dose increases
gradually past 300,000 years and there is no dose prior to 24,500 years.

Seismic events are modeled as a Poisson process that are generated randomly with the specified rate
of 4.287 x 107 per year (equal to the difference between maximum annual exceedance frequency
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of 4.287 x 10~ per year and the minimum annual exceedance frequency of 10~ per year) (SNL
2008a, Section 6.6.1.3.2). Over the course of any simulation, many seismic events will occur, with
an average value of 429 events (computed by multiplying the specified rate of the Poisson process,
4.287 x 10~ per year by the simulation time period of 1,000,000 years). For Realization 4,641, as
shown on Figure 2.4-92, a total of 460 seismic events occur over the simulated duration. The
horizontal component of the PGV corresponding to each seismic event is also shown, which is
calculated from the mean bounded seismic hazard curve (SNL 2008a, Figure 6.6-6) by uniformly
sampling the annual exceedance frequency between the minimum and maximum values for each
event and choosing the corresponding PGV value.

The probability of damage from an event is calculated separately for the codisposal and commercial
SNF packages, primarily due to the inclusion of the TAD canister in the commercial SNF packages,
which increases its structural strength. Though the response surface for the probability of damage
is different between codisposal and commercial SNF packages, they are both functions of the PGV
and the residual stress threshold of Alloy 22. The PGV value varies by each seismic event (as shown
on Figure 2.4-92), because it represents aleatory uncertainty, while the residual stress threshold of
Alloy 22 is an epistemic uncertain parameter with a sampled value of 91.92% of the Alloy 22 yield
strength for this particular realization, 4,64 1. The residual stress threshold can vary uniformly from
90% to 105% of the yield strength and thus the value of 91.92% indicates a sample from the lower
end of the distribution. A lower residual stress threshold value results in a greater probability of
damage to the waste package during a given seismic event; however, the actual damage depends on
a number of other conditions, such as whether the waste package has intact internals or degraded
internals, whether or not the drip shield framework and plate are intact, or whether or not the waste
package is covered by rubble. These conditions are determined by various seismic consequence
abstractions.

Based on the drip shield plate and framework fragility analysis (SNL 2008a, Section 6.6.1.3.5),
which is a function of drip shield plate and framework thickness at the event time, the fraction of the
drift filled by rubble (in lithophysal zones) at the event time, and the PGV of the event, it is
calculated that the drip shield framework does not fail until about 90,000 years and the drip shield
plates do not fail until 270,000 years (Figure 2.4-93). At the time of drip shield plate failure, the
fraction of drift filled by rubble is still less than half (about 0.43). However, the time of drip shield
plate failure (after which the drip shield no longer has any barrier capability) is still significantly
earlier than the drip shield failure time would be from general corrosion processes alone, which is
computed to occur around 307,000 years for this realization. (Note that drip shield failure due to
rockfall in the nonlithophysal zone is a screened-out FEP, as indicated in Section 2.4.2.3.2.1.12.3.)

The first waste package damage time from a seismic event (SNL 2008a, Section 6.6.1.3.8) is
determined separately for codisposal and commercial SNF waste packages, and is calculated as the
earliest of (a) the first damage time to the intact waste package (with intact internals) moving freely
beneath the intact drip shield (either by stress corrosion cracking or by rupture), (b) the first damage
time to the waste package surrounded by rubble (using the degraded internals damage abstraction)
after the drip shield (either framework or plate) has failed, or (c) the first damage time to the waste
package by puncture after the drip shield plate has failed. For codisposal waste packages in
Realization 4,641, the first waste package damage is caused by a seismic event at about 24,100
years, which is much earlier than the drip shield framework and plate failure times, and is calculated
from the damage abstraction for the intact waste package moving freely beneath the intact drip
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shield. The horizontal PGV of this seismic event is about 0.7 m/s which, at the sampled residual
stress threshold of 91.92%, gives the probability of codisposal waste package damage to be about
0.22 (SNL 2008a, Figure 6.6-11a). This value is compared to a random number generated by
sampling a uniform distribution between 0 and 1 for each seismic event, such that if the probability
of damage exceeds the random number then the waste package damage would occur. This random
number simply represents the aleatory (i.e., irreducible) uncertainty in the consequences of seismic
events (SNL 2007c, Table 6-91). For the seismic event at 24,100 years, the random number is
sampled at 0.15 and thus codisposal waste package damage occurs. All codisposal waste packages
fail at this time, since there is no spatial variability from seismic damage (except possibly from
slightly varying average waste package thicknesses in the different percolation subregions). The
number of codisposal waste packages failing in each percolation subregion for seeping and
nonseeping environments is shown on Figure 2.4-94.,

For commercial SNF waste packages with intact internals, the probability of sustaining damage
from a seismic ground motion event is extremely small (SNL 2008a, Figure 6.6-10a), and does not
occur in the simulation time period of 1,000,000 years. However, the waste package breach times
from nominal stress corrosion cracking of the closure lid welds are much earlier than this. These
nominal stress corrosion cracking breach times differ for each percolation subregion due to spatial
variability in the thermal profiles of the waste package, which affects the rate of general corrosion
thinning of the protective compressive-stress layer on the outside of the Alloy 22. (This layer must
be corroded away before crack propagation can initiate.) The first stress corrosion cracking breach
of commercial SNF waste packages in Percolation Subregion 1 occurs at around 188,000 years, at
around 168,000 years in Percolation Subregion 2, and around 204,000 years in Percolation
Subregions 3, 4, and 5. Failure of additional commercial SNF waste packages from nominal
processes occurs based on the calculated waste package failure history for each percolation
subregion. The resulting total number of commercial SNF packages that fail in each percolation
subregion for seeping and nonseeping environment is shown in Figure 2.4-95. Noticeable jumps in
the number of failed waste packages around 300,000 years and 500,000 years reflect coarse time
discretization used by WAPDEG at late simulation time periods.

Since all codisposal waste packages simultaneously fail around 24,100 years from seismic damage,
the damaged area of a waste package increases from zero to an initial small area due to the first
appearance of cracks. It then increases discretely from subsequent seismic events that cause damage
(using damage abstraction calculations for waste packages with degraded internals under intact drip
shield) but remains relatively small, as shown for Percolation Subregion 3 (Figure 2.4-96). The
initial damage area increases sharply past 49,000 years, followed by a few more increases from
events that cause damage. After failure of the drip shield plate (around 270,000 years) the waste
package damage abstraction is based on the waste package surrounded by rubble, and the
probability of seismic crack damage becomes very small except at high PGV levels (SNL 2008a,
Figure 6.6-15) (i.e., very rare earthquake events), leading to no failure from subsequent seismic
events until the seismic event that occurs at about 850,000 years, which has a PGV of about 1.9 m/s
(Figure 2.4-92). After 200,000 years there are small, gradual increases in the opening area due to
continuing stress corrosion cracking from nominal processes. Beyond 500,000 years, patches from
general corrosion processes start to appear and the total opening area increases rapidly. The breach
area history for the commercial SNF waste packages is similar to that for codisposal waste
packages, except for the start time which is much later, as shown for the Percolation Subregion 3 on
Figure 2.4-97. Following the first stress corrosion cracking failure from nominal processes around
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204,000 years, the waste package internals are assumed to be degraded. Thus, the waste package is
more susceptible to damage from seismic events. The opening area from stress corrosion cracking
then increases discretely as a result of subsequent seismic events, although there is some small
gradual increase in the opening area due to continuing stress corrosion cracking from nominal
processes. Nevertheless, the breach area remains relatively small until general corrosion patches
appear after about 600,000 years.

Calculations of the seismically damaged area that use the degraded internals abstraction are based
on the thickness of the waste package outer barrier (SNL 2008a, Figures 6.6-10 to 6.6-17), in
addition to the sampled PGV and the residual stress threshold value. Two end member seismic
damage abstractions are generally used in the TSPA model. One is based on an average 23 mm outer
barrier thickness and is applied if the average outer barrier thickness is greater than or equal to
23 mm. The second abstraction is based on an average 17 mm outer barrier thickness applied if the
average outer barrier thickness is less than or equal to 17 mm (this happens rarely and typically near
the end of the simulated time period) (Figure 2.4-23). For average outer barrier thicknesses between
23 mm and 17 mm, the damage is based on the linear interpolation between the two end-member
damage abstractions. Inside-out corrosion of the outer barrier begins once the waste package is
breached, which accelerates thinning of the waste package outer barrier and makes it more
susceptible to both seismic damage and general corrosion patches. Profiles of mean thicknesses of
waste package outer barriers for both codisposal and commercial SNF waste packages in
Percolation Subregion 3 are shown on Figure 2.4-98, along with waste package failure fractions.
The initial thicknesses of both types of waste package are the same but diverge due to the initiation
of inside-out corrosion of all codisposal waste packages following seismic damage around 24,100
years. On the other hand, the commercial SNF waste packages do not begin to fail until after
200,000 years, and they typically fail over an extended period. Because of this difference in failure
time, failed commercial SNF waste packages are, on average, thicker than failed codisposal waste
packages, making commercial SNF waste packages less susceptible to seismic damage and
general-corrosion-induced patch failures compared to codisposal waste packages (SNL 2008a,
Section 7.7.1.4[a]). This is the primary reason for the smaller opening area and longer time taken for
patches to appear on commercial SNF waste packages (Figure 2.4-97) compared to codisposal
waste packages (Figure 2.4-96).

Because general corrosion patches on the waste packages (either commercial SNF or codisposal) do
not appear until 500,000 years or later, all mass released from failed waste packages until that time
is by diffusion through stress corrosion cracks (advective water flow through stress corrosion cracks
is screened out in excluded FEP 2.1.03.10.0A. Advection of liquids and solid through cracks in the
waste package (Table 2.2-5)). *Tc is a major dose contributor, and its diffusive mass flux out of
codisposal waste packages for various percolation subregions is shown on Figure 2.4-99(a). Note
that the relative magnitude of release rates among percolation subregions is proportional to the
number of failed waste packages in each percolation subregion (Figure 2.4-94). Releases start when
waste packages are first damaged (around 24,100 years), then decrease over the next approximately
25,000 years as steady-state conditions are established. Release rates increase again around 49,500
years due to a sharp increase (about 30-fold) in the waste package damage area (Figure 2.4-96)
related to the occurrence of another damaging seismic event (Figure 2.4-92). Even though most of
the HLW glass waste form has degraded by 40,000 years, as well as the DOE SNF fuel, not until
about 55,000 years does most of the **Tc mass gets released from the waste package. This delay
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reflects the role of small cracks in reducing the mass release, despite the lack of a solubility
controlling solid for **Tc and consequent large concentration gradients out of the waste package.

In contrast, the diffusive mass flux of >*?Pu (a major dose contributor past 500,000 years) out of the
failed codisposal waste packages remains relatively constant (Figure 2.4-99(b)). It follows the
waste package outer barrier area opening curve, which is an indication that diffusive release of
plutonium is proportional to the total waste package opening area (Figure 2.4-96). Slow relative
release of 4?Pu is maintained throughout the simulation for a variety of reasons, including (a) the
longer half-life of 2*?Pu (~ 375,000 years) compared to that of *Tc (~ 213,000 years); (b) the
dissolved concentration inside the waste form domain is limited by the solubility controlling
mineral phase (SNL 2008a, Section 6.3.7.5) so that not all of the degraded mass is available for
release; (c) sorption of 24?Pu in the corrosion products domain retards its transport and reduces the
concentration gradient for diffusive flux; and (d) small diffusive areas associated with waste
package outer barrier reduces the mass flux (SNL 2008a, Section 7.7.1.4[a]). Of these four factors,
the most important is sorption onto the steel corrosion products inside the waste package. For
example, in Percolation Subregion 3 for the seeping environment, 1,055 codisposal waste packages
fail around 24,100 years. Total initial 2**Pu mass in the codisposal inventory (combined HLW and
DOE SNF masses) is approximately 38.65 g/pkg (grams per codisposal package) (SNL 2008a,
Section 7.7.1.4[a]), which includes an adjustment based on uncertainty in the inventory. By using
the decay rate of 1.85 x 107 per year, the maximum mass of 2*’Pu at the time of waste package
breach would be about 36.97 g/pkg, and about 35.31 g/pkg at 49,000 years, when the breach area
increases (Figure 2.4-96). Based on the results of the transport calculation, the mass of ?*?Pu sorbed
onto corrosion products at 49,000 years is about 35.30 g/pkg, which accounts for almost all of the
available mass. The mass is slowly released by kinetically-limited desorption from corrosion
products into the solution, thereby controlling both dissolved concentration (Figure 2.4-100) and
diffusive flux. Note that a mechanistic competitive sorption model that considers kinetic sorption
and desorption processes is implemented for plutonium in the corrosion products domain
(Section 2.4.2.3.2.1.7). As a result, variations in >*?Pu concentration within the corrosion products
domain are moderated, even though upstream concentrations (in the waste form domain) can vary
over a larger range based on time-varying degradation rates and solubility limits.

The diffusive flux of *Tc and 2**Pu from all five percolation subregions for commercial SNF waste
packages is shown on Figure 2.4-101. The release from percolation subregion 2 precedes releases
from other percolation subregions as expected, because commercial SNF waste packages fail in
percolation subregion 2 first (Figure 2.4-95). Figure 2.4-97 shows the evolution of the commercial
SNF waste package outer barrier opening area for percolation subregion 3 in a seeping environment.
The *Tc diffusive releases from commercial SNF waste packages are sustained for much longer
times than are releases from codisposal waste packages (compare Figures 2.4-99a to 2.4-101a) due
to the more gradual failure of commercial SNF waste packages as shown in Figure 2.4-95.
However, once all commercial SNF waste packages in a given percolation subregion have failed by
nominal stress corrosion cracking (typically by about 550,000 years) and almost all of the
commercial SNF waste form has degraded, the *Tc mass is depleted relatively quickly out of the
waste package, but still takes over ten thousand years to be fully released. Compared to *°Tc release,
diffusive release of 2*’Pu is more gradual and follows the breach area curve rather than the
commercial SNF waste package failure curve. The increase in diffusive releases after 800,000 years
is caused by an increased number of general corrosion patch openings, which significantly increases
the total waste package breach area (Figure 2.4-97). Continually available >*?Pu inventory in the
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commercial SNF waste packages is maintained by sorption-desorption reactions with corrosion
products, in contrast to the quick release behavior of **Tc. Figure 2.4-102 shows that most of the
242Py mass released from the inventory is sorbed on the corrosion products and then is gradually
released by desorption, thereby controlling the dissolved concentration and diffusive release out of
the waste package. (Note that the curve showing the mass sorbed on corrosion products also
includes the effects of radioactive decay.)

The time histories for pH and ionic strength in the corrosion products domain are shown on
Figure 2.4-103. The first sharp decline in ionic strength occurs around 380,000 years when
lithophysal rubble completely fills the drift (a consequence of multiple seismic events, as shown on
Figure 2.4-93). At that time, the differential temperature and relative humidity time histories for
high thermal conductivity rubble is imposed leading to a small increase in relative humidity from
0.9956 to 0.9984. Since this increase in relative humidity corresponds to an equivalent increase in
activity of water, it causes an appreciable decrease in ionic strength, indicating its high degree of
sensitivity to relative humidity under vapor influx conditions (SNL 2008a, Section 6.3.7.2.2). The
second decline in ionic strength that occurs around 712,000 years is caused by water flowing
through the waste package after general corrosion patches have formed and exceeding a flux
threshold of 0.1 L/yr, which is the threshold for changing the in-package chemistry abstraction from
the vapor influx abstraction to the liquid influx abstraction (Section 2.4.2.3.2.1.7). Despite the
changes in ionic strength over the course of the simulation, pH in the corrosion products domain
remains nearly constant as a result of buffering by surface complexation reactions (SNL 2008a,
Section 7.7.1.4[a]).

Figure 2.4-104 compares the concentration of 24?Pu that is associated reversibly and irreversibly
with colloids to the dissolved concentration in the waste package (corrosion products domain) for
both codisposal and commercial SNF waste packages. The concentration of 24?Pu (i.e., the sum of
dissolved mass per unit water volume and the mass per unit water volume reversibly associated with
colloids; denoted as “aqueous”) overlays the dissolved concentration, indicating that the mass of
242py reversibly associated with colloids is negligible. The concentrations of various colloid types
over time for both codisposal and commercial SNF waste packages are shown in Figure 2.4-105.
Different types of colloids become stable at different times, based on their stability relationships
(SNL 2008a, Figure 6.3.7-11). Commercial SNF waste form colloids remain unstable throughout
the simulation and therefore maintain a constant minimum concentration. The HLW glass waste
form colloids become stable first, followed by uranium colloids, even while there is no advection
through the waste package and ionic strength remains relatively high. Following the opening of
general corrosion patches and the advent of advective flow, groundwater colloids and iron
oxyhydroxide colloids become stable, primarily because of decrease in ionic strength
(Figure 2.4-103) (SNL 2008a, Section 7.7.1.4[a]). Due to a combination of small colloid
concentrations and relatively small sampled K, for plutonium, the plutonium mass reversibly
associated with colloids remains negligibly small compared to the mass in the dissolved state
(Figure 2.4-104). However, the concentration of >*?Pu irreversibly associated with HLW glass
waste form colloids and iron oxyhydroxide colloids becomes greater than the dissolved **Pu at
various times, as shown in Figure 2.4-104.

Total EBS releases (i.e., summed over all percolation subregions) of *Tc and 2*’Pu in dissolved
state, dissolved and reversibly associated with colloids (denoted as “aqueous”), and irreversibly
sorbed on colloids from both commercial SNF and codisposal waste packages are shown on
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Figure 2.4-106. (The EBS release of 2*Pu mass irreversibly sorbed on commercial SNF waste form
colloids, is not shown as it is negligible due to the instability of those colloids.) As expected, the
amount of mass released from commercial SNF waste packages exceeds that released from
codisposal waste packages due to the greater number of commercial SNF waste packages and larger
inventory on a per package basis (SNL 2008a, Tables 6.3.7-1 and 6.3.7-5). Until the general
corrosion patches appear and advection starts, at around 700,000 years, most of the 2*?Pu mass
released from the waste package is in the dissolved state and very little is irreversibly associated
with colloids (Figure 2.4-106), even though the concentration of 24?Pu irreversibly associated with
colloids is higher than the dissolved concentration in the waste package (as shown by the example
in Figure 2.4-104). This is because prior to the opening of patches, only diffusive release can occur
through the waste package and the colloid-facilitated transport is limited by the diffusion coefficient
of colloid particles, which is computed to be about 700 times smaller than that for the dissolved
plutonium based on the sampled colloid particle diameter (SNL 2008a, Section 7.7.1.4[a]). Once
advection through the waste package starts, the transport of mass irreversibly associated with
colloids becomes important.

The majority of the mass (from both commercial SNF and codisposal waste packages) passed from
the EBS to the unsaturated zone at the repository horizon goes into fracture nodes in the unsaturated
zone, rather than into the matrix nodes as shown on Figure 2.4-107 for 2*?Pu. This is because the
majority of the waste packages in a given percolation subregion (except for percolation subregion 1)
are in the seeping environment where drift seepage that flows out through the invert carries the mass
advectively through the fractures, even though most of the mass is diffusing out of the waste
package. For percolation subregion 1, the fraction of mass going into the fractures is initially
relatively small (about 0.4) but increases (to approximately 0.9) around 81,500 years. This behavior
is due to the change in seepage flux, which remains relatively small (about 0.005 m?/yr) until around
81,500 years and then increases to about 0.08 m3/yr. This is because at this time, the nonlithophysal
locations in all percolation subregions are considered to be significantly degraded from drift
degradation based on the drift seepage model abstraction (i.e., rockfall volume exceeds 0.5 m? per
meter), resulting in the seepage flux for such locations to change from the intact drift seepage
abstraction to the percolation flux (SNL 2008a, Section 6.3.3.1.2). The relative effect of this change
is greatest for percolation subregion 1 because, compared to other percolation subregions, it has
(a) the smallest ambient seepage rates prior to the drift collapse and (b) the highest fraction of
nonlithophysal locations (about 32%).

The cumulative mass releases from the EBS, unsaturated zone, and saturated zone are compared in
Figure 2.4-108 for *Tc, 24?Pu (dissolved and reversibly sorbed on colloids; denoted as “aqueous”),
and 2*Pu (irreversibly sorbed on all colloids) (SNL 2008a, Section 7.7.1.4[a]). The transport
characteristics are quite different for *Tc and ?*’Pu in the unsaturated zone and saturated zone
domains, since *°Tc is transported without retardation whereas >**Pu (aqueous) experiences
significant retardation due to sorption onto the tuff matrix and alluvium (SNL 2008e, Table 6-7;
SNL 2008f, Section 6.5.3.1 and Table 4-3). Not much retardation is apparent in the unsaturated zone
and saturated zone domains for 2#’Pu irreversibly sorbed onto colloids because the diffusive
interaction between fractures and matrix continua for mass irreversibly sorbed onto colloids is
assumed to be negligible and, once the mass enters the fracture continuum (at the boundary of the
unsaturated zone and the EBS), it tends to stay there (SNL 2008e, Section 6.4.5; SNL 2008f,
Section 6.5.2.6). Although a small fraction (0.00168) of irreversible mass associated with colloids
travels unretarded through the unsaturated zone and saturated zone (designated as the “fast
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fraction”) (SNL 2008a, Section 6.3.8.3), almost all irreversible mass on colloids undergoes some
retardation due to interaction between colloid particles and fracture surfaces. Despite this
interaction, the mass irreversibly associated with colloids travels rapidly through the unsaturated
zone and saturated zone. As shown on Figure 2.4-108, almost all the mass released from the EBS
for both *Tc and 2*?Pu (irreversibly sorbed onto colloids) is also released at the saturated zone
model boundary within a relatively short period compared to the simulation time of 1,000,000 years.
In contrast, the mass of 2*’Pu (aqueous) released from the unsaturated zone and saturated zone
model boundaries at the end of the simulation is reduced compared to that released from the EBS,
indicating significant retardation (about 65% is released out of the unsaturated zone while only 31%
is released out of the saturated zone). Although most of the *’Pu (aqueous) radionuclide mass is
passed to the fracture nodes of the unsaturated zone at the upstream boundary with the EBS, matrix
diffusion from the fracture continuum into the matrix continuum in the unsaturated zone creates a
retardation effect in the unsaturated zone (SNL 2008a, Section 7.7.1.4[a]). This effect is significant
for 22Pu but not for **Tc because of sorption of the >*?Pu in the unsaturated zone rock matrix
(Figure 2.4-107).

The mass exiting the unsaturated zone is passed to one of the four corresponding saturated zone
source regions (Section 2.4.2.3.2.1.10). For each of the four saturated zone source regions there are
200 pre-generated saturated zone breakthrough curves for a given species (SNL 2008a,
Section 6.3.10.2), representing epistemic uncertainty in various transport parameters. Due to their
different transport characteristics through volcanic units and alluvium, separate sets of
breakthrough curves are used for *°Tc, 2*’Pu (aqueous), 2*’Pu (fast traveling fraction irreversibly
associated with colloids), and 2*’Pu (slow traveling fraction irreversibly associated with colloids).
The breakthrough curves are pre-generated as an impulse response function to a unit pulse and are
convolved with the incoming unsaturated zone mass flux by using the convolution integral
approach to produce the saturated zone mass flux at the location of the RMEIL. In this particular
single realization, saturated zone epistemic sample 122 was selected.

The breakthrough times of *Tc, 24?Pu (dissolved and reversibly sorbed on colloids; denoted as
“aqueous”), and 24*Pu (slow traveling fraction irreversibly associated with colloids) are compared
for all four zones on Figure 2.4-109. The breakthrough curves for 24?Pu (fast traveling fraction
irreversible on colloids) are not presented because very little mass is transported by them. The
median breakthrough time of *Tc (represented by the 0.5 point on the cumulative breakthrough
curve) from all four saturated zone regions is significantly earlier than that for 24’Pu (aqueous) and
for 2Py (slow traveling fraction irreversible on colloids). However, the long tail noticeable in the
breakthrough curve for **Tc for the remaining half of its input mass results from longitudinal and
transverse dispersion in the volcanic units and alluvium as well as matrix diffusion in the dual
porosity volcanic domain. The ?*’Pu (aqueous) breakthrough curve is similarly impacted by
dispersion and diffusion mechanisms but further impacted by sorption processes in both the
volcanic matrix and alluvium. For saturated zone breakthrough curve 122, the initially sampled
plutonium K, for the volcanic matrix units is approximately 120 mL/g, and about 107 mL/g for the
alluvium (SNL 2008f, Table A-1[b]), which results in considerable retardation. Nearly all the
plutonium (> 0.999 fraction) is transported in the dissolved phase, with a small fraction (< 0.001)
being transported via reversible sorption on the groundwater colloids. This is because the sampled
groundwater colloid concentration in the saturated zone is about 0.11 mg/L and the sampled K, for
plutonium on colloids is about 6,560 mL/g, which when multiplied together, provides the fraction
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of 2*’Pu mass transported colloidally versus that transported in dissolved form. This fraction is
usually designated as K, and in this case is equal to 0.000722.

The release rates out of the saturated zone for *Tc, 24?Pu (dissolved and reversibly sorbed on
colloids; denoted as “aqueous”), and 2**Pu (irreversibly associated with colloids for both fast and
slow traveling fractions) are shown on Figure 2.4-110 for Realization 4,641, and all three reflect
their release rates out of the EBS (Figure 2.4-106). The saturated zone releases are converted into
annual dose to the RMEI by mixing the annual saturated zone releases in 3,000 acre-feet of water
(annual water usage by the RMEI) to compute the mass concentrations, converting the mass
concentration into concentration of radioactivity (in curies per liter of water), and then multiplying
by the corresponding BDCFs. The end result is shown on Figure 2.4-91, which mirrors the behavior
shown in Figure 2.4-110.

2.4.2.2.3.3 Summary of Single-Realization Analyses

The above single-realization analyses for the nominal and seismic ground motion modeling cases
have examined important aspects that control the release and movement of radionuclides through
the EBS and Lower Natural Barrier. They have shown that the behavior of the various submodels
is reasonable when taken in the context of the sampled parameter values and the behavior of other
submodels. The analyses show that the submodels are coupled properly and that the TSPA model
as a whole functions in a reasonable fashion, demonstrating consistency among the various
submodels and consistency between total repository performance (dose) and the individual model
component behavior. In general, analysis of single realizations provides a unique insight into the
interactions of various submodel processes within the TSPA model. A comprehensive explanation
detailing how the transport of key radionuclides is affected by coupling between various
components of the EBS, unsaturated zone, and saturated zone domains subsequent to waste package
failure, under varying physical-chemical-thermal-mechanical conditions, provides confidence that
the various submodel processes are working as expected, thus providing confidence in the TSPA
model. The next section provides further confidence in the TSPA model and its results through a
significant suite of additional validation and confidence-building activities.

2.4.2.3 Credibility of the TSPA Results
[NUREG-1804, Section 2.2.1.3.1.3: AC 1(2),; Section 2.2.1.3.2.3: AC 1(3),
Section 2.2.1.3.3.3: AC 1(2), (5), (7); Section 2.2.1.3.4.3: AC 1(2),
Section 2.2.1.3.5.3: AC 1(3); Section 2.2.1.3.6.3: AC 1(3); Section 2.2.1.3.7.3:
AC 1(3); Section 2.2.1.3.8.3: AC 1(3); Section 2.2.1.3.9.3: AC 1(3),
Section 2.2.1.3.14.3: AC 1(3); Section 2.2.1.4.1.3: AC 3]

The last of the three acceptance criteria in NUREG-1804, Section 2.2.1.4.1.3, deals with the
credibility of the TSPA results, which is interpreted to mean various activities associated with
confidence-building, verification, and validation for the TSPA model. The four specific subcriteria
are:

1. Assumptions made within the total system performance assessment code are
consistent among different modules of the code. The use of assumptions and
parameter values that differ among modules of the code is adequately
documented,;
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2. The total system performance assessment code is properly verified so there
is confidence that the code is modeling the physical processes in the
repository system in the manner intended. The transfer of data between
modules of the code is conducted properly;

3. The estimate of the uncertainty in the performance assessment results is
consistent with the model and parameter uncertainty; and

4. The total system performance assessment sampling method ensures that
sampled parameters have been sampled across their ranges of uncertainty.

Section 2.4.2.3 is organized along the lines of these subcriteria. This section also addresses
proposed 10 CFR 63.114(a)(7), regarding the requirement to “Provide the technical basis for the
models used to represent the 10,000 years after disposal...such as comparisons made with outputs
of detailed process-level models...”

24.2.3.1 Consistency of Assumptions and Parameter Values within the Total System
Performance Assessment Code
[NUREG-1804, Section 2.2.1.3.1.3: AC 1(2); Section 2.2.1.3.2.3: AC 1(3);
Section 2.2.1.3.3.3: AC 1(2), (5), (7); Section 2.2.1.3.4.3: AC 1(2),
Section 2.2.1.3.5.3: AC 1(3); Section 2.2.1.3.6.3: AC 1(3); Section 2.2.1.3.7.3:
AC 1(3); Section 2.2.1.3.8.3: AC 1(3); Section 2.2.1.3.9.3: AC 1(3);
Section 2.2.1.3.14.3: AC 1(3); Section 2.2.1.4.1.3: AC 3(1)]

This section addresses Acceptance Criterion 3(1) in Section 2.2.1.4.1.3 of NUREG-1804 by
showing consistency of assumptions among various components of the TSPA model and by
documenting any assumptions and parameter values that differ among “modules of the (TSPA)
code” or, equivalently, among different submodels of the TSPA model. Modeling assumptions and
parameter values used in the development of model abstractions have been presented in Section 2.3.
Sections 5 and 6 of each model report that forms the basis of an abstraction described in Section 2.3
document the assumptions made in the development of that model. These assumptions have been
presented in Section 2.3 during the course of the discussion of the abstractions. Because the TSPA
model is composed of the model abstractions documented in Section 2.3, it also is based on the same
set of assumptions. Consistency of assumptions among these model abstractions is mainly verified
through assuring consistent interaction within the TSPA model. Because the development of the
TSPA model and its underlying abstractions has been an iterative process (Section 2.4.2.3.2.3.4),
consistency in assumptions among the various abstractions has constantly improved, such that for
the TSPA any differences or inconsistencies among abstractions or “modules,” as discussed in
Sections 2.4.2.3.1.1 through 2.4.2.3.1.12, are conservative or of low risk significance. Also, over
the course of the TSPA iterative process, many recommendations and comments from technical
review teams regarding consistency and differences of assumptions between submodels have been
resolved and incorporated in subsequent TSPA models (Section 2.4.2.3.2.3.4). Note that
consistency between related model abstractions, including consistency of assumptions, is relevant
to some acceptance criteria from NUREG-1804, Section 2.2.1.3 Model Abstractions
(i.e., Section 2.2.1.3.1.3, Acceptance Criterion 1(2); Section 2.2.1.3.2.3, Acceptance
Criterion 1(3); Section 2.2.1.3.3.3, Acceptance Criteria 1(2), 1(5), and 1(7); Section 2.2.1.3.4.3,
Acceptance Criterion 1(2); Section 2.2.1.3.5.3, Acceptance Criterion 1(3); Section 2.2.1.3.6.3,
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Acceptance Criterion 1(3); Section 2.2.1.3.7.3, Acceptance Criterion 1(3); Section 2.2.1.3.8.3,
Acceptance Criterion 1(3); Section 2.2.1.3.9.3, Acceptance Criterion 1(3); and Section 2.2.1.3.14.3,
Acceptance Criterion 1(3)). As a result, the discussion in Section 2.4.2.3.1 helps to address these
acceptance criteria in addition to addressing Acceptance Criterion 3(1) in NUREG-1804,
Section 2.2.1.4.1.3.

Different levels of model complexity are used to analyze various parts of the repository system
based on their importance to dose and to barrier performance. The different levels of complexity
and different degrees of uncertainties in various model abstractions have resulted in some different
assumptions being applied to the different modules in the TSPA code. Accordingly, it is important
to document potential differences in assumptions and parameters among modules or submodels of
the TSPA model and code (SNL 2008a, Sections 6.3 to 6.6). However, before documenting those
differences and their potential effect on the TSPA, the following is a high-level summary of the
consistent set of parameters and processes that are propagated in the TSPA model and code
(Section 2.4.2.3.2.1):

» Consistent propagation of the effects of climate changes through the unsaturated zone
flow, EBS thermal-hydrologic environment, EBS chemical environment, drift-scale
seepage, EBS flow and transport, unsaturated zone transport, and saturated zone flow and
transport submodels. (Note: Based on 10 CFR 63.305(b) and (d), only present-day
BDCFs are used in the TSPA model, which, in addition to ensuring consistency with the
regulation, also represents a reasonably conservative approach for the dose assessment
and is appropriate for wetter climate conditions (Section 2.3.10.5.1.1).)

» Consistent propagation of unsaturated zone percolation fluxes through the unsaturated
zone flow, EBS thermal-hydrologic environment, EBS chemical environment, drift-scale
seepage, EBS flow and transport, and unsaturated zone transport submodels.

» Use of consistent rock properties (e.g., hydrologic, thermal, structural, chemical) in the
unsaturated zone flow, EBS thermal-hydrologic environment, EBS chemical
environment, drift-scale seepage, drift degradation, unsaturated zone transport, and
seismic consequences submodels.

» Use of consistent transport processes, such as advection, diffusion, sorption, matrix
diffusion, colloid-facilitated transport, and radioactive decay and ingrowth in the EBS
transport, unsaturated zone transport, saturated zone transport, and biosphere submodels,
while accounting for differences in materials and conditions.

+ Consistent propagation of chemical conditions (e.g., Py, Water compositions) through
the waste form degradation and mobilization, EBS chemical environment, waste package
degradation, and EBS transport submodels.

» Consistent propagation of in-drift thermal-hydrologic conditions (e.g., temperatures,
relative humidities) through the waste form degradation and mobilization, drift seepage,
in-drift condensation, EBS chemical environment, waste package and drip shield
degradation, EBS flow transport, seismic consequences, and igneous consequences
submodels.
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The above is only a partial list of consistent assumptions and parameters among different modules
of the TSPA code. Other examples are provided in Section 2.4.2.3.2.1 which describes the flow of
information among different modules of the TSPA code, including the outputs that are passed from
one module to another. The conclusions section for each of the model abstractions in Section 2.3
also discusses consistencies between TSPA model abstractions and the underlying process models.

The following subsections discuss the limited assumption and parameter differences among the
TSPA submodels and model components and how such differences are accounted for. In each case,
assumption and/or parameter differences are conservative.

2.4.2.3.1.1 Submodel Differences Related to EBS Thermal-Hydrologic Environment

In-Drift Axial Fluid Flow—The multiscale thermal-hydrologic process model, which provides
the basis for the in-drift temperature and relative humidity abstraction of the TSPA model, does
not consider the longitudinal transport of water vapor along the length of the emplacement drifts.
Thus, the influence of evaporation, transport, and condensation in the heated and unheated regions
of the drifts, which result in a cold trap effect, is not fully accounted for. On the other hand, the
influence of the longitudinal transport of water vapor and associated condensation on the drift
walls is approximated in the in drift natural convection and condensation process model (SNL
2007f, Section 6.3). Therefore, there is a conceptual difference between the multiscale
thermal-hydrologic process model and the in-drift natural convection and condensation process
model.

Effect on the TSPA Model—If longitudinal vapor transport were included in the multiscale
thermal-hydrologic model, condensation in the unheated regions of the repository would affect the
longitudinal variation of predicted in-drift temperature and relative humidity, with the effects on
relative humidity having the greater potential impact because vapor transport could result in drier
conditions than those predicted by the multiscale thermal-hydrologic process model (SNL 2008d,
Section 7.8[a]). The thermal effects associated with the evaporation and condensation tend to
dampen longitudinal temperature and relative humidity variations because heat would more
effectively move from the hotter regions in a drift where the water evaporates to the cooler regions
of the drift where the water vapor condenses. Thus, the waste-package-to-waste-package variation
in temperature and relative humidity could be reduced. However, Multiscale Thermohydrologic
Model (SNL 2008d, Section 7.5.3) and In-Drift Natural Convection and Condensation (SNL
2007f, Section 6.3.7.2.4) indicate that these longitudinal mass/energy transfer processes have an
insignificant effect on the primary multiscale thermal-hydrologic model predictions of
temperature and relative humidity.

2.4.2.3.1.2 Submodel Differences Related to Drift-Scale Seepage and In-Drift
Condensation

In-Drift Evaporation—In-drift evaporation of seepage flow is not included in the drift seepage
submodel in any of the scenario classes at temperatures less than 100°C (Section 2.3.3.2.1.2), even
though below boiling evaporation is a process that is modeled in the multiscale
thermal-hydrologic process model (Section 2.3.5.4.1), drift wall condensation submodel
(Section 2.3.5.4.2), and the EBS chemical environment submodel (Sections 2.3.5.3 and 2.3.5.5).
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Effect on the TSPA Model—Not including evaporation of seepage flux leads to an overestimate
in the TSPA model of: (1) the water present at any point in time; (2) the amount of water flux
through the invert and/or waste package; and, therefore, (3) the radionuclide mass released (SNL
2008a, Section 6.3.3.3.1).

Repository Boiling Temperature—The thermal seepage model uses 100°C for the boiling
temperature of water while the drift wall condensation model uses 96°C, which is the actual
boiling temperature at the repository horizon.

Effect on the TSPA Model—The 100°C threshold for thermal seepage (Section 2.4.2.3.2.1.3)
means that seepage starts sooner and water is available for transport sooner (SNL 2008a,
Section 6.3.3.3.1). This approach is conservative and can lead to earlier doses to the RMEL
Justification of the approach is documented in Abstraction of Drift Seepage (SNL 2007g,
Section 6.5.2.2): “...the remaining uncertainty related to the predictive effectiveness of the
vaporization barrier needs to be accounted for in the abstraction. This is done by using a threshold
temperature higher than the nominal boiling temperature to define the duration of the boiling
period for abstraction.”

Form Factor—The in-drift condensation process model incorporates a form factor to reduce the
amount of Stage 3 condensation that falls onto the drip shield because some condensation does not
occur above the waste package but drains down the drift wall into the edge of the invert. Thus the
mean Stage 3 drift-wall condensation rate used in the TSPA model includes a form factor
(f=0.178) (SNL 20071, Section 6.1.1[a] and Figure 6-5[a]), which represents the fraction of the
exposed perimeter of the drift that is directly above the drip shield. Thus, some portion of the
condensate is not considered in the TSPA calculations. The fraction that is not considered is 0.822.
In contrast, the seepage model applies all seepage that occurs anywhere in the drift to the crown of
the drift (which subsequently falls onto the drip shields above each waste package location (SNL
2008a, Section 6.3.6.4.2)) without the use of a form factor (SNL 2007f, Sections 8.3.1.1
and 6.1.1[a]).

Effect on the TSPA Model—Condensate on the drift wall will tend to imbibe into the host rock
or run down the drift walls and flow into the edges of the invert. This condensate would not
contribute to transport through the waste package and would contribute negligibly to transport
through the invert (SNL 2007f, Section 8.3.1.1). Accordingly, not explicitly addressing this
portion of the condensate has a negligible effect on the TSPA model.

Thermal-Hydrologic Differences between Condensation and Multiscale
Thermal-Hydrologic Model Abstractions—The condensation model does not explicitly
consider the thermal-hydrologic behavior of the rock mass. The inclusion of rock characteristics in
the condensation model would be expected to affect the predicted condensation distributions. For
example, the presence of the capillary behavior of the rock would tend to reduce the evaporation
rate and increase the imbibition rate, both of which would decrease the net condensation rate (SNL
2008a, Section 6.3.3.3.1).

Effect on the TSPA Model—The different responses arising from these differing model
assumptions tend to decrease with time as the repository cools and the condensation rate goes to
and remains zero after only about 2,000 years following permanent closure (SNL 2008a,
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Section 6.3.3.2.2). Also, a decrease in condensation rate, if included, would reduce water flux
through the invert and/or waste package and therefore would tend to reduce the radionuclide mass
released by advective transport.

Water Balance—Various different assumptions, parameters, and underlying process models for
the EBS thermal-hydrologic environment, drift-seepage, and drift-wall condensation submodels
mean that there is no explicitly enforced water balance (liquid or vapor) among these abstractions
in the TSPA model (SNL 2008a, Section 6.3.3).

Effect on the TSPA Model—It is assumed for each of these submodels that there is sufficient
water to support the gas and liquid flow rates predicted by that model, possibly resulting in an
overestimate of flow rates, as well as an overestimate of the number of waste packages that are in
a seeping environment (SNL 2008a, Section 6.3.3). These overestimates would result in higher
rates of radionuclide transport, leading to higher doses to the RMEI. Therefore, this approach is
conservative.

2.4.2.3.1.3 Submodel Differences Related to EBS Chemical Environment

Seepage Water Compositions—The in-package chemistry abstraction does not use the predicted
(crown seepage) water composition from the EBS chemical environment submodel as its starting
waters (SNL 2008a, Section 6.3.7.2.1). Instead, the in-package chemistry abstraction uses a liquid
influx model based on the composition of typical pore waters (SNL 2007h, Section 4.1.2).

Effect on the TSPA Model—The initial starting waters used in the in-package chemistry
abstraction are intended to represent seepage compositions that would enter a breached waste
package, especially over the long term. The starting water compositions used in the analysis
capture the spread of the pore water compositions from Yucca Mountain. As these starting waters
cover the spectrum of observed porewater compositions, the use of these compositions is
appropriate. Furthermore, use of these data in the in-package chemistry model ensures feeds to the
TSPA model will reflect the compositional variation of the initial water composition (SNL 2007h,
Section 4.1.2). Perhaps the main point, however, is that the reactants inside the waste package,
either the fuel or the steel corrosion products, buffer the water chemistry (e.g., the pH) and thereby
cause differences in starting composition to have minimal effect in TSPA (SNL 2007h,
Section 6.10.1.1[a]) (Section 2.3.7).

Partial Pressure of CO,—The in-package chemistry submodel uses the in-drift EBS chemical
environment submodel for P, in the waste package rather than calculating the P, inside the
waste package.

Effect on the TSPA Model—Using a single Py, for the drift, invert, and waste package
conditions is the best way to have a consistent gas phase composition throughout the drift and is
actually a good approximation because gas transport in and out the waste package is relatively
fast. In addition, while in-package pH does depend on P, in-package ionic strength does not
depend on the value of P, (SNL 2007h, Section 6.6.3[a]).
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24.2.3.14 Submodel Differences Related to Waste Package and Drip Shield
Degradation

Salt Separation on the Waste Package Surface—The TSPA model includes a relative humidity
threshold to account for a potential salt separation process during seepage water evaporation (SNL
2008a, Section 6.3.5.2.2). In this process, water evaporation on the Alloy 22 waste package
surface will first cause the precipitation of chloride-rich salts (e.g., halite or sylvite) and then the
remaining nitrate-rich brine will flow away, leaving behind these solids rich in CI". In this case,
the EBS chemical environment lookup tables (see Section 2.3.5.5.4) no longer apply (SNL 20071,
Sections 6.12.3 and 6.15.1.3). For implementation purposes, the TSPA model assumes that
localized corrosion always initiates upon rewetting of the salt film (i.e, when the relative humidity
rises above the relative humidity threshold for salt separation). This implementation for the waste
package localized corrosion initiation and propagation submodel represents potential differences
between several submodels: drift seepage, EBS flow, EBS chemical environment, and the
localized corrosion aspect of waste package degradation. The EBS chemical environment
submodel assumes well-mixed equilibrium conditions for chemistry in the drift (SNL 20071,
Section 5.1.2). Applying the well-mixed assumption, the effects of salt separation are not
considered when calculating the pH and ionic strength of the invert water. Therefore, salt
separation is not included in that submodel. In addition, evaporation and flow on a small scale of
the possible salt separation phenomenon is masked by uncertainties at the larger scale of the drift
seepage submodel or the EBS flow submodel. Evaporation is integral, however, to the equilibrium
chemistry response surfaces that are the output of the EBS chemical environment submodel. In
order to handle this difference among the underlying process models, a conservative assumption is
implemented in the TSPA model, using the salt-separation relative humidity as a threshold for
initiation of localized corrosion on the surface of the waste package (Section 2.3.5.5.4.3).

Effect on the TSPA Model—Considerations of water volume show that such salt separation is
not expected to occur, and if it were to occur, it would be limited in spatial extent. The approach
taken in the TSPA is conservative by assuming that conditions conducive to localized corrosion
will exist over the entire surface of the waste package, while in actual repository environments, the
volume of brines formed from evaporation are expected to be much less than that required to cover
the entire waste package. For example, developing a saturated chloride-rich brine requires the
seepage water to concentrate by more than 10,000 times (SNL 2007j, Figure 6-7). That is, 1 L of
seepage water will result in less than 0.1 mL of chloride-rich brine solution. The TSPA
conservatively assumes there will be sufficient brine volume to cause a continuous water film over
the waste package surface, which overestimates the potential for initiating localized corrosion
where the brine volumes are insufficient to form such a film. In any case, because of the
robustness of the drip shield, crown-seepage-induced localized corrosion has no effect on any
modeling case except the drip shield early failure case, where it is assumed to cause failure of the
waste package under the defective drip shield. (In the seismic fault displacement modeling case,
the damage caused by localized corrosion is assumed to be subsumed in the damage caused by
shearing of the waste package (Section 2.4.2.3.2.1.5).)
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2.4.2.3.1.5 Submodel Differences Related to Waste Form Degradation and
Mobilization

Waste Form Temperature versus Waste Package Surface Temperature—The TSPA model
treats waste form temperature as if it were the same as the waste package temperature, derived
from the multiscale thermal-hydrologic model abstraction (SNL 2008a, Section 6.3.7). It is
expected that waste form temperatures would be higher than waste package surface temperatures,
and the effect of hotter temperatures is not included in the waste form submodels.

Effect on the TSPA Model—The submodels of the TSPA model that directly depend on the
waste form temperature are the in-package chemistry submodel for commercial SNF waste
packages, the commercial SNF waste form degradation submodel, the HLW glass degradation
submodel, and the EBS transport submodel. In the TSPA model, it is assumed that water will not
accumulate in the waste package if the temperature is greater than 100°C. Because the waste form
temperature would be greater than the waste package surface temperature, any transport
calculations using the lower waste-package temperature would be conservative because water
would be modeled as accumulating sooner in the waste form, allowing radionuclide transport at an
earlier time. (Note: By the time the waste package surface temperature drops to 100°C, the
difference between the waste-form temperature and waste-package surface temperature is
estimated to be about 2°C or less (BSC 2008, Figures 4 to 13).)

In-Package Chemistry and the Instantaneous Degradation of Commercial SNF—/n-Package
Chemistry Abstraction (SNL 2007h) does not consider instantaneous degradation of commercial
SNF in the range of conditions analyzed with the process model and in the development of the
subsequent abstraction. Very fast degradation rates were considered but not instantaneous
degradation of commercial SNF. However, within the TSPA model, instantaneous degradation of
the commercial SNF occurs in the waste package early failure modeling case and in the seismic
ground motion and seismic fault displacement modeling cases when the seismic event damages
commercial SNF waste packages, and the commercial SNF is exposed to waste package
temperatures exceeding 100°C. It also occurs in the igneous intrusion modeling case. In the TSPA,
instantaneous degradation means the entire waste inventory is available for transport at the
radionuclide solubility limits at the time of the degradation.

Effect on the TSPA Model—Within the TSPA model, when a damaged commercial SNF waste
package is exposed to temperatures exceeding 100°C, the calculated commercial SNF degradation
rate is replaced with a rate that instantaneously degrades the exposed waste form, as recommended
by CSNF Radionuclide Release Model (SNL 2008a, Section 6.3.7.4.1.3). Because the in-package
pH conditions are controlled by the buffering capacity of the commercial SNF degradation
products (SNL 2007h, Section 6.3.4.1[a]), instantaneous degradation of commercial SNF means
the maximum pH buffering capacity will be achieved almost immediately, at which time the pH
conditions will be well constrained. Well-buffered chemical solutions are part of the in-package
chemistry abstraction; therefore, the implemented pH abstraction is sufficient to encompass this
instantaneous commercial SNF degradation condition.

The ionic strength abstraction for commercial SNF waste packages under vapor influx conditions
is based on Pitzer model calculations for simple salt solutions (SNL 2007h, Section 6.10.2.2[a]).
Since the Pitzer model calculations are independent of the commercial SNF degradation rate,
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assuming instantaneous commercial SNF degradation would not impact the ionic strength
abstraction for commercial SNF waste packages under vapor influx conditions.

A sensitivity analysis has been conducted to evaluate the impact of degradation rates on ionic
strength for commercial SNF waste packages under liquid influx conditions (SNL 2007h,
Section 6.6.5[a]). It reveals that although the commercial SNF degradation rate does impact the
calculated ionic strength in commercial SNF waste packages, the variation is generally less
pronounced than that in codisposal waste packages. The variation calculated by the sensitivity
analysis due to uncertainty in the degradation rates of commercial SNF waste form and other waste
package materials has been incorporated in the ionic strength abstraction for commercial SNF waste
packages under liquid influx conditions (SNL 2007h, Section 6.10.2.1[a]). Moreover, additional
uncertainty has been introduced into the ionic strength abstraction by extrapolations (SNL 2007h,
Section 8.2.2[a]).

Thus, the impact of instantaneous degradation of commercial SNF on the ionic strength for
commercial SNF waste packages under liquid influx conditions is captured in the abstraction, and
the ionic strength abstraction is sufficient to cover the condition following the instantaneous
degradation of commercial SNF inside a failed waste package.

Representation of Codisposal Fuel—The most numerous codisposal waste package
configuration in the repository design contains five DOE HLW glass logs and one DOE SNF
canister, split between the CDSP-Long and CDSP-Short configurations. These configurations
represent 3,197 codisposal waste packages or 93.6% of the total number of codisposal waste
packages. However, the CDSP-MCO configuration (total of 219 waste packages or 6.4% of the
total) accounts for 87% of the inventory for the DOE SNF waste (SNL 2008a, Tables 6.3.7-1,
7.5-1, and 7.5-3). That is why the in-package chemistry model simulates the CDSP-MCO waste
package. However, for radionuclide transport calculations (e.g., for mass of degradation products),
the TSPA model simulates the CDSP-Long waste package containing Three Mile Island SNF
canisters (SNL 2007k, Section 6.3.4.6). The major differences between this CDSP-Long waste
package and the CDSP-MCO waste package are that: (1) the HLW glass waste-form domain in the
TSPA EBS transport submodel contains five HLW glass canisters instead of two, and (2) the DOE
SNF waste-form domain contains UO, instead of uranium metal.

Effect on the TSPA Model—The parameters that could potentially be impacted by the difference
between the EBS transport submodel and the in-package chemistry submodel are pH, ionic
strength, and fluoride. The main difference in the conceptual models for the HLW glass
waste-form domain would be the total volumes of materials and water, which are 2.5 times larger
in the EBS transport submodel (five canisters instead of two). This is important only with respect
to the turnover rate (i.e., the inverse of the residence time), which affects ionic strength. For a
given liquid influx rate, the turnover rate would be 40% (2/5) of the turnover rate of the
CDSP-MCO waste package. A lower turnover rate increases the effects of degradation rates,
which in turn affect ionic strength. However, a reduction of 60% in the turnover rate is well within
the order-of-magnitude uncertainty of the ionic strength abstraction (SNL 2007h,
Section 6.10.8.2[a]). The fluoride abstraction, which is only a function of ionic strength (SNL
2007h, Section 6.10.3[a]), is therefore also negligibly affected. The pH abstraction is not affected
at all because it is not a function of turnover rate.
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In the DOE SNF waste-form type, the Three Mile Island fuel will quickly degrade to schoepite in
the presence of water, similarly to the behavior of N Reactor fuel and commercial SNF. Schoepite
will be the dominant alkalinity buffer in the DOE SNF waste form cell in the EBS transport
submodel for either codisposal configuration, either CDSP-MCO or CDSP-Long (Section 2.3.7).
Equilibrium dissolution of schoepite prevents pH from rising much above 7 at high carbon dioxide
fugacity and much above 9 at low carbon dioxide fugacity (SNL 2007h, Sections 6.3.4[a] and
6.10.1[a], Figure 6-43[a]). On the acid side, degradation of the stainless-steel structural materials,
which are present regardless of the SNF type, produce oxides that define the pH minimum. Thus,
the pH abstractions for N Reactor fuel (CDSP-MCO) can be used for Three Mile Island fuel in the
DOE SNF waste-form domain. Ionic strength and fluoride abstractions of the CDSP-Long waste
package can also be approximated by the CDSP-MCO abstractions in the DOE SNF waste-form
domain because the degradation products are similar and because other potential effects are small
compared to the order of magnitude uncertainty of the ionic strength abstraction.

Other important DOE SNF fuel types are mixed-oxide, carbide, and aluminum-based fuels (SNL
2008a, Table 7.5-3). The justification for using the CDSP-MCO fuel chemistry (pH, ionic strength,
and fluoride) to represent them is contained in I/n-Package Chemistry Abstraction (SNL 2007h,
Section 6.6.6[a]).

2.4.2.3.1.6 Submodel Differences Related to EBS Transport

Water Balance in the TSPA Model Within the EBS—Differences related to the water balance
in the EBS fall into two categories, one related to water flow and the other to water volumes.

There are two potential inconsistencies with respect to water flow through various EBS components
in the TSPA model: (1) the reduction in water flow due to evaporation and consumption by chemical
reactions is not explicitly addressed in most EBS submodels; and (2) the condensation flux
calculations are performed separately from the multi-scale thermal-hydrologic model calculations
that are used to define the temperature and relative humidity conditions in the EBS. These issues
have already been addressed in Sections 2.4.2.3.1.1,2.4.2.3.1.2, and 2.4.2.3.1.6.

With respect to inconsistencies or differences related to water volume in the EBS, these calculations
in the TSPA are primarily based on phenomenological laws for fluid retention in porous media. For
example, the saturation and water volume in the invert are calculated based on the soil-moisture
retention relationships of crushed tuff, while the saturation of the corrosion products and waste form
rind under no-flow conditions are computed as a function of relative humidity based on measured
adsorption isotherms. Although most calculations for the saturations (and water volumes) are based
on phenomenological laws, some assumptions must be made under certain conditions. These
include the assumption of 100% saturation of corrosion products and waste form rind under
water-flowing conditions (SNL 2008a, Section 6.3.8.4.1). In addition, some inconsistencies in
water volumes exist among process-level models mainly due to the limitation of the models used in
the calculations. For example, a minimum water volume is assumed for in-package chemistry
calculations. Assuming a minimum water volume keeps the ionic strengths less than 4 molal, the
effective limit of the thermodynamic databases and the B-dot activity coefficient equation used in
the EQ3/6 computer code. This minimum water volume is independent of the relative humidity and
temperature histories as predicted in the multiscale thermal-hydrologic model abstraction and is
likely larger than what is expected at low relative humidity conditions.
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Chemical processes in the EBS will both consume and produce water. Conversion of commercial
SNF to schoepite (UO5:2H,0) and steel to goethite (FeOOH) and other hydrated corrosion products
will likely remove large quantities of incoming water. Over time, hydrated phases will alter to less
hydrated phases and release water in the process. While water uptake by waste form degradation is
expected to be relatively fast, the release of water from dehydration reactions is expected to be
slower. The overall uptake and release of water over time is a complex function of water availability,
temperature, and time and is difficult to predict accurately. The assumption of no water uptake or
release will tend to over-predict the water saturation in a breached waste package.

For diffusion-dominated modeling cases after breach of the outer Alloy 22 waste package barrier,
the following assumptions are made in the TSPA model with respect to the water balance inside the
waste package: (1) sufficient condensate water is available for waste form degradation and metal
alloy (e.g., steel) degradation; and (2) sufficient water vapor is present to establish a continuous film
of liquid water on fuel and corroded-metal surfaces under no-flow conditions when relative
humidity is greater than 95%, which is thick enough to permit diffusive transport of radionuclides
from the waste package either as dissolved species or bound to colloids.

Effect on the TSPA Model—Within the EBS, water balance issues have more of an effect in
diffusion-dominated modeling cases, where the limited water availability controls the degree of
liquid saturation inside the waste package and, therefore, the radionuclide transport rates through
the waste package. In the advection-dominated modeling cases, the water balance related issues
are not as important, because sufficient water flows through the waste package to result in a rapid
turnover rate with respect to pore volume in the waste package and thus the assumption of
complete saturation is reasonable. The overall effect of the previous assumptions regarding the
complete saturation inside the waste package under flowing conditions is an overestimate of the
rate of release of radionuclides.

With respect to diffusion-dominated cases, the assumption that there is a high-enough vapor flux to
instantly saturate the waste-package internals to local equilibrium conditions (which is the
assumption underlying the use of an adsorption isotherm) will overestimate the rate of radionuclide
releases by ignoring kinetic constraints on waste-form degradation with respect to water availability
for reactions and by assuming bulk chemical and bulk diffusion transport conditions (a continuous
liquid pathway to the outside of the waste packages).

2.4.2.3.1.7 Submodel Differences Related to Unsaturated Zone Transport

Unsaturated Zone Transport Properties—There are several flow-related parameters used in the
site-scale unsaturated zone flow model that are also used in the unsaturated zone transport
submodel to describe the diffusion of dissolved radionuclides between the fractures and the rock
matrix. Several of these parameters, used in a deterministic manner in the unsaturated zone flow
model, are sampled from distributions in the unsaturated zone transport model to describe the
uncertainties associated with the fracture/matrix diffusion process. Parameters handled
stochastically to describe the fracture/matrix diffusion process but deterministically to generate
the flow fields (Section 2.3.2.4.2.2) are fracture porosity, fracture frequency (the inverse of
fracture spacing), and the active fracture model parameter ¥
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Effect on the TSPA Model—The matrix-diffusion process implemented in the unsaturated zone
transport submodel is sensitive to various physical parameters that are also used to define the
unsaturated zone flow fields. Because the matrix-diffusion process may be very sensitive to these
parameters, it is important to propagate the parameter uncertainties into the unsaturated zone
transport submodel. However, as discussed below, the unsaturated zone flow model is not as
sensitive to changes in these parameters. Therefore, differences between parameter values used to
develop the flow fields and those used to describe the effect of matrix diffusion for a given TSPA
realization will have little effect on the TSPA results.

A study presented in UZ Flow Models and Submodels (BSC 2004b, Section 6.8.1) indicates that the
site-scale unsaturated zone flow model is relatively insensitive to changes in the active fracture
model parameter . In the steady-state site-scale unsaturated zone flow model, the active fracture
model y influences the partitioning of water flow between the fractures and rock matrix. The
conclusion of the study noted that changing the active fracture model yin the flow model will have
only a small effect on matrix liquid saturations, water potentials, and average percolation fluxes.
This may also indicate that y values, estimated based on flow calibrations, may not be well
constrained and the application of a greater uncertainty for transport calculations is valid.

The aperture values used in the unsaturated zone transport submodel are generated from fracture
porosity and fracture frequency (the inverse of fracture spacing) values. In general, the large
permeability contrast between the fractures and rock matrix (SNL 2007b, Appendix B) will dictate
that the rock matrix will not contribute much to the flow process (minimizing the influence of
fracture spacing on flow), and matrix diffusion will be the dominant process controlling mass
retardation in the rock matrix. In addition, fracture porosities are important in defining the transient
matrix-diffusion process in the unsaturated zone transport submodel, but as storage terms in the
site-scale unsaturated zone flow model, do not influence results of the steady-state model. It should
also be noted that fracture permeabilities and the van Genuchten o parameter are related to fracture
apertures. A sensitivity study on flow model parameters showed relatively small differences
between base-case flow fields and flow fields generated by changing fracture permeabilities and the
van Genuchten arparameter (BSC 2005a, Section 6.3). Studies presented in Sections 6.6.3 and 6.6.4
of Particle Tracking Model and Abstraction of Transport Processes (SNL 2008e) also showed that
transport in the unsaturated zone is generally less sensitive to changes in flow parameters than to
changes in the transport properties. The analyses showed that the transport results were insensitive
to the van Genuchten o parameter. Transport results showed greater sensitivity to changes in
fracture permeability compared to that of the van Genuchten & parameter, but as noted, the changes
were relatively small.

It should also be pointed out that even though the values of parameters used to develop the
unsaturated zone flow fields do not exactly match the values used to generate the matrix-diffusion
parameters, the parameters used to describe both flow and transport are mainly derived from the
same data sources (SNL 2008e, Sections 6.5.5.4 of Addendum 1, 6.5.7, and A.4 of Addendum 1;
SNL 2007b, Section 6.1.5; SNL 20071). An exception is the ranges of values of the active fracture
model parameter yas discussed in Particle Tracking Model and Abstraction of Transport Processes
(SNL 2008e, Section 6.5.6 of Addendum 1).

Unsaturated Zone Mass Release to the Saturated Zone—The unsaturated zone transport
submodel utilizes FEHM’s multi-species particle tracking option to simulate the
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advective-dispersive transport of mass releases from the EBS through the unsaturated zone to the
water table, which defines the top of the saturated zone. EBS radionuclide releases to the
unsaturated zone are generated for five percolation subregions that are classified by specific
ranges of percolation rates defined from low to high, so that the five percolation subregions (1, 2,
3, 4, and 5) contain 5%, 25%, 40%, 25% and 5% of the waste packages, respectively. In the
unsaturated zone transport particle tracking analysis, radionuclides from the EBS are released at
nodes corresponding to the percolation subregions. Each repository node is assigned to one of five
corresponding percolation subregions. For each percolation subregion, the mass released from the
EBS over each time step, is transported through the unsaturated zone until reaching exit nodes at
the water table. The exit nodes are grouped into four collecting bins representing NE, NW, SE and
SW zones that are spatially based on the saturated zone source regions defined in Saturated Zone
Flow and Transport Model Abstraction (SNL 2008f, Section 6.5.2.13 and Figure 6-27). For each
time step, all particles reaching the exit nodes in a given quadrant are summed to give the total
unsaturated zone mass release rate for that quadrant. This creates four source terms that are
applied to the four saturated zone source regions 1 (NW), 2 (NE), 3 (SW), and 4 (SE) (SNL 2008f,
Figure 6-27). Saturated zone source regions 1, 3, and part of 2 are located directly below the
repository. The other portion of source region 2 and source region 4 are located east of the
repository to capture radionuclides that were diverted beyond the footprint of the repository by
lateral transport. At each time step, the mass from the four source terms generated for the
unsaturated zone collecting bins is applied at four release points in the saturated zone, one for each
of the equivalent saturated zone source regions. The use of four release points provides a
computationally efficient way to evaluate transport within the saturated zone while maintaining
the effects of spatially variant features. To propagate uncertainty through the model, the release
point locations for each of the four saturated zone source regions are randomly selected for each
realization.

Effect on the TSPA Model—Release of mass from each unsaturated zone collecting bin to a
randomly selected location in its equivalent saturated zone source region will focus the mass
releases at four locations (one for each saturated zone source region). The use of a point source
will overestimate the concentration of the radionuclides near the source (SNL 2008f,
Section 6.5.2.13), yet is of little consequence 18 km downgradient because the breakthrough
across the compliance boundary is unlikely to be significantly different for a slightly smeared
source region beneath the repository compared to the point release used in the saturated zone
abstraction model.

2.4.2.3.1.8 Submodel Differences Related to Saturated Zone Flow and Transport

Saturated Zone Release Location—The three-dimensional saturated zone flow and transport
abstraction model, which is used to simulate the transport of all parent radionuclides and
first-generation decay products, is based on three dimensional simulations that use a random
release location beneath the repository within each of the four saturated zone source regions
(Section 2.3.9.3.4.1). However, the one-dimensional saturated zone flow and transport
abstraction, used for several radioactive decay products farther down in the decay chains
(Section 2.4.2.3.2.1.10), is based on a central release location within each of the four source
regions. This can result in different transport behavior for isotopes of the same chemical element
in a given realization. For example, the saturated zone flow and transport of 234U is simulated with
the three dimensional model, whereas the saturated zone flow and transport of 233U is simulated
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with the one dimensional model. Thus, for certain realizations, where the three dimensional
random-release model produces a significantly different transport pathway than the one
dimensional central location model, the transport times through the saturated zone for the two
radionuclides can be different (Section 2.3.9.3.4.2.2 and SNL 2008a, Section 6.3.10.4.1).

Effect on the TSPA Model—The effect of this difference is minimal because the central release
location used in the one-dimensional saturated zone flow and transport abstraction is
representative of the average behavior taken over multiple realizations (SNL 2008a,
Section 6.3.10.4.1). A comparison of the two saturated zone transport models is presented in
Saturated Zone Flow and Transport Model Abstraction (SNL 2008f, Section 7.3.2[b]).

2.4.2.3.1.9 Submodel Differences Related to Biosphere Transport and Exposure

Volcanic Tephra Particle Size—The size of resuspended particles used to calculate the
inhalation component of the dose to the RMEI is smaller than the particle size in the ASHPLUME
code (Section 2.3.11.4.2.2) used to predict atmospheric transport (advection and diffusion) and
surface deposition (gravitational settling) of the tephra from a volcanic eruption (SNL 2008a,
Section 6.3.11). The inhalation dose is calculated in the biosphere process model by using
inhalation dose coefficients for 1 um particles, while the ASHPLUME model predictions concern
particles greater than 15 to 30 um. This is because of the ASHPLUME model’s inability to
accurately represent the transport of tephra particles of mean diameter less than approximately
15 um (Jarzemba et al. 1997, Section 2.1; SNL 2007m, Section 1.3.1). Because the typical mean
diameter of tephra particles after an eruption is generally much larger than 15 to 30 pm, the
ASHPLUME model is appropriate for calculating the distribution of the majority of the mass of
potential tephra and radionuclide releases from a possible future eruption at Yucca Mountain
(SNL 2007m, Section 1.3.1). However, ASHPLUME does not accurately model the particles in
the respirable (less than 4 um) and thoracic (less than 10 um) size range, which are more
important for the evaluation of inhalation doses (BSC 2005b, Section 6.5.5.1).

Effect on the TSPA Model—This apparent difference in the particle size distribution of tephra
deposited at the location of the RMEI and the particle size distribution used to calculate inhalation
dose to the RMEI becomes less significant with time as tephra particles weather and radionuclides
diffuse and attach to small soil particles. The processes that cause redistribution of the
contaminated tephra after the volcanic eruption, as well as other natural processes and human
activities at the location of the RMEI, could change the initial particle size distribution of
deposited tephra. For the purpose of calculating the inhalation component of dose in the volcanic
eruption modeling case, the size of resuspended particles is assumed to be 1 micron, an inhalable
size. A study completed in Characteristics of the Receptor for the Biosphere Model (BSC 2005b,
Section 6.5.5.2) regarding the effect of differences in particle size on predicted inhalation dose
concluded that the application of dose coefficients for particles with activity median aerodynamic
diameter of 1 um will not underestimate the doses from inhalation of resuspended material and
that these dose coefficients are adequate for use in the biosphere model.
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2.4.2.3.1.10 Submodel Differences Related to Early Waste Package and Drip Shield
Failures

No inconsistencies have been identified among model components or submodels in the early failure
scenario class, because its effect on the TSPA model is limited to replacing the nominal scenario
class conceptual models for drip shield and waste package degradation with the early failure
conceptual models. These models are simpler, in the sense that failure mechanisms are not treated
in detail and failure is assumed to occur at the beginning of the simulation.

2.4.2.3.1.11 Submodel Differences Related to Igneous Processes

In-Package Chemistry and the Instantaneous Degradation of Commercial SNF—The
In-Package Chemistry Abstraction (SNL 2007h) does not consider instantaneous degradation of
commercial SNF in the range of conditions analyzed with the process model and in the development
of the subsequent abstraction. This difference and its effect on the TSPA have been discussed above
in Section 2.4.2.3.1.7.

Volcanic Tephra Particle Size—The difference between the atmospheric transport and biosphere
transport submodels is the same as mentioned in Section 2.4.2.3.1.9.

2.4.2.3.1.12 Submodel Differences Related to Seismic Processes

Degradation of the Internal Structures After Breach of Outer Corrosion Barrier—In the
seismic ground motion modeling case calculations, once the Alloy 22 is breached due to nominal
degradation processes or seismic damage, it is assumed that the internal structure of the waste
package will instantly degrade as a structural element leading to significant loss of waste package
structural strength by the time of the next seismic event (SNL 2008a, Section 6.6). As a result, the
damage abstractions for the fully degraded internals are applied after the waste package is breached
for the first time. This is a conservative assumption and is inconsistent with the slow degradation of
steel internals modeled in the EBS transport model, where the stainless-steel is expected to last for
tens of thousands of years on average, thus maintaining the integrity of the waste package for a much
longer duration than the time to the next seismic event.

Effect on the TSPA Model—Using the waste package damage abstraction for the fully degraded
internals for the first seismic event that occurs after first breach, whether from nominal
degradation processes or seismic consequences, is conservative as it would lead to a larger
damage area on the waste package due to the lower structural strength of the waste package, and
will likely result in a greater diffusive release rate out of the waste package. The slower
degradation of the internals used in the EBS transport model results in a slower formation of
corrosion products, whose main effect is sorption of radionuclides. This is appropriate because the
use of a very rapid steel degradation rate in the EBS transport model (similar to the instantaneous
degradation in the seismic model) would be nonconservative, since it would produce a greater
mass of sorbing corrosion products at earlier times. (Note that the steel degradation rate used in
the EBS transport model is an epistemically uncertain parameter, based on a range of measured
rate data.)
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2.4.2.3.1.13 Summary

The preceding differences in model conceptualizations and assumptions are the most important
examples of those differences between submodels in the TSPA model (SNL 2008a, Sections 6.3 to
6.6). These differences reflect modeling assumptions and simplifications made in different
abstractions used as input to TSPA. These differences do not affect the appropriateness of the
assumptions for use in TSPA to evaluate postclosure performance.

2.4.2.3.2 TSPA Model and Code Verification, Validation, and Confidence-Building
[NUREG-1804, Section 2.2.1.4.1.3: AC 3(2)]

Verification and validation for a computer model of a complex physical system involves a series of
activities designed to generate and enhance confidence in the model's conceptualization and results
during and after model development. The modeling process starts with the modeler's understanding
of the physical system. A conceptual model is then formulated based on available information,
using some assumptions, simplifications, and idealizations. The conceptual model is translated into
a mathematical model and then implemented into a numerical model. An appropriate computer
code/software suite is selected or developed to implement the numerical model. The input to the
computer code is prepared, and the code is executed to obtain the model output.

Preparation of a validated model for a complex system such as the Yucca Mountain repository is an
iterative evolutionary process (Eisenberg et al. 1999) as the FEPs for the system are progressively
better understood through testing, analyses, and refinement of the conceptual model, and
improvements are made in the computer software needed to implement the numerical model. This
TSPA model is a result of such an iterative evolutionary process. Earlier versions of the TSPA model
were subjected to independent peer reviews; for example, the TSPA-VA peer review (Budnitz et al.
1999) and the TSPA-SR peer review (OECD and IAEA 2002). The TSPA-SR is the direct precursor
to the TSPA-FEIS model (Williams 2001) from which the TSPA model for the license application
(the present TSPA) is developed.

The aforementioned international peer review of the TSPA-SR model was jointly organized by the
Nuclear Energy Agency of the Organization for Economic Cooperation and Development and the
International Atomic Energy Agency of the United Nations. This International Review Team
recommended a number of improvements and changes to result in more confidence in and
robustness of the TSPA model. A summary of the International Review Team comments and the
subsequent work conducted to improve the current TSPA model, as development progressed to the
TSPA-FEIS and then to the TSPA model, can be found in 7otal System Performance Assessment
Model/Analysis for the License Application (SNL 2008a, Appendix E, Table E-1).

Confidence-building and validation of the TSPA model consisted of a sequence of activities
consistent with the requirements contained in Quality Assurance Requirements and Description
(DOE 2007b, Supplement SIII.2.6). This is part of the overarching requirement in 10 CFR 63.142
describing quality assurance criteria applicable to “all activities that are important to waste
isolation.” Two categories of procedural activities were used to develop the TSPA model and ensure
that it is valid for its intended use: (1) those conducted during development of the model; and
(2) those conducted after development of the model (SNL 2008a, Section 7).
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During-Development Model Validation Activities—The major activities (SNL 2008a,
Section 7) performed to build confidence in the adequacy of the technical approach used during
the model development process include the following (Section 2.4.2.3.2.2):

 Verification of inputs and software (Section 2.4.2.3.2.2.1)

» Model stability testing (Section 2.4.2.3.2.2.2)

» Uncertainty characterization reviews (Section 2.4.2.3.2.2.3)

* Surrogate waste form analyses for DOE and naval SNF (Section 2.4.2.3.2.2.4).

Post-Development Model Validation Activities—The procedurally defined validation level for
the TSPA model requires at least two of the post-development model validation activities
described in the TSPA model report (SNL 2008a, Section 7). In addition, several additional
postdevelopment model validation activities were conducted to enhance confidence in the TSPA
model. The postdevelopment activities (Section 2.4.2.3.2.3) include the following:

» Corroboration of abstraction model results with the results of the validated mathematical
model or process model from which the abstraction model is derived
(Section 2.4.2.3.2.3.1).

» Corroboration of system model results with the results of the validated mathematical
model(s) from which the system model is derived, including corroboration with results of
auxiliary analyses used to provide additional confidence in the system model results
(Section 2.4.2.3.2.3.2). These auxiliary analyses include comparison of the TSPA model
results with (1) deterministic analyses of single realizations from various modeling cases
(Section 2.4.2.3.2.3.2.1); (2) comparison of the TSPA model results with the Simplified
TSPA analysis (Section 2.4.2.3.2.3.2.2); (3) comparison of the TSPA model results with
the TSPA results produced by the Electric Power Research Institute (EPRI) using its
independently developed model and software, IMARC (Section 2.4.2.3.2.3.2.3); and
(4) the results of the PMA providing objective evidence for assessing performance
margin and an estimate of the degree of conservatism in the TSPA model
(Section 2.4.2.3.2.3.2.4).

» Comparison of the relevant portions of the TSPA model with appropriate analogue
information. Such comparisons include: (1) quantitative comparisons of the TSPA model
components with analogous volcanic eruptive conditions (Cerro Negro), and (2)a
detailed qualitative description of the groundwater flow and transport of radionuclides
from a natural system (Pefia Blanca) analogous to Yucca Mountain
(Section 2.4.2.3.2.3.3).

* Summary of past technical reviews of the TSPA model, including addressing and
implementing the comments and recommendations of these review panels
(Section 2.4.2.3.2.3.4).

Successful completion of all of the model verification and validation activities described in
Section 7.0 of the TSPA model report (SNL 2008a) demonstrates that the “TSPA code provides a
credible representation of repository performance” per Acceptance Criterion 3 of NUREG-1804,
Section 2.2.1.4.1.3.
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The analyses carried out for the verification and validation of the TSPA model are listed in
Table 2.4-8 (SNL 2008a, Table 7.1-1[a]). Table 2.4-8 shows the category/subcategory of each
model activity (analysis or set of analyses), the purpose of the activity, a brief description of the
activity, and the section where the detailed discussion of the results is found. Summaries of the
results of each of the analyses in Table 2.4-8 are given below in the subsections of Section 2.4.2.3.2.

NUREG-1804, Section 2.2.1.4.1.3, Acceptance Criterion 3(2) contains an expectation that “The
transfer of data between modules of the code is conducted properly...” While this criterion is
satisfied by the various validation activities outlined above, a description of how information is
passed between submodels of the TSPA model, discussed in Section 2.4.2.3.2.1, provides
additional support. Furthermore, in order to discuss the transfer of data and information among the
various TSPA model components and submodels, it is also necessary to provide a description of the
implementation of these submodels within the TSPA system model. Thus, Section 2.4.2.3.2.1 also
provides this context. Following the extensive description of implementation and information flow
in Section 2.4.2.3.2.1, Sections 2.4.2.3.2.2 and 2.4.2.3.2.3 summarize the analyses described above
that satisfy the procedurally mandated during-development and post-development validation
activities.

Finally, as explained in more detail at the end of Section 2.4.2.2.2.1, because of the iterative nature
of the TSPA, many of the validation activities described in this section were conducted with an
earlier version (v5.000) of the TSPA model than the version (v5.005) used to produce the final
annual dose curves presented in Section 2.4.2.2.1 above. For example, the numerical stability
analyses were based on v5.000 (Section 2.4.2.2.2.1), as were most of the verification analyses
described in Section 2.4.2.3.2.2.1. Each validation activity for TSPA model v5.000 was reviewed to
determine which activities were affected by changes made between TSPA model v5.000 and
v5.005. Where validation activities could potentially be affected by model changes, these validation
activities were repeated using v5.005 to verify that model changes did not adversely affect the
overall validation of the TSPA model (SNL 2008a, Sections 7[a] and 7.3.1.5[a]). Based on the types
of changes from v5.000 to v5.005, the combined validation activities for v5.000 and v5.005 are
sufficient to show validation and confidence in v5.005, the version used to provide the annual dose
curves in Section 2.4.2.2.1. The difference in the calculated dose between the two models is shown
in Figure 2.4-111.

2.4.2.3.2.1 TSPA Model Integration and Transfer of Data Between Modules of the
TSPA Code

This section provides an overview of how model components and submodels are connected within
the TSPA model and how information flows between them. In order to assess compliance with the
performance objectives of 10 CFR 63.113, the TSPA model integrates the individual FEPs that are
included in the models and parameters presented in Section 2.3. The TSPA model structure then
couples these models and parameters for the evaluation of repository performance (SNL 2008a,
Section 6.1.4). The major model components in the TSPA model are listed in Table 2.4-1 and shown
in Figures 2.4-1 to 2.4-7. The model components provide complete coverage of the relevant
included FEPs shown in the FEP inclusion tables in Section 2.3 (e.g., Table 2.3.1-1). As noted in
Section 2.2.1, the individual included FEPs can affect multiple components of the repository system
and can be included in multiple models or parameters. This will become apparent in the discussion
of information flow between submodels in this section.
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The primary focus of this section is the description of the TSPA model for the nominal scenario
class. The nominal scenario class reflects the initial starting conditions expected for the proposed
repository system and therefore is a natural starting point for presenting the model structure and
design. A summary of event-driven differences in the TSPA model structure and information flow
for the early failure, igneous, and seismic scenario classes is presented in Section 2.4.2.3.2.1.12
following the nominal scenario class description. For all scenario classes, the separation of aleatory
and epistemic uncertainty with respect to parameter values is maintained as described in
Sections 2.4.1 and 2.4.2.1.1. The structure of the model components and submodels reflect this
separation.

The TSPA model components and submodels for the following process areas are briefly discussed
here and in much more detail in Section 2.3:

* Unsaturated zone flow

» EBS thermal-hydrologic environment

* Dirift-scale seepage and in-drift condensation
» EBS chemical environment

» Waste package and drip shield degradation
* EBS flow

» Waste form degradation and mobilization
* EBS transport

* Unsaturated zone transport

 Saturated zone flow and transport

» Biosphere.

This list corresponds to model components and submodels previously presented on Figure 2.4-2
and in Table 2.4-1. This list is a combination of model components and submodels that represent the
order in which these TSPA model components are discussed in the Total System Performance
Assessment Model/Analysis for the License Application (SNL 2008a, Section 6.3). The intent is to
list the models in the order that information flows within the TSPA model. Therefore, it is necessary
to list the submodels of the EBS environment and EBS flow and transport model components
separately. For example, as described below, the EBS flow submodel provides the waste form
degradation and mobilization model component with the flow rate of water through a failed waste
package as a function of time. This information is used by the waste form degradation and
mobilization model component to calculate in-package chemical conditions and radionuclide
concentrations in waste packages. This information in turn is used as input to the EBS radionuclide
transport submodel that calculates radionuclide transport through the waste package and EBS.
Thus, following the flow of information in the TSPA model requires an expansion of the eight
principal model components compared to what is displayed on Figure 2.4-1. Table 2.4-1 maps the
outline of Section 2.3 to the eight principal TSPA model components and associated submodels
depicted on in Figure 2.4-2.

Figure 2.4-112 schematically depicts the flow of information between the TSPA model components
and submodels for the nominal scenario class. TSPA model components implemented outside of the
GoldSim model file are shown outside of the dashed border on Figure 2.4-112. The abstraction
information provided by external models is input to the GoldSim model file. Information
transferred via internally generated outputs used as downstream inputs between model components
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and submodels within the GoldSim model file is shown within the dashed border on Figure 2.4-112.
The primary output from each submodel and abstraction is denoted by a numerical index (Outputs
1 to 20) and described in Sections 2.4.2.3.2.1.1 t0 2.4.2.3.2.1.12. A more detailed representation of
information flow within the TSPA model can be found in Appendix G of Total System Performance
Assessment Model/Analysis for the License Application (SNL 2008a).

Although this section describes what type of information is passed from one submodel to another,
it only summarizes how the passed information is used in the downstream submodel. More detailed
descriptions regarding how the information is used in the submodels can be found in Section 6.3 of
Total System Performance Assessment Model/Analysis for the License Application (SNL 2008a).

2.4.2.3.2.1.1 Unsaturated Zone Flow

The first process model providing key input to the TSPA model is the three-dimensional,
dual-permeability, site-scale unsaturated zone flow model. Unsaturated zone flow in the TSPA
model refers to the percolation of groundwater through the unsaturated rocks between the land
surface and the groundwater table and includes the site-scale unsaturated zone flow, infiltration
changes, and future climates states. The unsaturated zone flow model abstraction is comprised of 16
steady-state flow fields generated by the three-dimensional site-scale unsaturated zone flow model
(SNL 2007b, Section 6.6). The sixteen flow fields consist of four flow fields representing
uncertainty for each of three climates and for deep percolation flux specified by proposed 10 CFR
63.342(c)(2) for the post-10,000 year period. The climates used in the TSPA model are the
present-day, monsoon, and glacial-transition. As described in Section 2.3.2.5.2, for the first
10,000-year period after closure (the present-day, monsoon, and glacial-transition climate states),
12 flow fields are generated using the three-dimensional, site-scale model with input parameters
based on unsaturated zone calibrated properties. These flow fields are developed from spatially
varying net infiltration maps generated for each of the three climate states (present-day, monsoon,
and glacial-transition) described in Section 2.3.1.3.3.1.2. For the post-10,000-year period, proposed
10 CFR 63.342(c)(2) specifies that the average deep percolation rate through the repository is to be
based on a log-uniform probability distribution from 13 to 64 mm/yr. The four flow fields
representing uncertainty for the post-10,000-year period are developed to spatially distribute water
flux while matching the specified average percolation rates. This is accomplished by using
infiltration maps implemented for the pre-10,000-year period and scaling the infiltration rates such
that the target values for the average infiltration rate averaged over the repository footprint matches
the selected average percolation flux rates in the repository footprint taken from the log-uniform
distribution.

Net infiltration rates at Yucca Mountain were estimated for the first 10,000 year period after closure
through studies of present and future climates and through studies of processes and parameters that
control and affect precipitation and infiltration over a range of uncertain conditions (Section 2.3.1)
(SNL 2008g). Based on these studies, a total of 12 net infiltration maps were developed. They
include four maps each for the present-day, monsoon, and glacial transition climate states. For each
of the first three climate states, the four representative uncertainty cases used in the unsaturated zone
flow model were selected from an initial set of 40 infiltration uncertainty maps. These maps were
generated using the infiltration model MASSIF (SNL 2008g, Section 6.5) described in
Section 2.3.1.3 (SNL 2008a, Section 6.3.1.2), in conjunction with Latin hypercube sampling
(2 replicates of 20 realizations each) of climate data and values of parameters that control the
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processes of precipitation and infiltration. The four representative infiltration maps for each climate
used in the development of the associated unsaturated zone flow model flow fields are the 10th,
30th, 50th, and 90th percentile realization outputs of the Latin hypercube sampling analysis. The
percentile position is based on the spatially averaged mean annual net infiltration for each
realization.

In the development of the infiltration maps, only climate, shallow soil layer, and near surface rock
information were considered. Data from the deep unsaturated zone were used to indicate which
infiltration scenario generates a flow field that best fits observed data not used in the calibration
efforts, and by doing so help derive appropriate weighting factors for sampling the uncertain flow
fields. Chloride and temperature data from the Yucca Mountain site unsaturated zone are especially
amenable for this purpose (SNL 2007b, Section 6.8.3). The final probabilities associated with these
flow fields have been determined by calibrating the flow fields to the subsurface chloride and
temperature data as described in Section 2.3.2.4.1.2.4.5. The calibration yielded probabilities of
approximately 0.6191, 0.1568, 0.1645, and 0.0596 for flow fields based on the 10th, 30th, 50th, and
90th percentile realizations of the infiltration model; thus the unsaturated zone flow fields are taken
to be representative of the 31st (0.5 * 0.6191), 70th (0.6191 + 0.5 * 0.1568), 86th (0.6191 + 0.1568
+ 0.5 * 0.1645), and 97th (0.619 + 0.157 + 0.165 + 0.5 * 0.0596) percentiles of the uncertainty in
unsaturated zone flow, and are characterized by the infiltration maps used to define the upper
boundary condition of the unsaturated zone flow model.

The unsaturated zone process model simulates three-dimensional, dual-permeability, steady-state
flow conditions, and generates 12 three-dimensional flow fields representing the 10th percentile,
30th percentile, 50th percentile, and 90th percentile infiltration boundary-condition scenarios
within three different climate states for the 10,000-year period after repository closure. Applying
the maximum climate duration from the climate analysis (BSC 2004c, Table 6-1), the three climate
states used in the TSPA model for the first 10,000 years after permanent repository closure are:
(1) present-day climate for the first 600 years after waste emplacement; (2) monsoon climate for the
600 to 2,000 years after waste emplacement; and (3) glacial-transition climate for the period 2,000
years after waste emplacement to 10,000 years after closure (SNL 2008a, Section 6.3.1.2).

As specified in proposed 10 CFR 63.342(c)(2), prescribed deep percolation rates are used to
represent flow fields for the timeframe from 10,000 years to 1,000,000 years after repository
closure. These percolation rates are specified by NRC as constant spatially averaged values for the
deep percolation rates at the repository horizon, sampled log-uniformly between 13 and 64 mm/yr.
In order to correlate the pre-10,000-year infiltration uncertainty, represented by the four infiltration
scenarios (10th, 30th, 50th, and 90th) with the NRC-specified uncertainty distribution for
post-10,000-year calculations, four additional flow fields are generated for the period after 10,000
years. To define the four additional flow fields, four target values for average percolation fluxes
through the repository footprint were chosen from the NRC prescribed distribution. For consistency
with the uncertainty associated with the four flow fields representing each of the first three climate
states, the target values were chosen based on the weighting functions, 0.6191, 0.1568, 0.1645, and
0.0596 (Section 2.3.2.4.1.2.4.5.5) derived for the first three climate states. The weighting functions
were used to define four probability bins for the post 10,000 year flow fields. The 31st, 70th, 86th
and 97th percentile values of the NRC defined log-uniform distribution of percolation fluxes (21.29,
39.52,51.05, and 61.03 mm/yr), which are the midpoints of the probability bins, were then selected
as the target values (SNL 2008a, Section 6.3.1.2). The 12 infiltration maps generated for the
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present-day, monsoon, and glacial transition climate states were used as the basis for developing
infiltration maps for the post-10,000-year period. Starting with the 12 infiltration maps, the average
infiltration through the repository footprint at the upper boundary of the unsaturated zone was
calculated for each map. The four infiltration maps, with average infiltration rates through the
repository footprint, that most closely matched chosen average target percolation rates were then
used as a basis for defining the spatial variability of the infiltration maps used to generate the four
additional flow-fields. As determined by the analysis, the infiltration rate maps that most closely
matched the four target values of the deep percolation flux for the post-10,000-year period were the
present-day 90th percentile, the 50th percentile glacial transition, the 90th percentile glacial
transition, and the 90th percentile monsoon. The four infiltration maps were then scaled so that the
average infiltration through the repository footprint would match the target wvalues
(Section 2.3.2.4.1.2.4.2). Note that the average percolation fluxes (within the repository footprint)
at the repository are very close to the average infiltration rates (within the repository footprint) at the
unsaturated zone upper boundary, which allows scaling the infiltration maps to be used to meet the
NRC criterion specified in proposed 10 CFR 63.342(c)(2). The resulting water fluxes at the ground
surface over the unsaturated zone model domain, as well as through the repository footprint for the
post-10,000-year period, are shown in Table 2.3.2-15.

The 16 flow fields and unsaturated zone hydrologic properties generated by the site-scale
unsaturated zone flow process model are used by the multiscale thermohydrologic process model
(Section 2.3.5.4.1.2.1) (SNL 2008d, Sections 6 and 8) for the development of EBS environment
thermal-hydrologic conditions and are accessed directly by the unsaturated zone transport
submodel (SNL 2008e, Sections 6 and 8). Climate change is implemented within the TSPA model
unsaturated zone calculations by assuming step changes in boundary conditions for unsaturated
zone flow and utilizing the flow field corresponding to the selected infiltration scenario and climate
state. This implementation is based on the assumption that changes in flow fields due to climate state
apply instantaneously in the multiscale thermal-hydrologic model and unsaturated zone transport
model component (SNL 2008a, Section 6.3.1.3). These unsaturated zone flow fields are used as a
boundary condition to specify the percolation flux in the multiscale thermal-hydrologic model,
consisting of liquid flux in fracture and matrix continua at the base of the PTn above the repository
horizon.

The description for output #1, discussed below, pertains to arrow #1 on Figure 2.4-112. Note that
output #1 feeds multiple submodels (i.e., both the multiscale thermal-hydrologic model and the
unsaturated zone transport model).

Output 1 (Unsaturated Zone Flow—Multiscale Thermal-Hydrologic Model and EBS
Thermal-Hydrologic Coupling)—For each infiltration scenario and climate state, the following
are outputs from the site-scale unsaturated zone flow process model (SNL 2007b). These outputs
are passed to the multiscale thermal-hydrologic model process models:

* The three-dimensional numerical grid

* The percolation flux at the base of PTn units above each subdomain location for each
infiltration scenario and climate period

» Unsaturated zone hydrologic properties.

2.4-127



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

Output 1 (Unsaturated Zone Flow—Unsaturated Zone Transport Coupling)—The 16 flow
fields generated by the site-scale unsaturated zone flow model are input to the TSPA database to
be read by the unsaturated zone transport submodel. These files contain values for fracture and
matrix liquid flux and liquid flux between fracture and matrix, along with liquid saturation, that
are accessed by the unsaturated zone transport submodel during TSPA model simulations.

For each infiltration scenario and climate state, the following output is passed to the unsaturated
zone transport model implemented within TSPA (Figure 2.4-112):

* The three-dimensional numerical grid representing the model domain
* Three three-dimensional steady-state flow fields including:

— Fracture continuum liquid flux
— Matrix continuum liquid flux
— Water table levels

* Fracture continuum liquid saturation
* Matrix continuum liquid saturation
* Liquid flux between matrix and fracture continua.

The specification and use of the 16 flow fields, numerical grid, and percolation flux ensures that the
physical phenomena, assumptions, and couplings between climate, infiltration, unsaturated zone
flow, EBS thermal-hydrologic environment, and unsaturated zone transport are consistently
implemented in the TSPA model.

2.4.2.3.2.1.2 Engineered Barrier System Thermal-Hydrologic Environment

The EBS thermal-hydrologic environment submodel implements the multiscale
thermal-hydrologic model and abstraction (SNL 2008d, Section 6.2[a] and Appendix III[a]) in the
TSPA model (SNL 2008a, Section 6.1.4.2), as shown on Figure 2.4-112. A summary of the
development of the multiscale thermal-hydrologic model abstraction can be found in
Section 2.3.5.4. The multiscale thermal-hydrologic model incorporates important design features,
such as the thermal loading strategy, repository footprint, physical layout within the drift, and the
EBS design, and materials. This model also includes integrated inputs from the climate and
infiltration models described in Section 2.3.1 and the unsaturated zone flow model described in
Section 2.3.2. The following paragraphs describe its application for the development of the EBS
thermal-hydrologic abstraction and how this abstraction is used in the TSPA model.

The EBS thermal-hydrologic environment abstraction is based on two-dimensional, drift-scale,
dual-permeability thermal-hydrologic models combined with one-, two-, and three-dimensional,
thermal-conduction-only models at the drift- and mountain-scale. The multiscale
thermal-hydrologic model combines these thermal-hydrologic and thermal-conduction-only
models in a methodology that incorporates thermal interactions between waste packages, between
waste packages and other EBS components, and between the EBS and the surrounding
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hydrogeologic environment at the repository scale, as described in Section 2.3.5.4.1. The multiscale
thermal-hydrologic model abstraction results describe heat-related responses within and among the
component parts of the emplacement drifts, including the effects of repository-scale heat transfer to
the surrounding environment.

The multiscale thermal-hydrologic model simulates two categories of waste packages
(Section 2.3.5.4): commercial SNF waste packages containing SNF from pressurized water reactors
(PWRs) or boiling water reactors (BWRs), and codisposal waste packages that contain defense
HLW and DOE SNF (SNL 2008d, Table 6.2-6[a]). Each waste fuel type has a different rate of heat
generation over time. To develop the time histories of heat generated by the waste in the repository,
the multiscale thermal-hydrologic model considers a nominal waste package sequence consisting of
six commercial SNF waste packages and two codisposal waste packages producing results for eight
distinct, local heating conditions for each repository subdomain.

The multiscale thermal-hydrologic process model accounts for the following natural and
engineered system features:

» Repository-scale variability of percolation flux
» Temporal variability of percolation flux, as influenced by climate change

* Uncertainty in percolation flux addressed by the 10th, 30th, 50th, and 90th percentile
infiltration scenarios

* Uncertainty in thermal properties of the repository host rock using mean, high, and low
values of thermal conductivity

 Variation in thermal properties between stratigraphic units in and around the repository
* Repository-scale variability of overburden thickness
» Edge cooling effect relative to the repository footprint
» Repository design features including waste packages, drip shields, invert dimensions,
invert material properties, drift spacing, waste package spacing, and duration of
preclosure ventilation
» Waste package-to-waste package variability in heat generation rate
» Time- and distance-dependent heat removal efficiency of preclosure drift ventilation.
The effects of climate change and the resulting infiltration due to precipitation are included by
changing the percolation flux boundary condition at the base of the PTn at prescribed times during
the simulations. Including the preclosure ventilation period, the climate changes implemented in the
multiscale thermal-hydrologic model are consistent with the climate changes discussed in

Section 2.4.2.3.2.1.1. A 50-year preclosure period with drift ventilation is included at the beginning
of the multiscale thermal-hydrologic model analyses and is accounted for in the input to the TSPA
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model (SNL 2008d, Sections 5.2.3 and 6.1.4, Table 4.1-1). However, because the TSPA model
analyzes postclosure performance, the TSPA model uses the abstraction results starting at the time
of closure at the end of the ventilation period in 2117 (SNL 2008a, Section 6.3.7.1.1 and
Table 6.3.7-4a). The assumption is made that the entire waste package inventory of the repository
is emplaced at the same time (in 2067, approximately 50 years after the start of waste emplacement).
The 50-year preclosure ventilation period is the minimum time that any waste package location in
the repository will experience ventilation (SNL 2008d, Section 5.2.3). Climate-induced changes to
water table elevation are not included in the thermal-hydrologic submodels of the TSPA model
because the elevation of the water table is not expected to have an impact on the computed in-drift
environments (SNL 2008d, Section 5.1.5).

The multiscale thermal-hydrologic model accounts for the epistemic uncertainty in percolation flux
and host-rock thermal conductivity on the thermal-hydrologic environment conditions, using
simulations conducted for the 10th, 30th, 50th, and 90th infiltration scenarios in combination with
the low, mean, and high values of the host-rock thermal conductivity, using the suite of 16 flow
fields described above, which represent the four climate states for each of the four infiltration
scenarios. (Note that the fourth “climate state,” which begins at 10,000 years after permanent
closure, is represented by the percolation flux distribution specified in proposed 10 CFR
63.342(c)(2) for the post-10,000 year period.). As described in Section 2.3.5.4.1, only seven of the
possible 12 combinations of percolation flux (at the base of the PTn) and host-rock thermal
conductivity are actually simulated (SNL 2008a, Sections 6.1.4.2 and 6.3.2.2). Four of the seven
cases involve the four percolation flux or infiltration scenarios combined with the mean host-rock
thermal conductivity, while an additional three cases are used in conjunction with these four mean
host-rock thermal conductivity cases to capture the impact of uncertainty in host-rock thermal
conductivity: 10th percentile infiltration scenario with low- and high-thermal conductivity, and
90th percentile infiltration scenario with high-thermal conductivity. The thermal-hydrologic data
sets associated with the remaining five of the 12 possible combinations of percolation flux and
host-rock thermal conductivity are provided to the TSPA model by using one or more of the
previously identified seven cases as surrogates. During TSPA model simulations, these five cases
use their associated values of percolation flux, but refer to one of the other seven cases for their
thermal-hydrologic data (SNL 2008d, Section 6.3.15[a]). The three analyzed thermal conductivities
were assigned probability-weighting factors of 0.29, 0.37, and 0.34 for the low, mean, and high
host-rock thermal conductivities, respectively (SNL 2008a, Section 6.3.2.2). Also, the infiltration
submodel uses weightings 0of 0.6191, 0.1568, 0.1645, and 0.0596 for the 10th, 30th, 50th, and 90th
percentile infiltration scenarios, respectively (SNL 2008a, Table 6.3.1-2). The combination of the
four probability weightings for infiltration scenario uncertainty and the three probability weightings
for host-rock thermal conductivity uncertainty are used to determine the aggregate probability
weightings for the 12 multiscale thermal-hydrologic model data sets provided as input to the TSPA
model (SNL 2008a, Table 6.3.2-3).

The multiscale thermal-hydrologic model subdivides the repository footprint into 3,264 equal area
subdomains (SNL 2008d, Section 6.2.12[a]). Each of these subdomains is equally sized in area,
81-m wide by 20-m long, where the length component is along the waste emplacement drift axis
(SNL 2008d, Section 6.2.12.1[a]). For each of the four infiltration/thermal conductivity scenarios,
the multiscale thermal-hydrologic model calculates time-dependent thermal-hydrologic variables,
temperature, and relative humidity for six representative commercial SNF waste packages, and two
representative codisposal waste packages at each subdomain location. In addition, the multiscale
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thermal-hydrologic model calculates time-dependent values for average drift-wall temperature,
duration of boiling at the drift wall, invert temperature, invert saturation, and invert liquid flux at
each of the 3,264 subdomain locations.

Before any information is passed to downstream submodels, two sets of analyses are performed. In
the first analysis, the 10th percentile, glacial-transition values of percolation flux at each of the
subdomain locations are used to group each of the locations into one of five repository percolation
subregions, based on percolation flux at the base of the PTn (SNL 2008a, Section 6.3.2.2.1). The
second analysis involves determining a single representative commercial SNF waste package and
a single representative codisposal waste package for each percolation subregion (SNL 2008a,
Section 6.3.2.2.2). Representative waste packages are selected for each percolation subregion to
represent the spatial variability in repository conditions that control radionuclide release from the
repository (SNL 2008a, Section 6.3.2.2.1). The determination of the repository subregions and the
selection of the representative waste packages are summarized as follows.

The values of percolation flux for each subdomain location were sorted in ascending order to form
a cumulative distribution function and then grouped together based on the five percolation
subregion quantile ranges of 0.0 to 0.05, 0.05 to 0.3, 0.3 to 0.7, 0.7 to 0.95, and 0.95 to 1.0 (SNL
2008a, Section 6.3.2.2.1). The multiscale thermal-hydrologic model subdomain locations and
associated thermal-hydrologic information corresponding to the percolation values in each of these
quantile groups are designated as belonging to repository percolation subregions 1 through 5,
respectively. The five repository percolation subregions are shown on Figure 2.4-113. Analyses
have shown that it is appropriate to use the subregion grouping based on the 10th-percentile
infiltration scenario, glacial-transition climate percolation conditions for all infiltration conditions
and climate states (SNL 2008a, Section 6.3.9.3).

As mentioned above, the multiscale thermal-hydrologic model abstraction produces two sets of
outputs that are indexed by fuel type and percolation subregion. One set contains the comprehensive
multiscale thermal-hydrologic model output (e.g., waste package temperature and relative
humidity, drift-wall temperature, percolation flux, and fraction of lithophysal unit) for each of eight
possible waste package/drip shield combinations at each subdomain location in each percolation
subregion for each fuel type. The waste package and drip shield degradation model component and
the drift seepage submodel each use this information. As described in Section 2.3.5.4.1.3.1, for the
comprehensive set of multiscale thermal-hydrologic model outputs, the discrete-heat-source,
drift-scale, thermal-conduction-radiation (DDT) submodel of the multiscale thermal-hydrologic
model actually calculates thermal histories for six full waste packages and two half waste packages.
The TSPA abstraction of this for waste package corrosion processes uses the temperature and
relative humidity histories from the complete set of six full and two half packages at each
subdomain location (SNL 2008a, Section 6.1.4.5).

The other set, or “representative” set, contains the waste package temperature and relative humidity;
the drift-wall temperature; and the invert temperature, relative humidity, liquid flux, and saturation
only for the “representative” commercial SNF waste package and codisposal waste package in each
percolation subregion. These representative waste packages provide the thermal-hydrologic
conditions for a representative group of waste packages in the TSPA model. For example, based on
the aforementioned quantiles, Percolation Subregion 3 represents 40% of the emplaced waste
packages, Percolation Subregions 1 and 5 represent 5% each of the emplaced waste packages, and
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Percolation Subregions 2 and 4 represent 25% each of the emplaced waste packages. Thus, of the
total of 8,213 commercial SNF packages in the TSPA model (SNL 2008a, Table 6.3.7-1), 3,285
would be in Percolation Subregion 3 and would be characterized by the associated representative
thermal-hydrologic curves from the multiscale thermal-hydrologic model abstraction. Similarly, of
the total of 3,416 codisposal packages in the TSPA model (SNL 2008a, Table 6.3.7-1), 1,366 would
be in Percolation Subregion 3 and would be characterized by the associated representative
thermal-hydrologic curves from the multiscale thermal-hydrologic model abstraction.

The representative commercial SNF waste packages and codisposal waste packages in each
percolation subregion are selected by analyzing the peak waste package temperature and duration
of boiling at the waste package for each waste package of a given type within a percolation
subregion. Each representative waste package is the one whose simulated peak waste package
temperature and drift-wall boiling period is closest to the calculated median value for peak waste
package temperature and the median boiling period duration in the selected percolation subregion,
as described in Multiscale Thermohydrologic Model (SNL 2008d, Appendix VIII[a]). After this
process is completed, temperature and relative humidity for each representative waste package and
associated drip shield, average drift-wall temperature, average invert temperature, average invert
saturation, and average invert flux are stored in a file set that is directly accessible by the TSPA
model. The data in this file set are accessed by the EBS thermal-hydrologic environment submodel
to provide representative thermal-hydrologic responses for each subregion. These
thermal-hydrologic responses serve as input to the drift wall condensation submodel, the EBS
chemical environment submodel, the EBS flow submodel, the waste form degradation and
mobilization model component, and the EBS transport submodel. For ease of presentation, the
waste package and drip shield degradation model component and the waste form degradation and
mobilization model component are shown in Figure 2.4-112 rather than the individual submodels
that comprise these model components (Table 2.4-1).

As noted in Section 2.3.2.4, the ambient percolation flux distribution above the repository horizon
is unaffected by mountain-scale repository thermal-hydrologic effects until it reaches the boiling
condensation zones surrounding the emplacement drifts. Between the base of the PTn unsaturated
zone layer and the repository horizon, ambient percolation flux is generally vertically downward
with no lateral diversion caused by layering or heterogeneity in the hydrologic units. Therefore, the
repository-scale percolation flux distribution at the repository horizon is assumed to be the same as
the percolation flux distribution between the base of the PTn and the top of the Topopah Spring
welded tuff (TSw) (SNL 2008d, Section 5.1.2).

As described in Sections 2.4.2.3.2.1.3 and 2.4.2.3.2.1.6, in addition to being discretized according
to percolation subregion, representative waste package groups in the TSPA model are further
subdivided into no-seeping and seeping environments. However, the thermal-hydrologic conditions
for each representative waste package are identical for seeping and nonseeping environments (SNL
2008a, Section 6.3.2.3[a]). The 10 representative thermal hydrologic histories applied to the waste
packages groups in the TSPA model closely matched the median history of a large group of waste
packages that, as modeled, included the effects of percolation, dry out, and rewetting of the host rock
above the repository. As such, the thermal hydrologic history is expected to be representative of a
waste package whether it is exposed to seepage or not (SNL 2008d, Section 6.2.12.1[a]).
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Following is the output from the multiscale thermal-hydrologic process model to the EBS
thermal-hydrologic environment submodel:

Output 2 (Multiscale Thermal-Hydrologic Process Model—EBS Thermal-Hydrologic
Submodel Coupling)—The following outputs are passed from the multiscale thermal-hydrologic
model described in Section 2.3.5.4 through the multiscale thermal-hydrologic model abstraction
to the EBS thermal-hydrologic environment submodel (Figure 2.4-112):

* Definition of the five repository percolation subregions
» Percolation flux at the base of the PTn

* In-drift thermal-hydrologic environment (e.g., waste package temperature and relative
humidity, drift-wall temperature for each fuel type, commercial SNF, and codisposal
waste package).

Following are the various outputs from the EBS thermal-hydrologic environment submodel to other
TSPA submodels.

Output 3 (EBS Thermal-Hydrologic—Drift Seepage and Drift-Wall Condensation
Coupling)—The following outputs are passed from the EBS thermal-hydrologic environment
submodel to the drift seepage and drift wall condensation submodel for each of the five
percolation subregions (Figure 2.4-113):

» The percolation flux at the base of the PTn for each infiltration scenario and climate state
at each subdomain location (drift seepage submodel)

» The average percolation flux at the base of the PTn for each infiltration scenario and
climate state, averaged over the percolation subregion (drift wall condensation submodel)

 The drift-wall temperature surrounding each of the eight waste packages (two codisposal
waste packages and six commercial SNF waste packages) at each subdomain location in
each percolation subregion (drift seepage submodel)

* Time-dependent temperature for the drift wall and the waste package for the
representative codisposal waste package and the representative commercial SNF waste
package, including the time that these temperatures drop to 96°C (drift wall condensation
submodel)

 The fraction of lithophysal unit at each location.

Output 4 (EBS Thermal-Hydrologic—Waste Package and Drip Shield Degradation
Coupling)—The following outputs are passed from the EBS thermal-hydrologic environment
submodel to the waste package and drip shield degradation model component, which then
calculates waste package and drip shield failures for each of the five percolation subregions. Drip
shield temperatures and relative humidities produced by the multiscale model are not needed in
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the TSPA model because degradation of the drip shield is not dependent on temperature or relative
humidity (Section 2.3.6):

» Time-dependent waste package surface temperature on each of the eight waste packages
(two codisposal waste packages and six commercial SNF waste packages) at each
subdomain location in each percolation subregion

» Time-dependent waste package surface relative humidity on each of the eight waste
packages (two codisposal waste packages and six commercial SNF waste packages) at
each subdomain location in each percolation subregion.

The following outputs are passed from the EBS thermal-hydrologic environment submodel to the
localized corrosion initiation analysis, although this arrow is not specifically shown on
Figure 2.4-112 (the model is discussed in Section 2.3.6.4 and results of the analysis are described
below in Section 2.4.2.3.2.1.5):

» Time-dependent waste package surface temperature on each of the eight waste packages
(two codisposal waste packages and six commercial SNF waste packages) at each
subdomain location in each percolation subregion

» Time-dependent waste package surface relative humidity on each of the eight waste
packages (two codisposal waste packages and six commercial SNF waste packages) at
each subdomain location in each percolation subregion.

Thermal-hydrologic conditions on the waste package and drip shield surfaces are not provided to
the EBS chemical environment submodel of the TSPA model because general corrosion, discussed
in Section 2.3.6.3.2, and stress corrosion cracking processes, discussed in Section 2.3.6.5, are not
chemistry dependent (SNL 2008a, Section 6.3.5.1.2). However, the thermal-hydrologic conditions
on the waste package and drip shield surfaces are provided to the EBS chemical environment
submodel of the TSPA localized corrosion initiation analysis. Furthermore, although the Alloy 22
localized corrosion abstraction described in Section 2.3.6.4 is part of the TSPA model, there are no
modeling cases in which the detailed results of the localized corrosion abstraction result in a dose
consequence (SNL 2008a, Section 6.3.5.2.3 and Appendix O). The only modeling case impacted by
localized corrosion is the drip shield early failure modeling case, where it is assumed that the waste
packages underneath the failed drip shields are failed by localized corrosion (Section 2.4.2.3.2.1.5).
Because the occurrence rate is so low for early drip shield failures, this assumption is conservative
but only slightly.

Output 5 (EBS Thermal-Hydrologic—EBS Chemical Environment Coupling)—The
following outputs are passed from the EBS thermal-hydrologic environment submodel to the EBS
chemical environment submodel for each of the five percolation subregions:

* Time-dependent temperature for the invert for the representative codisposal waste
package and the representative commercial SNF waste package

» Time-dependent relative humidity for the invert for the representative codisposal waste
package and the representative commercial SNF waste package
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* Time-dependent temperature for the drift wall for the representative codisposal waste
package and the representative commercial SNF waste package

» Averaged glacial-transition percolation rate for each infiltration scenario for each
percolation subregion, used to determine the residence time allotted for water-rock
interactions.

Output 6 (EBS Thermal-Hydrologic—EBS Flow Coupling)—The following outputs are
passed from the EBS thermal-hydrologic environment submodel to the EBS flow submodel for
each of the five percolation subregions:

» Time-dependent waste package surface temperature for the representative codisposal
waste package and the representative commercial SNF waste package

» Time-dependent invert temperature for the representative codisposal waste package and
the representative commercial SNF waste package

» Time-dependent liquid flux for the representative codisposal waste package and the
representative commercial SNF waste package.

Output 7 (EBS Thermal-Hydrologic Environment—Waste Form Degradation and
Mobilization Coupling)—The following outputs are passed from the EBS thermal-hydrologic
environment submodel to the waste form degradation and mobilization model component for each
of the five percolation subregions:

» Time-dependent waste package surface temperature for the representative codisposal
waste package and the representative commercial SNF waste package

» Time-dependent waste package surface relative humidity for the representative
codisposal waste package and the representative commercial SNF waste package.

Output 8 (EBS Thermal-Hydrologic—EBS Transport Coupling)—The following outputs are
passed from the EBS thermal-hydrologic environment submodel to the EBS transport submodel
for each of the five percolation subregions:

» Time-dependent waste package surface temperature for the representative codisposal
waste package and the representative commercial SNF waste package

* Time-dependent waste package surface relative humidity for the representative
codisposal waste package and the representative commercial SNF waste package

» Time-dependent temperature in the invert for the representative codisposal waste package
and the representative commercial SNF waste package

» Time-dependent saturation in the invert for the representative codisposal waste package
and the representative commercial SNF waste package.
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The specification and use of the time-dependent output of the EBS thermal-hydrologic submodel,
described in the preceding section, ensures that the important heat-driven physical phenomena
(e.g., temperature, relative humidity, and saturation) and thermal couplings between drift seepage
and condensation, waste package and drip shield degradation, the EBS chemical environment, EBS
flow, waste form degradation and mobilization, and EBS transport are consistently implemented in
the TSPA model.

24.23.2.1.3 Drift Seepage and Drift-Wall Condensation

This section describes the information transfer from the drift seepage and drift wall condensation
submodels. Drift seepage model development is described in Section 2.3.3 and incorporates
relevant information from the climate and infiltration described in Section 2.3.1 and unsaturated
zone flow described in Section 2.3.2. Drift wall condensation model development is described in
Section 2.3.5.4.2.

Water contacting drip shields and waste packages is expected to originate from two sources:
(1) seepage of groundwater from the unsaturated zone above the repository into the emplacement
drifts (SNL 2007g, Section 1); and (2) water-vapor condensate dripping from the walls of the drifts
(SNL 20071, Sections 6.3, 8.3, 6[a], and 8§[a]). Percolation flux at the base of the PTn is used as the
source of water for drift seepage and drift-wall condensation. The TSPA model calculates drift
seepage and drift-wall condensation flow rates using the drift seepage submodel and the drift wall
condensation submodel, respectively. These two flow rates are combined in the EBS flow submodel
(Section 2.4.2.3.2.1.6) to yield a total dripping rate.

Drift Seepage—Drift seepage refers to the flow of liquid water from the unsaturated zone above
the repository into waste emplacement drifts. The drift seepage submodel calculates two
quantities: (1) the fraction of waste package locations that experience seepage; and (2) the average
seepage flow rate for waste package locations that have seepage. The calculations are performed
for each fuel type in each percolation flux subregion.

As indicated in Figure 2.4-112, water seepage into emplacement drifts on the scale of a waste
package is a process that is modeled outside of the TSPA model, and the results are then abstracted
(SNL 2007g) for use in the TSPA model simulations (Sections 2.3.3.2.4,2.3.3.3.4,and 2.3.3.4). The
abstracted results are based on drift-seepage simulations conducted for ambient (BSC 2004d) and
thermal periods (BSC 2005c).

The drift seepage abstraction calculations differ for significantly degraded drifts in nonlithophysal
units and collapsed drifts in lithophysal units versus intact or moderately degraded drifts in
nonlithophysal or lithophysal units (Sections 2.3.3.2.3.4.2, 2.3.3.2.4.2.2, and 2.3.3.3.4). Note that
seepage flux is impacted in nonlithophysal zones when a significant level of degradation is attained.
This level is defined by a rockfall volume of 0.5 m?® per meter of waste package length, well below
the level of rockfall used to define partial (between 5 and 60 m> per meter) or full drift collapse
(60 m? per meter or greater) in a lithophysal zone. In the nominal scenario class (and in any
modeling case prior to drift collapse), moderate drift degradation is assumed, rather than drift
collapse, in both lithophysal and nonlithophysal units. This degradation effect is included by
increasing the predicted seepage rates for intact drifts by 20% (SNL 2007g, Section 6.7.1.2).
However, in the seismic scenario class (Section 2.4.2.3.2.1.12.3), drift collapse eventually occurs in
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lithophysal units and degradation significant enough to affect the seepage process also occurs in
nonlithophysal units. For the seismic ground motion modeling case (Section 2.3.4), partial collapse
is considered in the lithophysal units, by comparing the cumulative rubble volume generated by
seismic events to a lower and an upper threshold (5 and 60 m?® per meter, respectively) to determine
whether to (1) use the intact drift seepage abstraction, (2) interpolate between intact drift seepage
abstraction and collapsed drift seepage abstraction, or (3) use the collapsed drift seepage abstraction
(Section 2.3.3) (SNL 2007g, Section 6.2.2[a]). In the nonlithophysal units, once a significant degree
of drift degradation has occurred, the intact drift seepage abstraction is no longer appropriate. The
cumulative rubble volume generated by seismic events is compared to a threshold rubble volume
(0.5 m? per meter of waste package length) to determine whether (1) the intact drift seepage
abstraction is used or (2) the local percolation flux is used (SNL 2007g, Sections 6.2.3[a]). For the
seismic fault displacement modeling case, drift collapse is assumed to occur at the time of the event
(SNL 2008a, Section 6.6.1.3.9). Drift collapse is not considered for the igneous scenario class, since
the drifts are filled with basalt by the intrusive event (Section 2.3.3.2.1.2).

Analyses performed with the thermal-hydrologic seepage process model for intact drifts have
shown that thermal seepage (seepage that is influenced by heat generated by the waste package
(Sections 2.3.3.3.1 and 2.3.3.3.4)) will always be less than ambient seepage and that thermal
seepage never occurs when water boils in the rock close to the emplacement drifts (BSC 2005c,
Section 6.2.4). The intact drift seepage abstraction sets the thermal seepage equal to zero during the
period of above-boiling temperatures at the drift wall. The threshold temperature that defines when
seepage can occur is set to 100°C (SNL 2007g, Sections 6.5.2.2 and 6.7.1.2). After the temperature
falls below 100°C, thermal seepage is set equal to the estimated ambient seepage. For collapsed or
significantly degraded drifts, the thermal seepage abstraction sets the seepage equal to the estimated
ambient seepage at all times in the postclosure period (Section 2.3.3.3.4). This is based on the
results of analyses that found that with the expanded drift opening, the rock temperature at the crown
is almost always below 100°C (SNL 2007g, Section 6.4.3.4). Thus there is no vaporization barrier
in the intact rock to prevent water flow into a rubble-filled drift (SNL 2007g, Section 6.5.3).
Waste-package and drift-wall temperature histories, as well as times when boiling ceases at the drift
wall, are discussed in Section 2.3.5.4.1.3.2.

For the igneous intrusion modeling case (Section 2.4.2.3.2.1.12.2), flow diversion associated with
capillary effects is not considered (Section 2.3.3.2.4.2), and the abstraction sets the seepage rate
equal to the local percolation rate at the base of the PTn multiplied by the footprint area of the
considered drift segment (waste package length of 5.1 m times the 5.5-m width of an intact drift
(SNL 2008a, Section 6.5.1.1)). This abstraction is applied from the time at which the igneous event
occurs.

The drift seepage submodel implements the drift seepage abstraction (SNL 2007g, Section 6.7.1) to
determine the fraction of waste packages that are expected to experience seepage and the average
seepage rate (m>/yr per waste package) onto those waste packages that experience seepage (SNL
2008a, Section 6.3.3.1). The results of the drift seepage submodel seepage rate calculations
(seepage rate versus time) are passed within the TSPA model in the form of 10 one-dimensional
tables, one table for each waste package type (i.e., commercial SNF and codisposal) in each
percolation subregion (SNL 2008a, Section 6.3.3.1.3). As indicated below, the EBS flow submodel
uses the results for determining seepage rate and the fraction of waste packages that experiences
seepage. The drift seepage submodel also calculates the fraction of each percolation subregion that
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is in nonlithophysal rock. The drift wall condensation submodel uses these results since drift
collapse occurs at a different rate in lithophysal and nonlithophysal rock and condensation is
assumed not to occur in collapsed drift regions.

The simulated drift-seepage flux is calculated within the TSPA model for the ambient and thermal
periods for a range of representative percolation flux rates, and for ranges of fracture permeability
log(k) and fracture capillary-strength parameter (1/ct) values for intact and collapsed drifts (SNL
2008a, Section 6.3.3.1.2). The drift-seepage analysis performed external to the TSPA model
provides two response surfaces: (1) mean seepage flux into the drift as a function of long-term
percolation flux, &, and 1/c; and (2) the standard deviation of seepage flux into the drift as a function
of long-term percolation flux, log(k), and 1/a.

The drift seepage submodel and associated software implements spatial variability distributions for
k and 1/0. and the flow focusing factor (f;) for the percolation flux, as well as epistemic uncertainty
distributions for the seepage uncertainty factors, Alog(k) and Al/a as described in the drift seepage
abstraction (SNL 2007g, Section 6.7.1.1). The following steps are completed at each of the 3,264
multiscale thermal-hydrologic model subdomain locations for each of the six representative
commercial SNF waste packages and models two representative codisposal waste packages
(Figure 2.3.3-43). The spatial variability distributions are evaluated for log(k), 1/a, and f; at each
location. The log(k) and 1/a values are adjusted by adding to them the uncertainty factors Alog(k)
and Al/a, sampled from the uncertainty distributions for each realization. For each location, the
percolation flux at the base of the PTn, adjusted for climate changes and the sampled infiltration
scenario, is provided by the EBS thermal-hydrologic environment submodel. These percolation
flux values are then multiplied by the f;to yield values of the adjusted percolation flux. The adjusted
log(k) and 1/a values, along with the adjusted percolation flux at each location, are used to evaluate
the response functions for ambient mean seepage and the standard deviation of ambient seepage.
These two quantities are used to form a uniform distribution for ambient seepage that ranges
between mean seepage —1.7321 standard deviations and mean seepage +1.7321 standard deviations
(SNL 2007g, Section 6.5.1.3). This distribution is sampled to yield the ambient seepage for each
waste package at each location (Sections 2.3.3.2.3.6.4 and 2.3.3.2.4.3).

As noted above, the thermal seepage condition at each waste package location is used to modify the
calculated ambient seepage (e.g., for an intact or moderately degraded drift there is no seepage when
the drift-wall temperature is greater than 100°C, otherwise there is ambient seepage). This process
is completed for each of the 3,264 multiscale thermal-hydrologic model subdomain locations. This
results in a calculated drift-seepage flux for every waste package at every subdomain location for
the given infiltration scenario and climate state. Then, for each fuel type in each percolation
subregion, the average seepage flow rate for waste package locations with seepage is calculated,
along with the fraction of waste package locations that have seepage. The coupling between the EBS
thermal-hydrologic environment and the drift seepage model in this manner ensures that important
design features such as the thermal loading strategy are incorporated into the TSPA implementation
of drift seepage.

Drift-Wall Condensation—As described in Section 2.3.5.5.4.2, there is a potential for water
vapor in the emplacement drift atmosphere to condense on cooler portions of the drift walls. The
rate of condensation at a location on the drift wall depends on the availability of water at that
location. The rate at which water is available generally increases with an increase in percolation
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flux, increasing water transport through the invert, and decreasing axial dispersion within the
drifts (SNL 2007f, Section 8.3.1.1). The TSPA drift wall condensation submodel calculates the
fraction of waste package locations dripped on by drift-wall condensate and the average rate of
condensation in each percolation subregion for each waste package type. These quantities are
determined from two correlations: (1) a correlation for average condensation rate versus average
percolation flux; and (2) a correlation for the fraction of waste package locations dripped on by
drift-wall condensate versus average percolation flux. The average percolation flux for each
repository percolation subregion is calculated by averaging the percolation fluxes at the base of
the PTn at each subdomain location in that subregion using the comprehensive multiscale
thermal-hydrologic model abstraction data (Section 2.3.5.4.1). The impact on drift-wall
condensation of epistemic uncertainty in drip shield ventilation and axial dispersion is accounted
for by selecting between four cases with an equal probability: (1) ventilated drip shield-low axial
dispersion; (2) ventilated drip shield-high axial dispersion; (3) unventilated drip shield-low axial
dispersion; and (4) unventilated drip shield-high axial dispersion (Section 2.3.5.4.2.3.1) (SNL
20071, Section 6.1.2[a]). Drip shield ventilation permits gas exchange through the joints in the
drip shield and the equilibration of water vapor partial pressure on both sides of the drip shield.
Axial dispersion may occur whether evaporation occurs at the invert surface or at the bottom of
the invert. For each TSPA model realization, one of these four drift-wall condensation cases is
sampled as an epistemic uncertainty, and the average rate of condensation and fraction of waste
package locations that are dripped on by drift-wall condensate is calculated for each percolation
subregion and waste package type (SNL 2008a, Section 6.1.4.3). The average rate of condensation
dripping from drift walls is combined with drift seepage to increase the dripping flow rate through
the EBS in each percolation subregion for each fuel type in the seeping environments (see below),
based on the seepage fraction and the condensation fraction. For waste packages in a nonseeping
environment, drift wall condensation does contribute to the dripping flow rate through the EBS
(SNL 2008a, Section 6.3.6.3).

Three stages are defined for drift-wall condensation. Stage 1 occurs when the temperature of all the
emplacement drifts is above the boiling point of water and no condensation occurs. Stage 2 begins
when the temperature of the first emplacement drift drops below boiling. During Stage 2, all drifts
in which codisposal waste packages are located exhibit condensation, but because SNF waste
packages are hotter than codisposal waste packages, no condensation will exist in drifts in which
SNF waste packages are located. Stage 3 begins when the temperature of the last waste package in
a percolation subregion drops below boiling. During Stage 3, up to about 2,000 years after closure,
the regression fits of condensation rate and condensation probability in an emplacement drift versus
average percolation rate in the drift (SNL 2008a, Section 6.3.3.2.2) are used to calculate drift-wall
condensation. The regression response surface for probability of condensation in a drift is equated
to the fraction of waste package locations that have condensation in a percolation subregion by
using average percolation rate in a subregion as input to the condensation response surface. The drift
wall condensation model predicts no significant rate of condensation after 2,000 years (SNL 2008a,
Section 6.3.3.2.2; SNL 2007f, Section 8.1[a]).

As described for FEP 2.1.08.14.0A, Condensation on underside of drip shield (Table 2.2-1) (SNL
2008c¢, Section 6), has been excluded, based on low consequence.

As described in Section 2.4.2.3.2.1.6, the EBS flow submodel treats waste packages with seepage
separately from waste packages with no seepage. For each percolation subregion and each fuel type
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(commercial SNF or codisposal), the TSPA model includes two dripping environments, which are
based on the above inputs from the drift seepage and drift-wall condensation submodels: (1) the
seeping environment, which includes dripping above the waste package from drift seepage and
could also include drift-wall condensation; and (2) the nonseeping environment, which includes the
waste packages that are not exposed to drift seepage, but are possibly exposed to drift-wall
condensation. This has the effect that during Stage 2 every codisposal waste package receives the
full condensation flux, regardless of whether it is in a seeping or nonseeping environment (SNL
2008a, Section 6.3.3.2.2). As mentioned, inputs to the EBS flow submodel include the drift-seepage
rate and the drift-wall condensation rate, as well as the fraction of waste package locations exposed
to drift-seepage and the fraction of waste package locations exposed to drift-wall condensation.

Output 9 (Drift Seepage and Drift Wall Condensation—EBS Flow Coupling)—The following
outputs are passed from the drift seepage and the drift wall condensation submodels to the EBS
flow submodel, for each percolation subregion (Section 2.1.2.1.6):

+ Time-dependent drift-seepage rate for the representative codisposal and commercial SNF
waste package locations

* The fraction of codisposal and commercial SNF waste package locations in seeping
environments

» The average time-dependent condensation rate for the representative codisposal and
representative commercial SNF waste package locations

» The fraction of codisposal and commercial SNF waste package locations in condensate
environments.

Figure 2.1-5 illustrates the repository average seepage rates calculated by the drift seepage
submodel (Section 2.1.2.1.6). The fraction of waste packages in a seeping environment in the TSPA
model is fixed for the simulation time and is a function of whether or not each waste package
location experienced seepage at any time during the modeled duration (SNL 2008a,
Section 6.3.3.1.3). Thus, there will be a different fraction of waste packages in the seeping
environments in the GoldSim model file for the 10,000-year simulations compared to the
1,000,000-year simulations.

24.2.3.2.14 Engineered Barrier System Chemical Environment

As described in Section 2.3.5, the in-drift chemical environment is a function of the initial
pore-water chemistry of the host rock, the thermal chemistry evolution in the rock (described in
Section 2.3.5.3), thermal-hydrologic evolution in the rock and emplacement drift (described in
Section 2.3.5.4), and the thermal chemistry evolution in the emplacement drift (described in
Section 2.3.5.5). It also includes integration of the results of seepage and condensation in the
emplacement drifts described in Sections 2.3.3 and 2.3.5.4, respectively.

The time-dependent evolution of the chemical-environment variables, pH and ionic strength, in the
emplacement drift invert is determined by the time-dependent composition of water and gas
entering the emplacement drift and how these water and gas compositions evolve as the water
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evaporates under the prevailing thermal-hydrologic conditions within the invert. Time histories of
seepage water and gas compositions are computed in the TSPA model in each percolation subregion
based on the EBS physical and chemical environment abstraction response surfaces (SNL 20071),
as described in Sections 2.3.5.3.4 and 2.3.5.5.4, using temperature and percolation flux inputs from
the EBS thermal-hydrologic environmental submodel. To model the effects of the time-varying
EBS chemical environment on radionuclide releases in the TSPA model, the representative
commercial SNF and codisposal waste packages are used, as introduced in Section 2.4.2.3.2.1.2.

The near field chemistry model and seepage dilution/evaporation abstractions (Sections 2.3.5.3 and
2.3.5.5) described in the EBS physical and chemical environment abstraction (SNL 20071) are
implemented by the EBS chemical environment submodel. The EBS chemical environment
submodel quantifies P, in the drift and invert; pH and ionic strength in the invert water; and pH,
[CI7], and [NO;7] in the crown seepage water. Various physical and chemical processes in the waste
packages and geochemical processes in the invert depend on the output from the EBS chemical
environment submodel. The P, inside the waste packages influences the degradation of the waste
forms and the solubility of the radionuclides inside failed waste packages. The P, in the invert
influences the solubility of the radionuclides in the invert. Brines that form by evaporative
concentration from seepage, which enters the invert by dripping or by imbibition, can influence
radionuclide mobility (i.e., radionuclide solubility and colloid stability) in the invert. The ionic
strength of water in the invert will control the stability of colloidal suspensions transporting sorbed
radionuclides and could also influence the solubility of radionuclides in the invert. The pH, [CI7],
and [NO;~] of the crown seepage water dripping onto a waste package are parameters used to assess
the initiation of localized corrosion of the waste-package outer shell (Section 2.4.2.3.2.1.5).

The EBS chemical environment submodel, as implemented in the TSPA model and the localized
corrosion initiation analysis, simulates the aforementioned temporal changes of Pq,, pH, ionic
strength, [C17], and [NO;~] by using response surfaces in the form of chemical composition lookup
tables (SNL 20071, Section 6.15). P, 1s used as an input to the dissolved concentration limits
submodel and the in-package chemistry submodel, as applied to the interior of a failed waste
package. Pcq,, pH, and ionic strength are used as inputs to the dissolved concentration limits
submodel and the EBS colloids submodel, as applied in the invert. The pH, [CI7], and [NO;™] are
used as inputs to the localized corrosion initiation analysis to assess the potential to initiate localized
corrosion on the waste package outer shell (Section 2.4.2.3.2.1.5). The algorithm for P.q,
calculates the P, as a function of time and incoming seepage water composition. The response
surfaces for pH, ionic strength, [Cl7], and [NO;7] are functions of incoming seepage water
composition, temperature, relative humidity, and Pq,. The EBS thermal-hydrologic environment
submodel provides the comprehensive time histories of waste package temperature and relative
humidity to the EBS chemical environment submodel crown seepage chemistry calculations, and
provides the representative waste package time histories to the EBS chemical environment
submodel invert chemistry calculations. Although the EBS chemical environment submodel
provides P, in the drift to the in-package chemistry submodel, it does not provide aqueous
composition variables because it has been shown (SNL 2007h, Section 6.6.2[a]) that the chemistry
inside a failed waste package is insensitive to incoming water composition.

The analyses of the evolution of the chemical environment in the EBS (SNL 2007i) included
evaluations of likely changes to the compositions of gas, water, and solids within the emplacement

2.4-141



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

drifts under repository conditions. The following influences were evaluated for their potential to
cause compositional changes in water in the EBS:

» The compositions of water and gas that enter the drifts from the host rock

* Changing thermal conditions in the drifts

» The interactions of seepage water and gas with introduced engineered materials
» The compositions of evaporating or condensing waters within the drifts.

The overall conceptual model follows a packet of host-rock water as it migrates toward the
emplacement drifts. As infiltrating water moves downward toward the repository, it moves through
a thermal gradient. The thermal gradient extends from the land surface to the repository level, and
changes through time as the repository drifts cool. The thermal gradient is calculated by summing
contributions from the natural geothermal gradient and the heat generated by radioactive decay in
the drifts (SNL 20071, Section 6.3.2.4.3). The water interacts with minerals in the rock, maintaining
equilibrium with calcite and amorphous silica, present in excess, and dissolving alkali feldspar,
while precipitating out one or more secondary phases. The rate of feldspar dissolution is a function
of the temperature at any location along the percolation path, and is calculated using a
temperature-dependent dissolution rate. The dissolution rate is estimated for ambient conditions
from the degree of alteration that the tuff has undergone since it erupted 12.8 million years ago, and
is adjusted for temperature using literature data for the activation energy for feldspar dissolution
(SNL 20071, Section 6.3.2.1).

As seepage waters enter drifts, either by dripping from the drift crown or by imbibition into the
invert, their chemical compositions will change in response to changes in the relative humidity in
the drifts (SNL 2008a, Section 6.3.4.1). Throughout the thermal period of the repository (depending
on the relative humidity in the drifts), evaporative concentration and associated mineral
precipitation can occur in the drifts. After the thermal period, when relative humidities are high,
dilution by adsorption of water vapor can occur (SNL 20071, Section 6.3.3). Evaporation increases
aqueous species concentrations, mineral precipitation, and the concentration of the most soluble
components in brines. In accordance with the geochemical divide principle, the composition of the
seepage water changes according to the sequence of minerals that precipitate from that solution as
a function of initial water composition, thermal conditions, relative humidity, and gas composition
where the evaporation occurs (SNL 20071, Section 6.3.3.1).

The following major processes are represented by the EBS chemical environment submodel in the
TSPA (SNL 2008a, Section 6.3.4.2):

» Temporal evolution of incoming seepage water composition, where seepage includes
dripping from the drift crown and imbibition from the host-rock matrix into the invert

+ Changing P, in the drifts and the invert

» Evaporative evolution/dilution of seepage water that contacts the drip shield and waste
package and percolates through the invert.

Evolution of Incoming Seepage Composition—The EBS physical and chemical environment
abstraction defines a range of four possible starting waters as representative of the potential range
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of the Topopah Spring Tuff pore water compositions (SNL 20071, Sections 4.1.1 and 6.6). The
four input waters (Groups 1 through 4) were chosen statistically to represent the variability in 34
measured TSw water compositions upon evaporation and, as such, span the natural variability of
pore-water compositions in repository units. The uncertainty in the starting water composition is
represented by randomly selecting one of the four water types for each realization, with equal
probability weighting for each starting water type (SNL 2008a, Section 6.3.4.2). As the ambient or
“starting” water percolates from the surface, it interacts with the rock. Interactions with the host
rock modify the water composition. These compositional changes due to water-rock interactions
are strongly affected by the waste-induced thermal field that develops in the TSw above the
repository. Ultimately, this compositionally altered water is what enters the drift and affects the
chemical conditions in the drift. The degree of alteration is determined by the amount of
water-rock interaction, quantified by the parameter called the water-rock interaction parameter.
The water-rock interaction parameter is affected by the percolation rate through the rock and the
temperature field through which the water passes. Ambient conditions are characterized as having
zero water-rock interaction, relative to the starting water composition. The model follows a packet
of water from the surface as it passes through the time-dependent thermal field to the repository,
taking into account the climate changes that change percolation flux and the velocity of the water.

The EBS physical and chemical environment abstraction defines the water-rock interaction
parameter as a time-dependent function of the glacial transition percolation flux and the thermal
measure (Section 2.3.5.3.4). The thermal measure is defined as the sum of peak waste package
temperature (in °C) and the duration of boiling (in years). This is a heuristic parameter because it is
expressed in mixed dimensional units. However, the summed value captures the effects of
variations in the thermal history of a given waste package due to location in the repository, assumed
rock properties (e.g., thermal conductivity), and waste package specific heat generation rates.
Therefore, it provides a useful metric for discriminating between thermal histories at different
repository locations. The percolation rate also can influence the thermal measure of the waste
package because high percolation tends to cool the repository more quickly. The glacial transition
flux is used as an indicator of how fast the water moves through the thermal field, because the glacial
transition climate period represents the majority of the first 10,000 years after repository closure and
because the maximum dose during the first 10,000 years occurs during the glacial transition climate.
The thermal measure and glacial transition percolation flux has been extracted from the multiscale
thermal-hydrologic model results for the representative waste packages used in TSPA. Once the
thermal measure and glacial transition flux is specified, the time-dependent value of the water-rock
interaction parameter, which has been parametrically evaluated for different thermal measures and
different percolation fluxes, can be found from the water-rock interaction parameter lookup table
(Section 2.3.5.3.4).

P, as a Function of Time—The time history of P, in the drift is the result of competing
processes such as degassing, precipitation, and diffusion and advection of gas in the fractures
(SNL 2008a, Section 6.3.4.2). The minimum potential P, time history is calculated from the
bounding case of high gas flow through fractures. The maximum potential P, time history could
occur if the drift were a completely closed system and the water moved down through the
temperature field without degassing. These two bounding cases provide the range of Pq,. TSPA
uses a uniform stochastic variable to interpolate between the upper and lower bound P, time
histories in each realization (SNL 20071, Section 6.15.1). The actual P, in the drift is calculated
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by scaling between ambient (0.001 bars) and the minimum or maximum, using the sampled value
from the uniform distribution.

Evaporative Evolution of Seepage at the Drift Crown and in the Invert—Equilibrium
compositions of aqueous solutions and mineral precipitates that could form from seepage water
within the emplacement drifts are calculated by the in-drift precipitates/salts process model (SNL
2007j). Calculations of water compositions at chemical equilibrium were performed using the
geochemical equilibrium code, EQ3/6 Version 8.0, and a Pitzer thermodynamic database developed
specifically for that purpose. The in-drift precipitates/salts process model simulates the evolution of
water in the drifts as it evaporates from its initial composition into concentrated brine. The
abstractions developed for the EBS physical and chemical environment apply the in-drift
precipitates/salts process model to potential seepage water compositions, representing the four
starting waters, modified by differing degrees of water-rock interaction. As discussed in
Section 2.3.5.5.4.2.1, the abstraction for evaporative evolution of seepage water consists of lookup
tables generated with the precipitates/salts model that provide tabulated values of pH, ionic
strength, [CI7], and [NO;™] for each of the four starting waters at discrete in-drift values of the
water-rock interaction parameter, relative humidity, in-drift Pg,, and temperature (SNL 2008a,
Section 6.3.4.2).

Within the TSPA model, the EBS chemical environment submodel evaluates the EBS physical and
chemical environment abstraction to determine the chemistry of seepage water at two different
locations in a drift. One location of water is seepage water dripping from the drift crown and
potentially contacting the waste package, and the second location of water is the invert water that
originated as water dripping from the drift crown or imbibing from the host rock. Seepage water
dripping from the drift crown could flow onto the drip shields and, in the event of a failed drip shield,
subsequently contact waste package surfaces. Water dripping from the drift crown can reach the
invert either directly, or by first contacting the drip shields and/or waste packages before it reaches
the invert. The actual water chemistry on the waste package surface, inside the waste package, and
in the invert is determined by the scenario class, the seeping or nonseeping environment, whether
or not the waste package and/or drip shield is intact, and whether or not drift wall condensation
occurs (SNL 20071, Table 6.15-1; SNL 2008a, Table 6.3.4-4).

Model Uncertainties—There are four major types of uncertainty in the TSPA submodel
associated with the EBS chemical environment: (1) uncertainty in the initial host-rock water
composition (i.e., the four possible initial water compositions mentioned above); (2) uncertainty
in the water-rock interaction parameter, which is associated with uncertainties in the feldspar
dissolution rate; (3) uncertainty in the time evolution of carbon-dioxide partial pressure in the
drift; and (4) uncertainties in the aqueous composition variables that control solubility and
corrosion potential within the drift (i.e., pH, ionic strength, chloride concentration, and nitrate
concentration). Multiple sources of uncertainty underlay some of these, such as the water-rock
interaction parameter, which is dependent on mineral abundances, water-rock ratio, dissolution
rates, and flow velocity (SNL 20071, Section 6.12).

Chemistry of the Invert Water—The first step in determining values of pH and ionic strength in
the invert water is determining the in-drift P, (Section 2.3.5.3.4). The P, 1s a function of the
temperature, the amount of water-rock interaction, and the starting water composition. Once the
Pco, 1s determined, the chemical compositions (i.e., pH and ionic strength) are found in the
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lookup tables as a function of water-rock interaction, P,, temperature, and relative humidity. In
each realization, one of the four water types of incoming water composition is randomly sampled,
and this water type is implemented for each representative waste package in each repository
percolation subregion.

Consider a codisposal waste package in a nonseeping environment in a repository percolation
subregion. For each realization, the TSPA model determines the pH and ionic strength in the invert
water for that waste package at any point in time during the postclosure period, as follows. First, the
average invert temperature volume-averaged over the invert at time, ¢, is determined from the
multiscale thermal-hydrologic model time histories of temperature that correspond to that
representative waste package. Then, the relative humidity of the invert is calculated using the
material and the two-phase hydrologic properties of the invert, the properties of water, and relative
humidity caps as described in the multi-scale process model (SNL 2008d, Appendix XV). The
appropriate P, at time, ¢, is calculated as a function of the water-rock interaction and the waste
package temperature. To determine pH and ionic strength in the invert water at time, ¢, the set of
chemical composition lookup tables corresponding to the starting water and the degree of
water-rock interaction are accessed, and the values of temperature, relative humidity, and P, are
used to interpolate between tabulated values to determine the corresponding pH and ionic strength.
The pH and ionic strength are adjusted for epistemic uncertainty and variability by sampling
uncertainty distributions for each parameter once per realization (SNL 2008a, Section 6.1.4.4). This
procedure is performed for each percolation subregion (although the epistemic uncertainties are
common to all percolation subregions).

Chemistry of the Seepage Water—The EBS chemical environment submodel also uses the
same chemical composition lookup tables to determine abstracted values of time-dependent pH,
chloride and nitrate concentrations, and chloride-to-nitrate ratios for seepage water entering the
drift and contacting the drip shield and waste package. These abstracted variables are used to
assess the potential for localized corrosion initiation on the waste package outer surface. This
application of the EBS chemical environment submodel is implemented in the ancillary localized
corrosion initiation analysis for the TSPA, as summarized in the next section, rather than directly
in the main TSPA model (SNL 2008a, Appendix O). However, the output files from the localized
corrosion initiation analysis, which are time histories of the waste-package failure fraction due to
localized corrosion calculated using the chemistry of the seepage water, are read directly by the
TSPA model (SNL 2008a, Section 6.3.5.2).

Output 10 (EBS Chemical Environment—Waste Form Degradation and Mobilization
Coupling)—The following outputs are passed from the EBS chemical environment submodel to
the waste form degradation and mobilization model component for each percolation subregion
and each representative waste package (commercial SNF and codisposal) in seeping and
nonseeping environments:

* The time-dependent pH in the invert radionuclide solubility calculated using the
dissolved concentration limits submodel are applied in the invert by the EBS transport
submodel
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» The time-dependent ionic strength in the invert radionuclide solubility calculated using
the dissolved concentration limits submodel are applied in the invert by the EBS transport
submodel

» The time-dependent P.n, in the drift (provided to the waste form degradation and
mobilization model component; radionuclide solubility calculated using the dissolved
concentration limits submodel are applied in the invert by the EBS transport submodel).

2.4.2.3.2.1.5 Waste Package and Drip Shield Degradation

The abstraction models associated with the performance of waste packages and drip shields are
discussed in Section 2.3.6. The two primary design functions of the drip shields are to prevent
seepage and condensate water from dripping directly on the waste packages and to provide
protection from rockfall damage to the waste packages. The two primary design functions of the
waste packages are to isolate the waste from the repository environment and, after waste package
failure, to limit and delay the release of radionuclides to the EBS. Excluding the consequences of
disruptive events, the TSPA submodel for waste package degradation includes five degradation
modes: general corrosion, microbially influenced corrosion, stress corrosion cracking, localized
corrosion, and early failure (Section 2.3.6). However, the TSPA only includes general corrosion and
early failure of the drip shield, since other drip shield degradation modes have been determined to
be insignificant to the performance of the repository (Section 2.2). Early failure of the waste
package and drip shield is discussed in Section 2.4.2.3.2.1.12.1.

The relationships between the waste package and drip shield degradation model component and
other TSPA model components and submodels are illustrated on Figure 2.4-112. The primary
submodel supplying input to the waste package and drip shield degradation model component is the
EBS thermal-hydrologic environment submodel (Section 2.4.2.3.2.1.2), which provides exposure
conditions (i.e., temperature and relative humidity) on waste package outer surfaces. Output from
the waste package and drip shield degradation model component is provided to the waste form
degradation and mobilization model component and the EBS flow and EBS transport submodels in
the form of time-dependent tabulations of the fraction of waste packages and drip shields failed and
the average breached area per failed waste package and drip shield.

TSPA model implementation of localized corrosion is accomplished by exercising several
interfaced TSPA model components and submodels in combination with the localized corrosion
initiation abstraction in a probabilistic framework external to the TSPA model. A stand-alone
analysis is used to compute time-dependent brine chemical composition and corrosion potential on
waste package outer surfaces. Outputs of the stand-alone localized corrosion initiation uncertainty
analysis are the fraction of locations in the repository that have the potential for localized corrosion
initiation on the waste package (SNL 2008a, Figure O-2). These results are used to justify not
incorporating the localized corrosion initiation analysis directly in the TSPA dose calculations (SNL
2008a, Section 6.3.5.2), as discussed below.

Titanium alloy drip shields will be installed over the waste packages just prior to repository closure
(Section 1.3.4.7.2). As long as they remain substantially intact, the drip shields will divert water that
seeps into the drift away from the waste packages and preclude damage to waste packages resulting
from rockfall. Because titanium alloys are highly corrosion resistant, drip shield failure will not

2.4-146



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

occur under nominal conditions until approximately 230,000 years postclosure (SNL 2008a,
Section 6.3.5.1.3). However, when subject to seismic ground motion and the resulting rockfall, drip
shields can fail as early as about 25,000 years (Figure 2.1-11a).

Waste packages will prevent contact between water and waste as long as they are not breached, and
will limit water flow and radionuclide migration even after the waste packages are breached (SNL
2008a, Section 6.3.5.1). The waste packages have a dual-metal design consisting of an inner vessel
and a waste package outer barrier. The inner vessel is composed of a 50-mm-thick layer of
stainless-steel type 316. The waste package outer barrier is a 25-mm-thick layer of Alloy 22, a
corrosion-resistant nickel-based alloy (SNL 2007n, Table 4-1; Table 1.5.2-7). Both of these values
used in the TSPA, 50 mm for the inner vessel and 25 mm for the outer barrier, are slightly smaller
than the design values shown in Figures 1.5.2-2 through 1.5.2-8.

The drip shields and waste packages are expected to be subject to many potential degradation
mechanisms after repository closure. Several of these degradation mechanisms have been
determined inconsequential under repository-relevant exposure conditions. Nominal and
early-failure processes that may result in degradation of the waste packages and drip shields, and
thereby impact their barrier functionality, are discussed in detail in Section 2.3.6. Seismically
induced drip shield and waste package degradation mechanisms (SNL 2007¢), and their interactions
with nominal degradation mechanisms, are described in Section 2.3.4. Igneous-induced drip shield
and waste package degradation is presented in Section 2.3.11. The TSPA implementation of
nominal degradation processes is discussed below. The TSPA implementation of event-driven
waste package and drip shield degradation processes (i.¢., early failure, seismic, and igneous events)
is discussed in Section 2.4.2.3.2.1.12.

The nominal scenario class is represented by a single modeling case. This modeling case considers
waste packages that fail as a result of degradation processes not associated with early failure or
disruptive events. The TSPA model implementation of the waste package degradation modes for the
nominal scenario class modeling case is described in the following.

Waste Package General Corrosion, Stress Corrosion Cracking, and Microbially Influenced
Corrosion—General corrosion rates of the waste package outer surface are
temperature-dependent and include epistemic uncertainty and spatial variability. The variation in
general corrosion rates at a temperature of 60°C, as determined by long-term, weight-loss
measurements across the waste package surface (SNL 20070, Section 6.4.3) is represented by a
cumulative distribution function, as discussed in Section 2.3.6.3.2.1 and shown in Figure 2.3.6-9.
This cumulative distribution function is sampled for every general corrosion “patch” on every
waste package simulated in a percolation subregion. (As discussed in Section 2.3.6.3.4.1, general
corrosion is modeled by dividing the waste package surface into subareas, referred to as patches—
each patch having a surface area of ~230 cm?>—used to simulate the spatial variability of general
corrosion across the waste package surface.) Considering that sampling occurs over the entire
waste package surface of about 1400 patches (SNL 2008a, Section 6.3.5.1.2), the extremes of the
sampled distribution of corrosion rates (equivalent to the 99.9th percentile value) will be sampled
for at least one patch on each waste package. It is these maximum or near maximum values of
corrosion rates, when combined with the thermal dependency of the corrosion rate, the
microbially influenced corrosion enhancement factor, and the thermal history that waste packages
experience, that determine the time of general corrosion first patch penetration through the outer
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corrosion barrier, as presented in Figure 2.1-10b. As shown in Figure 2.3.6-9, the cumulative
distribution function for the general corrosion rate at 60°C is considered to have epistemic
uncertainty associated with it. Also, the temperature dependency of the Alloy 22 general corrosion
rate is treated as an epistemic uncertainty and is represented by a truncated normal distribution.
The development of the temperature-dependent general corrosion rate cumulative distribution
function is described in Sections 2.3.6.3.2.2 and 2.3.6.3.3, and presented in Figures 2.3.6-9 to
2.3.6-14. The uncertain temperature dependency and the 60°C general corrosion rate cumulative
distribution function, are used to calculate the temperature-dependent general corrosion rate (as a
function of time for each realization) for every patch on every simulated waste package in a
percolation subregion.

Asnoted in Section 2.3.6.3.2.3, microbially influenced corrosion is represented by an enhancement
factor applied to the general corrosion rate of the waste package outer surface (i.e., general corrosion
rate times the enhancement factor). The enhancement factor is applied to the entire waste package
outer barrier general corrosion rate only when the relative humidity at the waste package outer
corrosion barrier surface is above a threshold value of 75% to 90% (sampled uniformly) (SNL
20070, Section 6.4.5). The microbially influenced corrosion enhancement factor is uniformly
distributed between the values 1 and 2, and the entire variance of this distribution is due to
patch-to-patch variability (SNL 20070, Section 8.2).

Another potential failure mode considered for waste packages is stress corrosion cracking in the
closure lid. Stress corrosion cracking can be initiated on a smooth surface (incipient cracks) or at an
existing weld flaw (due to manufacturing defects). Flaws in the closure-lid welds are likely sites for
stress corrosion cracking. The details and bases of the waste package stress corrosion cracking
abstraction are described in Section 2.3.6.5. Incipient crack parameters (size and density) are not
treated as uncertain. Two characteristics of weld flaws are treated as epistemic uncertainties:
flaw-size distribution and flaw-count distribution. These flaw characteristics are both represented
by gamma distributions, and each is sampled once per realization with the same values used for each
lid weld. Stress corrosion cracking is determined by stress and stress intensity factor profiles in the
closure-lid weld regions and subsequent crack growth from the flaw sites. The epistemic
uncertainty in stress and stress intensity profiles is represented by a scaling factor that is sampled
from a truncated normal distribution (SNL 2007e, Section 8.4.2.2). The epistemic uncertainty in the
threshold stress for initiating incipient crack growth is sampled from a uniform distribution
representing a fraction of the yield strength of Alloy 22 (SNL 2007e, Section 8.4.2.3 and
Table 8-15). The crack growth rate is a function of the stress intensity factor and the repassivation
slope, n. Epistemic uncertainty in the repassivation slope is represented by a truncated normal
distribution (SNL 2007e, Section 8.4.2.3 and Table 8-15).

The effects of general corrosion, microbially influenced corrosion, and stress corrosion cracking on
the Alloy 22 waste package are compiled by the WAPDEG DLL, which is called by the TSPA model
software, GoldSim. The WAPDEG software simulates the spatial variability in waste package
degradation. The main inputs to WAPDEG include an input array of real numbers that specify
degradation models and degradation model parameters, text files of waste package
thermal-hydrologic histories, and text files of additional distributions and tables. The software
structure accommodates models, treated as events, which affect specific degradation processes. In
the TSPA model, WAPDEG simulates corrosion degradation of waste packages by two penetration
modes: patch penetration (due to general corrosion), and crack penetration (due to crack tip growth
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or stress corrosion cracking). As discussed in Section 2.3.6, general corrosion of Alloy 22 is
implemented in WAPDEG using the general linear functional form and the stress corrosion cracking
model is implemented in WAPDEG using the slip dissolution and film rupture model for crack
initiation and propagation. General corrosion that is enhanced by microbially influenced corrosion
is implemented in WAPDEG using a microbially influenced corrosion event. The slip dissolution
and film rupture model is implemented in WAPDEG using a slip dissolution event.

In the TSPA model nominal modeling case, 10 WAPDEG DLL simulations are run per realization,
one for each representative waste package type (commercial SNF and codisposal) in each of the five
repository percolation subregions. This process is described as follows. The EBS
thermal-hydrologic environment submodel provides temperature and relative humidity histories for
eight waste packages (six commercial SNF waste packages and two codisposal waste packages) at
each of the 3,264 subdomain locations. The process begins by randomly sampling a maximum of
500 thermal-hydrologic histories for a given fuel type in a percolation subregion. If the percolation
subregion contains fewer than 500 histories, then all histories in the percolation subregion are used.
The WAPDEG DLL is part of the TSPA model, and is run at the start of each EBS calculation. The
WAPDEG DLL reads in the temperature and relative humidity histories and calculates
time-dependent degradation for each waste package. This information is used by the WAPDEG
DLL to calculate the following output: (1) the cumulative number of waste package failures as a
function of time; (2) the average number of patches per failed waste package as a function of time;
and (3) the average number of cracks per failed waste package as a function of time (SNL 2008a,
Section 6.3.5.1.3), as illustrated in Section 2.1.2.2.6.

Drip Shield General Corrosion—In the TSPA model nominal modeling case, general corrosion
is the only drip shield degradation mechanism modeled in the waste package and drip shield
degradation submodel (SNL 2008a, Section 6.1.4.5). This process is modeled as being
independent of temperature and relative humidity, and is initiated at the time of repository closure.
The uncertainties in the general corrosion rates for the inner and outer surfaces of the drip shields
are calculated separately because the environments above and below the drip shields are not
expected to be similar (SNL 2007p, Section 6.5.2, 8.1[a]). These distributions represent epistemic
uncertainty in drip shield general corrosion rates. The major difference between the inner and
outer surfaces of the drip shields is that the outer surfaces will be exposed to a more complex
chemical environment because of dust and/or seepage on or in contact with the outer surfaces of
the drip shields and will experience an aggressive corrosion rate. The inner surfaces are not
expected to be exposed to seepage water and will experience a benign corrosion rate. The drip
shield general corrosion model abstraction includes a constant general corrosion rate with time, as
described in Section 2.3.6.8.1.1. The variation in the general corrosion rate of the drip shield is
considered to be due only to uncertainty (spatial variability in the general corrosion rate is not
modeled). For these reasons, unlike the waste packages, each drip shield is modeled as a single
entity (inner and outer surface distributions) independent of repository environment. This
treatment is appropriate because the primary failure mode for drip shields is structural failure, as
described in Section 2.3.4, after accounting for drip shield thinning due to general corrosion. For
each realization, a single general corrosion rate is sampled from each general corrosion rate
distribution (one for the outer surface and one for the inner surface) and applied to all drip shields
(SNL 2008a, Section 6.1.4.5). Using this conceptual model for drip shield general corrosion, all
drip shields in the repository fail by general corrosion at the same time for any given realization
(SNL 2008a, Section 6.3.5).
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In the nominal scenario class, the drip shields are failed as a barrier to flow when the corroded
thickness of the drip shield plates equals or exceeds the initial thickness of the drip shield plates. The
earliest possible drip shield failure time is calculated by combining the most severe degradation
rates from the aggressive and benign distributions (top side and bottom side distributions). Using
these distributions values at the 0.9999 probability level gives an aggressive rate of
5.75 x 107 mm/yr and a benign rate of 0.824 x 10~ mm/yr. Combining these gives a rate of
6.57 x 107> mm/yr, corresponding to an earliest possible failure time for all drip shields of about
230,000 years (SNL 2008a, Section 6.3.5.1.3).

The general corrosion of the Titanium Grade 29 framework is required in the implementation of the
drip shield damage abstraction in the seismic ground motion modeling case. The general corrosion
abstraction for Titanium Grade 29 in repository environments was developed in terms of the
comparative behavior of Titanium Grade 29 versus Titanium Grade 7 (SNL 2007p, Section 6.2[a]).
A cumulative distribution function for the general corrosion rate ratio of Titanium Grade 29 to
Titanium Grade 7 was developed. This cumulative distribution function is to be sampled
independently for every realization of the TSPA model.

Localized Corrosion—Localized corrosion on waste packages occurs when a waste package is
contacted by deleterious brine (SNL 20070, Section 8.1, Figure 8-1). Because localized corrosion
due to dust deliquescence and condensation has been screened from TSPA (Section 2.2) (SNL
2007q, Section 7.1.5), localized corrosion is only possible in those cases where the drip shield fails
to perform its function. Thus, in the TSPA model, only crown seepage water chemistry has the
potential to fail waste packages due to localized corrosion and only waste packages that have drip
shield plate failures coincident with crown seepage contacting the waste package are susceptible
to localized corrosion failures (SNL 2008a, Section 6.3.5.2).

The consequence of localized corrosion on the waste package is treated differently for each of the
seven modeling cases, but it is never significant enough to have a meaningful effect on the total
annual dose curve. The localized corrosion initiation analysis (SNL 2008a, Appendix O) revealed
that the period of favorable conditions for localized corrosion initiation in the absence of a drip
shield is due to chemical alteration of seepage water due to thermal conditions in the repository
during the first 12,000 years after closure. Beyond this time, the chemistry of the seepage water is
benign and localized corrosion no longer initiates.

For the nominal modeling case, the first drip shield failure by general corrosion does not occur until
about 230,000 years (SNL 2008a, Section 6.3.5.1.3), so localized corrosion of the Alloy 22 waste
package does not impact this modeling case. In the seismic ground motion modeling case, there is
a low probability (SNL 2008a, Section 7.3.2.6.1.3.2 and Figure 7.3.2-16) of drip shield plate failure
occurring before 12,000 years. Because of this low probability, the actual dose consequence of drip
shield plate failure is estimated to be low enough that it need not be explicitly calculated for the
10,000-year seismic ground motion modeling case (SNL 2008a, Section 7.3.2.6.1.3.2). The same
justifications apply to the 1,000,000-year seismic ground motion modeling case, when considering
localized corrosion, because only the first 12,000 years after closure are relevant.

Localized corrosion does not impact the seismic fault displacement modeling case even though
there could be failed drip shields during the 12,000 years after closure that seepage water could
initiate localized corrosion (SNL 2008a, Section 6.3.5.2.3 and Appendix O). The argument for this
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assertion is based on the observation that, when the drip shield is failed and the waste package
damage area is larger than one third of the waste package cross sectional area, the releases cease to
change significantly as more damage is applied (SNL 2008a, Section 7.3.2.7 and Figure 7.3.2-25).
Because the releases from the waste package are insensitive to the damage area when more than one
third of the lid area is damaged, it is not expected that additional localized corrosion damage will
affect the dose result.

For the early failure drip shield modeling case, the drip shield is failed at time zero and localized
corrosion on the waste package beneath the early failed drip shield is assumed to occur. For the early
failure waste package modeling case, the waste package is fully failed at time zero and localized
corrosion would result in no additional damage to the early-failed waste package.

In the igneous intrusion modeling case there are no localized corrosion failures prior to the igneous
event because the drip shields remain intact until about 230,000 years (i.e., localized corrosion is
treated the same as in the nominal modeling case prior to the igneous event). After the event, all of
the waste packages and drip shields are fully damaged and localized corrosion would result in no
additional damage to the waste packages. For the volcanic eruption case, it is assumed that the
impacted waste packages are unaffected by any other processes or events (SNL 2008a,
Section 6.1.1.5).

Localized corrosion of the titanium alloys in the drip shields does not occur for relevant repository
conditions and thus is excluded from the TSPA (FEP 2.1.03.03.0B, Localized corrosion of drip
shields, Table 2.2-1) (SNL 2008c, Section 6).

In the following outputs from the waste package and drip shield degradation submodel to other
submodels, a “failed” waste package is defined to be a waste package that has either through-wall
stress corrosion cracks or through-wall general corrosion patches or both.

Output 11 (Waste Package—EBS Flow Coupling)—The following outputs are passed from the
waste package and drip shield degradation model component to the EBS flow submodel
(Figure 2.4-112) for each percolation subregion and each waste package type (commercial SNF
and codisposal waste packages):

 The time that all drip shields fail (Figure 2.1-8)

» The time-dependent average number of patch penetrations per failed waste package
(Figures 2.1-16b and 2.1-17b).

Output 12 (Waste Package—Waste Form Coupling)—The following outputs are passed from
the waste package and drip shield degradation model component to the waste form degradation
and mobilization model component (Figure 2.4-112) for each percolation subregion and each
waste package type (commercial SNF and codisposal waste packages):

» The time-dependent fraction of waste packages failed (Figure 2.1-9).

Output 13 (Waste Package—EBS Transport Coupling)—The following outputs are passed
from the waste package and drip shield degradation model component to the EBS transport
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submodel (Figure 2.4-112) for each percolation subregion and each waste package type
(commercial SNF and codisposal waste packages):

» The time-dependent fraction of waste packages failed (Figure 2.1-9)

» The time-dependent average waste package surface area failed by cracks per failed waste
package (Figures 2.1-13b and 2.1-15b)

» The time-dependent average waste package surface area failed by general corrosion
(patches) per failed waste package (Figures 2.1-16b and 2.1-17b).

2.4.2.3.2.1.6 Engineered Barrier System Flow

As described in Section 2.3.7.12, the EBS flow submodel defines the pathways for water flow in the
EBS and specifies how the volumetric flow rate is computed for each pathway (SNL 2007k,
Section 6). Pathway flow rates are primarily used as inputs to the TSPA EBS transport submodel.
The two main sources for advective flow of water in the EBS are drift-seepage (SNL 2007g,
Section 8.2[a]) and drift-wall condensation (SNL 2007f, Sections 8.1[a] and 8.2[a]). The flow rates
associated with these two sources of advective flow are combined in the EBS flow submodel to
yield a total dripping flow rate. An additional (but small) source of advective inflow to the EBS is
imbibition into the invert crushed tuff from the surrounding unsaturated zone rock matrix (SNL
2007k, Section 6.3.1.1). The EBS thermal-hydrologic environment submodel provides this input
and calls it the liquid flow in the invert. The EBS flow submodel also determines the fraction of
waste packages that are dripped upon, by drift seepage and/or drift-wall condensation, in each
percolation subregion. Information flow between the EBS flow submodel and other TSPA model
components and submodels is shown on Figure 2.4-112.

Eight primary flow pathways are modeled in the EBS flow submodel (SNL 2007k, Sections 6.3.2
and 6.3.3):

1. Seepage and Drift-Wall Condensation—This is the dripping water flow from the
crowns (roofs) of the drifts. The term “dripping” includes drift seepage and any
condensation that occurs on the walls of the drifts on the sections above the drip shields.
As noted in Section 2.4.2.3.1.2, approximately 64% of the condensate flows down the
drift walls into the edges of the invert and not onto the drip shield. This condensate is
not accounted for in the TSPA model.

2. Flow through the Drip Shields—The flow rate through the drip shields is dependent
on whether the drip shield is present and performing its barrier function. Drip shield
failure occurs due to general corrosion (SNL 2007p), which is modeled as occurring
uniformly on inner and outer drip shield surfaces.

3. Diversion around the Drip Shields—Liquid water flow from either seepage or
drift-wall condensation that bypasses a waste package due to a functioning drip shield,
and subsequently flows through the invert.
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4. Flow through the Waste Packages—Two general types of openings can exist in the
waste packages. These are: (1) stress corrosion cracks resulting from residual stress or
seismic ground motion; (2) patch breaches resulting from general corrosion, localized
corrosion, or seismic damage (rupture, puncture, or fault displacement damage).
Advective flow through a waste package requires the presence of openings due to patch
breaches. Advection of liquid water through stress corrosion cracks in the waste
packages is excluded from the TSPA model (FEP 2.1.03.10.0A, Advection of liquids
and solids through cracks in the waste package, Table 2.2-1) (SNL 2008c, Section 6).
Advective flow into the waste packages, through the waste form, and out of the waste
packages is modeled as being independent of the location of patches on the surface of
the waste packages (i.e., a “flow-through” configuration is used rather than a “bathtub”
configuration (SNL 2007k, Section 6.4.1)).

5. Diversion around the Waste Packages—The portion of the dripping water that does
not flow into the waste packages and therefore bypasses the waste forms and flows
directly to the invert.

6. Flow into the Invert—All advective water flow (condensate and/or seepage) exiting
the waste packages is modeled as flowing into the invert, independent of breach
location on the waste packages. In addition, as mentioned in #3 and #5, the seepage and
condensate water that is diverted around the waste packages and drip shields flows into
the invert. The presence of the emplacement pallets is ignored in the abstraction of EBS
flow, and the waste packages are modeled as being in direct contact with the invert
(SNL 2007k, Section 6.3.1.1).

7. Imbibition Flow to the Invert—Water can be imbibed from the host-rock matrix into
the side of the invert. The EBS thermal-hydrologic environment submodel provides the
rate of water imbibition into the invert from the host rock.

8. Flow from the Invert to the Unsaturated Zone—The flow from the invert to the
unsaturated zone is split so that a portion goes into the unsaturated zone fractures and a
portion goes into the unsaturated zone matrix. The portion of the advective flow from
the invert equal to the total dripping flux (i.e., seepage flux plus drift-wall condensation
flux) flows directly into the unsaturated zone fractures. The portion of the advective
flow from the invert that is equal to the imbibition flux flows into the unsaturated zone
matrix.

The above pathways are time-dependent in the sense that total dripping flow, drip shield failures,
and waste package breaches will vary with time and percolation subregions. Advective water flux
in the EBS (derived from drift seepage and condensation) transports radionuclide mass to the
unsaturated zone; however, once the mass crosses the EBS-unsaturated zone boundary, it is
transported advectively according to the fracture and matrix liquid fluxes in the unsaturated zone
submodel, which are based on the unsaturated zone flow fields.

For each percolation subregion, the TSPA model includes two dripping environments: (1) the
seeping environment, which includes dripping above the waste packages from drift seepage and
possibly drift-wall condensation; and (2) the nonseeping environment, which includes the waste
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packages that are not exposed to drift seepage, but could be exposed to drift-wall condensation
(Section 2.4.2.3.2.1.3, which describes how drift-wall condensation is not likely after about 2,000
years). Inputs to the EBS flow submodel for each waste package type and repository percolation
subregion include:

» The flow rate on a representative waste package due to seepage

» The flow rate on a representative waste package due to drift-wall condensation
 The fraction of waste package locations with seepage

» The fraction of waste package locations with drift-wall condensation

» The average number of patch penetrations per failed commercial SNF drip shield and
codisposal drip shield (either 0 or the entire drip shield surface area, since spatial
variability is conceptualized to be insignificant)

» The average number of patch penetrations per failed commercial SNF waste package and
codisposal waste package.

The seepage rate and the condensation rate on each representative waste package in each
percolation subregion and for each fuel type are combined in the TSPA model to yield a total
dripping rate for each representative waste package.

The seepage fraction and seepage rate from the drift seepage submodel is passed to the EBS flow
model. The seepage fraction determines the number of waste packages placed in seeping
(seepage + condensate) and nonseeping (condensate only or nondripping) environments in each
percolation subregion. The seepage rate and the condensation rate on each representative waste
package are added in the TSPA model to yield a total dripping rate onto the drip shield and into the
invert for waste packages in a seeping environment (for each representative waste package in each
percolation subregion and for each fuel type). In the seeping environment, the invert flux also
includes the imbibition flux predicted by the multiscale thermal-hydrologic model (flow pathway 7,
described above). For a nonseeping environment, only the drift-wall condensation rate is used
above the waste package, but invert flow includes both drift wall condensation and imbibition from
the host rock into the side of the invert.

Any of the 3,264 multiscale thermal-hydrologic model subdomain locations that have seepage at
any time during the simulation will be included in the fraction of waste package locations in the
seeping environment. This seepage fraction is fixed for the simulation time and is primarily a
function of the percolation rates at the ending time of the simulation (SNL 2008a,
Section 8.3.3.1.1[a]), since percolation rates generally increase through time (SNL 2008a,
Section 6.3.3.1.3). Because of the different percolation flux maps at 10,000 versus 1,000,000 years
(i.e., glacial-transition percolation rates versus the post-10,000-year percolation rates derived from
the distribution specified in the proposed 10 CFR 63.342(c)(2)), different fractions of waste
packages are modeled in the seeping environments in the GoldSim model file for the 10,000-year
simulations compared to the 1,000,000-year simulations (Tables 2.1-6, 2.1-7, 2.1-9, and 2.1-8).
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The advective rate of water flow through each breached waste package is proportional to the total
dripping rate and the average number of patch penetrations on each waste package (SNL 2007k,
Section 6.5.1.1). This flux-splitting model, which allows a portion of the flow to go through the
patches and a portion to bypass the patch openings, introduces two uncertain (epistemic)
flux-splitting parameters to characterize the fraction of flow that enters patch penetrations on the
waste packages. These two parameters are sampled once per realization and are applied to all
representative waste packages that have advection through patches (or any other breaches, with the
exception of stress corrosion cracks).

The number of corrosion patches on a failed waste package, N yp, is the time-dependent parameter
that controls the fraction of impinging flow that can enter and flow through the waste packages. It
can potentially vary from zero to the maximum number of patches (1,430 for a commercial SNF
package (SNL 2008a, Section 6.3.5.1.2)) depending on the modeling case. N yp increases with
time due to general corrosion in the seismic ground motion and nominal modeling cases. It is set to
the maximum value in the igneous intrusion, waste package early failure, and drip shield early
failure modeling cases, allowing all impinging flow to enter a waste package (SNL 2008a,
Section 6.3.6.2). In the seismic fault displacement modeling case, it is based on the number of
patches equivalent to the waste package damaged area caused by faulting. N yp is set to a value
corresponding to a single drill hole area in the human intrusion case.

Because the flow splitting model is based on the fractional opening length along the crown of the
waste package, rather than the fractional opening area over the entire waste package, the flow
splitting fraction reaches a value of 1 (i.e., all the impinging flow can enter a waste package) well
before N yp reaches its maximum. For the mean value of 1.2 for the waste package flux-splitting

uncertainty distribution, only about 62 general corrosion patches (out of a total of 1,430) are
required on a commercial SNF waste package to allow 100% of the impinging flow to enter a
waste package (SNL 2008a, Section 6.3.6.2). This is only 4% of the area of the waste package
(excluding the lids). Because the drip shield general corrosion model does not include spatial
variation between drip shields or between patches on individual drip shields, all the drip shield
patches fail when drip shield failure occurs. Thus, the flow splitting model for drip shields, and its
associated epistemic uncertainty, has no effect in the TSPA model.

Outputs from the EBS flow submodel are used by: (1) the waste form degradation and mobilization
model component, which uses the flow rate through a failed waste package to calculate pH and ionic
strength in the waste package; and (2) the EBS transport submodel, which uses the flow rate through
a failed waste package and volumetric flow rate through the invert to calculate advective transport
of radionuclides through a failed waste package and through the invert to the unsaturated zone
below the repository.

Output 14 (EBS Flow—Waste Form Degradation Coupling)—The following output 1is
passed from the EBS flow submodel to the waste form degradation and mobilization model
component (Figure 2.4-112) for each representative waste package group in each percolation
subregion, and for the seeping and nonseeping environments, as appropriate:

* The volumetric flow rate of water through the waste package as a function of time.
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Output 15 (EBS Flow—EBS Transport Coupling)—The following outputs are passed from the
EBS flow submodel to the EBS transport submodel for each representative waste package group
in each percolation subregion, and for the seeping and nonseeping environments, as appropriate:

* The flux through the invert pore space as a function of time

» The volumetric flow rate of water through the waste package as a function of time
» The fraction of waste packages in a seeping environment

» The fraction of waste packages in a nonseeping environment.

2.4.2.3.2.1.7 Waste Form Degradation and Mobilization

The waste form degradation and mobilization model component, shown on Figure 2.4-112, consists
of five submodels: (1) initial radionuclide inventory submodel, which defines the radionuclide
inventory and radionuclides of importance for the TSPA; (2) in-package chemistry submodel,
which evaluates in-package chemical conditions; (3) waste form degradation rate submodel, which
calculates the degradation rates of commercial SNF, DOE SNF, and HLW glass waste forms;
(4) solubility (or dissolved concentration limits) submodel, which calculates solubilities
(i.e., dissolved concentration limits) of radioactive elements in a failed waste package and in the
invert; and (5) EBS colloids submodel, which calculates colloidal concentrations of radionuclides
in a failed waste package and in the invert. Solubilities and colloidal concentration of radionuclides
serve as inputs to the EBS transport submodel, which calculates radionuclide transport within the
waste packages from the waste form to the EBS and through the EBS to the unsaturated zone below
the repository.

In the TSPA model the three categories of waste form (commercial SNF, DOE SNF, and HLW glass)
are contained and disposed in two types of waste packages: commercial SNF and codisposal. The
codisposal waste packages will contain DOE SNF and HLW glass. As was done in Total System
Performance Assessment for the Site Recommendation (CRWMS M&O 2000a), waste packages
containing naval SNF waste forms are represented as commercial SNF waste packages. An
evaluation of this conservatism is presented in Section 2.4.2.3.2.2.4.

Key inputs to the submodels for the waste form degradation and mobilization model component
include: (1) a set of initial materials within the waste package and the materials, major elemental
compositions and physical and chemical properties; (2) time-dependent water flux into a failed
waste package provided by the EBS flow submodel; (3) temperature and relative humidity in the
waste package provided by the EBS thermal-hydrologic environment submodel; and (4) partial
pressure of CO, in the gas phase (P(,) provided by the EBS chemical environment submodel.

The abstractions that support the submodels in the waste form degradation and mobilization model
component are implemented to describe single representative commercial SNF and codisposal
waste packages, as described in Section 2.4.2.3.2.1.2. The pertinent properties for a single
representative waste package are scaled to the total number of waste packages that have failed in
each percolation subregion. These properties include the mass of available inventory, pore water
volumes, mass of solid materials, advective flow rates, and diffusion areas (GoldSim Technology
Group 2007a, Chapter 5).
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The five submodels discussed in this section deal with processes that govern the mobility of
radionuclides inside a failed waste package. In general, the radionuclide inventory of each waste
package are either immediately available for transport upon waste package failure, or bound in a
matrix that must first degrade before the inventory is available for transport inside the waste
package. As the waste form degrades, waste form alteration products are formed. The available
inventory from the degraded waste form, and that which was immediately available upon waste
package failure, is released into the pore water of the alteration product. The available inventory is
dissolved in this pore water solution up to the solubility limits of its constituents. As the waste form
degrades, waste form colloids are also formed that could facilitate the release of the radionuclides
from the breached waste packages to the environment. Although these processes are closely coupled
to the release and transport of radionuclides from a failed waste package into the environment, the
transport of available radionuclides by diffusion and advection is part of another submodel; the EBS
transport submodel described in the next section.

Although a cladding degradation submodel is shown in Figure 2.4-2, in the TSPA model no
performance credit is taken for Zircaloy or stainless-steel cladding as a mechanism to prevent
radionuclide release or inhibit commercial SNF waste form degradation (SNL 2007r,
Section 6.2[a]). The justification for this assumption is explained in Section 2.3.7.6.

Radionuclide Screening—Radionuclides contained in the waste packages include fission
products from reactor operations, actinides from neutron capture in uranium and plutonium, and
activation products from neutron irradiation of structural materials and trace elements. Altogether,
these fission products, actinides, and activation products constitute more than 100 radionuclides
that could be collectively present in the waste packages at the time of repository closure. Many of
the radionuclides have short half-lives, low solubilities and/or strongly sorbing characteristics, or
are present in small quantities. Therefore, such radionuclides cannot be significant contributors to
estimated dose. As a result, only a subset of radionuclides needs to be considered in the evaluation
of repository postclosure performance. The process of eliminating the low dose contributors is
called radionuclide screening (SNL 2007s).

Radionuclides were screened by calculating a radionuclide-screening product for each
radionuclide. The radionuclide-screening product, which is roughly proportional to dose, is
obtained by multiplying the screening factor for each radionuclide by the curie content of that
radionuclide in the inventory. To evaluate the relative importance of each radionuclide for dose
contribution calculations, the calculation of radionuclide screening factors considered consumption
of locally produced vegetables, fish, meat, and milk; water consumption; inadvertent ingestion of
soil; inhalation; and exposure to contaminated ground (SNL 2007s, Appendix A). The screening
products were ranked from largest to smallest and then summed, starting with the largest, the
screening products of each contributing radionuclide were included in the sum. For each waste type,
time frame, solubility group, and transport affinity group, the radionuclides determined to
contribute the first 95% of the summed radionuclide-screening products were considered
potentially important and retained for analysis. The 95% threshold does not directly correlate with
calculated dose at the site boundary over the regulatory time period, but rather is based on a set of
conservative hypothetical scenarios (SNL 2007s, Section 6.2.1). The results of the screening
process are shown in Table 2.3.7-2, which represent the radionuclides that are simulated in the
TSPA model.
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Radionuclide Inventory—The waste form degradation and mobilization models require the
radionuclide inventory in each representative commercial SNF waste package and each
representative codisposal waste package (SNL 2007t). The results of the inventory calculations
are described in Section 2.3.7.4 and are summarized in Tables 2.3.7-3, 2.3.7-4, and 2.3.7-5.
Epistemic uncertainty in the initial emplaced inventory is shown in Table 2.3.7-6. The three
waste-form categories (commercial SNF, DOE SNF, and HLW glass) are contained and disposed
in two types of waste packages: commercial SNF waste packages and codisposal waste packages.
The codisposal waste packages will contain DOE SNF and HLW glass. The inclusion of
mixed-oxide SNF and lanthanide borosilicate glass HLW in the TSPA model is accomplished by
adding radionuclide-specific inventories to the GoldSim source term (SNL 2007t, Sections 5.7[a]
and 6.4.1[a]). More specifically, the lanthanide borosilicate glass inventory amounts are added to
the HLW portion of the initial radionuclide inventory and the mixed-oxide SNF is added to the
commercial SNF portion of the initial radionuclide inventory. Waste packages containing naval
SNF are represented as commercial SNF waste packages containing commercial SNF inventory
(Section 2.4.2.3.2.2.4).

The commercial SNF radionuclide quantities in Table 2.3.7-3 are for commercial SNF that is, on
average, 23 years out of reactor on arrival at the repository, based on disposal rights (SNL 2007t,
Section 7.1.1[a] and Table 7-1[a]; CRWMS M&O 2000b, Table 5). For a later repository opening
date than in previous TSPAs, use of the same waste stream at a later date, rather than an older waste
stream due to decay, is conservative with respect to radionuclide inventory and heat. Waste is
emplaced for a period of up to 50 years, depending on the amount of onsite aboveground aging
required for the hottest waste packages. Ventilation will continue until the closure time used in the
TSPA calculation, 2117, which is, approximately 100 years after the start of waste emplacement.
The radionuclide quantities shown in Tables 2.3.7-3 and 2.3.7-4 are at times specific to the type of
waste. The times of the waste form inventories are 2067 for commercial SNF (approximately 50
years after the start of emplacement), 2030 for HLW and DOE SNF, 2035 for MOX, and 2003 for
lanthanide borosilicate glass. For the TSPA thermal calculation, it is assumed that the waste is
emplaced simultaneously in 2067, and has an average age of 23 years at emplacement
(Section 2.3.7.4.1.2) (SNL 2008a, Section 6.3.6.2). Waste that is 23 years old has more radionuclide
content than older waste, and hence is conservative with respect to radionuclide inventory and heat.
HLW and DOE SNF radionuclide quantities in the above tables are those calculated at 2030 (SNL
2007t, Sections 6.4.1 and 7.1.1[a]). TSPA modeling of all three waste sources will account for decay
occurring from the time of emplacement (or inventory calculation) to repository closure, which is
assumed to occur in 2117.

Radionuclide releases are calculated by taking into account the number of breached waste
packages in each specific type of environment. Accounting for seep versus no seep conditions,
commercial SNF versus codisposal fuel, and the possibility of localized corrosion, created six
major groupings of waste packages in the TSPA model for each of the five percolation subregions.
These representative waste package groups include:

+ Codisposal waste package in a nonseeping environment

» Codisposal waste package in a seeping environment that will not have localized corrosion
damage
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» Codisposal waste package in a seeping environment that could have localized corrosion
damage

» Commercial SNF waste package in a nonseeping environment

» Commercial SNF waste package in a seeping environment that will not have localized
corrosion damage

» Commercial SNF waste package in a seeping environment that could have localized
corrosion damage.

In-Package Chemistry—The in-package chemistry submodel is used to determine the pH, ionic
strength, and total carbonate concentration in the water in contact with the waste form (including
the basket or canister and other waste form support) and/or waste form degradation products.
Within the waste package, the chemistry of the water in contact with waste package corrosion
products is determined by the EBS radionuclide transport submodel. The in-package chemistry
submodel is implemented using response surfaces and parameter distributions for six different
abstraction conditions: one waste form domain within the commercial SNF waste packages and
two waste form domains in the codisposal waste packages for both dripping (liquid influx) and
non-dripping (vapor influx) conditions. pH in the in-package chemistry submodel is implemented
by sampling uncertainty distributions that are dependent on ionic strength and P),. lonic strength
is determined by sampling uncertainty distributions whose range is a function of the relative
humidity within the breached waste package for nondripping conditions and by sampling
uncertainty distributions whose range is a function of the seepage rate through a breached waste
package and the duration that the waste packages have been failed for dripping conditions. The
total carbonate concentration is calculated using a temperature, P,, and pH-dependent equation.
This calculated value of total carbonate concentration includes no additional uncertainty. Inputs to
the in-package chemistry submodel include volumetric flow rates of seepage into a failed waste
package as provided by the EBS flow submodel, the Py, provided by the EBS chemical
environment submodel, and the temperature and relative humidity provided by the EBS
thermal-hydrologic environment submodel.

The in-package chemistry abstractions are derived from the output of the in-package chemistry
process models (SNL 2007h) and provide either parameter distributions or response surfaces for the
TSPA model. The vapor influx model and the liquid influx model have separate process and
abstraction models, which allow the TSPA model to implement nonseeping and seeping conditions.
There are a total of 12 abstractions (six for ionic strength and another 6 for pH) for the three waste
form domains (commercial SNF, HLW, and DOE SNF) under two different water influx conditions.
The >CO; abstraction is represented as a single equation for liquid influx and vapor influx
conditions for commercial SNF only because HLW glass and DOE SNF degradation rate
calculations do not require this parameter.

The abstractions of in-package chemistry for bulk water in a waste package are applicable for
oxidizing conditions (1077 bars), a P, range of 10~ to 10~!* bars, a temperature range from 25°C
to 100°C, a relative humidity for vapor influx equal or higher than 95%, and a water volumetric flux
(hereafter referred to as “flux”) for liquid influx equal or higher than 0.1 L/yr (SNL 2007h,
Section 8.1[a], Table 8-1[a]).
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The abstraction for the in-package chemistry submodel (Section 2.3.7.5) consists of five parts for
each of the three waste-form domain (i.e., for commercial SNF, HLW, and DOE SNF):
(1) determination of whether or not bulk water is present in the waste form domains;
(2) determination of which abstraction is to be used (liquid influx or vapor influx); (3) calculation
of ionic strength; (4) calculation of pH; and (5) calculation of the total concentration of aqueous
carbonate (for commercial SNF only).

1. Applicability of Bulk Water Chemistry—Under nondripping conditions,

radionuclide transport from the waste form domain to the corrosion product domain
requires a continuous film. A continuous film is not expected in the waste form domain
when the relative humidity is below 95% (SNL 2007h, Section 6.10.9.1[a]). Thus in the
TSPA model, bulk water chemistry is not determined when the relative humidity is
below 95% and vapor influx conditions prevail. Whenever the water inflow rate is less
than 0.1 L/yr and relative humidity is lower than 95%, the chemistry abstractions for
bulk water conditions do not result in a meaningful pH and ionic strength from the
vapor influx model (SNL 2007h, Section 6.10.9.1[a]). Given the ultimately small
volume of water film being considered at these relative humidity conditions (relative
humidity <95%), virtually all of the waste form materials degraded under these
conditions will be precipitated in place and not be available for transport. In the absence
of bulk water, the in-package chemistry submodel determines the pH to be applied in
the pH-dependent waste form degradation rate models, applying fixed values or
sampled values from uncertainty distributions sampled once per realization. This pH is
not used for other pH-dependent models within the waste form domain. The solubilities
for all radionuclides, including colloidal species, are set to zero so that no transport is
allowed (SNL 2008a, Section 6.3.7.2.2).

. Liquid Influx versus Vapor Influx—Whenever the relative humidity is greater than

95% or the water inflow rate is greater than or equal to 0.1 L/yr, the in-package
chemistry submodel for bulk water is applicable, and a decision is made to select one of
the two abstractions (the vapor influx versus the liquid influx) to generate outputs for
ionic strength and pH. The choice depends on the relative humidity, the water flux rate,
and the abstraction that predicts lower ionic strength. Ionic strength and pH are
calculated using the vapor influx abstraction whenever the liquid influx rate is less than
0.1 L/yr (and the relative humidity is equal or greater than 95%). At or above 0.1 L/yr,
ionic strength and pH are calculated using the liquid influx abstraction. An exception is
made when the vapor influx abstraction predicts an ionic strength that is lower than the
ionic strength from the liquid influx abstraction. The lower of the two values is applied
to determine the pH (SNL 2007h, Section 6.10.9.1[a]).

. Tonic Strength—Ionic strength abstractions for the vapor influx case are given as

functions of relative humidity with uncertainty added. The mean value is a piecewise
linear function of relative humidity. The uncertainty range is between the mean value
times the lower uncertainty factor and the mean value times the upper uncertainty
factor. Ionic strength abstractions for the liquid influx case are functions of water inflow
rate through the breached waste packages and time since the representative waste
package breached (SNL 2008a, Section 6.3.7.2.2). Uncertainties are also included in the
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logarithm of ionic strength abstractions for the liquid influx case and are presented as a
deviation from the mean value.

4. pH—When the water influx rate is greater than or equal to 0.1 L/yr, the liquid influx pH
abstraction will be used to determine in-package pH ranges. The maximum and
minimum pH values are functions of pCO, (the negative logarithm of Pq,) and log
ionic strength. When the water influx rate is less than 0.1 L/yr, the vapor influx pH
abstraction will be used to determine in-package pH ranges. The maximum and
minimum pH values are functions of pCO, and log ionic strength. For a given pCO,, the
pH values have a uniform distribution between the minimum and maximum pH values
(SNL 2007h, Sections 6.10.9.1[a] and 6.10.9.3[a]).

5. Total Carbonate Concentration—The total carbonate concentration is used in the
degradation rate law for the commercial SNF waste form. An expression for total
carbonate concentration (mol/kg) as a function of temperature, pH, and P, is based on
equilibrium mass action expressions (SNL 2007h, Section 6.10.5).

Outputs from the in-package chemistry submodel are provided for each representative waste
package and each representative early failed waste package, if available, in seeping and
nonseeping environments in each percolation subregion and consist of:

* pH as a function of time
* Jonic strength as a function of time
 Total carbonate concentration as a function of time.

These outputs are used internally in the TSPA model by the waste form degradation and
mobilization model component as inputs to the rate equations for the waste form degradation
submodels, the dissolved concentration limits submodel, and EBS colloids submodel.

Cladding—Most of the commercial SNF is encased in Zircaloy cladding, with only 1% of
commercial SNF encased in stainless-steel cladding. Zircaloy cladding and stainless-steel
cladding are modeled as being failed upon emplacement of the waste packages in the repository.
Thus, in the TSPA model, no credit is taken for any type of barrier capability of the commercial
SNF (and DOE SNF) cladding (SNL 2007r, Section 6.2[a]). (Note: Naval SNF waste packages are
represented in the TSPA as commercial SNF waste packages (Section 2.4.2.3.2.2.4).)

Waste Form Degradation—Waste form degradation is modeled within the TSPA model using
empirical formulas for the degradation rate developed for the three different waste form types:
commercial SNF, DOE SNF, and HLW.

Commercial SNF is isolated from repository environmental conditions until a waste package is
breached. After the waste package is breached, the commercial SNF will be exposed to humid air
or dripping water. Upon exposure to moisture, radionuclides can be released by two mechanisms:
(1) instantaneous release of the gap fraction and grain boundary inventory; and (2) matrix
dissolution under alkaline or acidic conditions (BSC 2004e, Section 8.1). Four radioelements are in
the instantaneous release inventory: cesium, iodine, technetium, and strontium (BSC 2004e,
Section 6.3). The fraction of the inventory emplaced in the repository that makes up the initial
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release inventory for each of these four radionuclides is determined by sampling four distributions
representing epistemic uncertainty. These distributions are sampled once per realization. Similarly,
the '“C hardware inventory is treated as instantaneous release inventory. It originates from neutron
activation of stainless-steel hardware outside the fuel rods and is specified to be 18% of the 4C
inventory in a commercial SNF waste package (SNL 2007t, Section 6.7 and Table 7-1[a]).

Degradation of the commercial SNF fuel matrix by oxidative dissolution is modeled using two rate
formulas, one for pH < 6.8 and one for pH > 6.8 (BSC 2004e, Section 8.1). Commercial SNF
degradation rate formulas are a function of specific surface area of exposed fuel, temperature, total
carbonate concentration, Po,, and in-package pH. A triangular distribution is used to represent
epistemic uncertainty in a specific surface area of exposed fuel. The commercial SNF degradation
rate is calculated using input provided by two submodels: the EBS thermal-hydrologic environment
submodel provides the time-dependent temperature of the commercial SNF, and the in-package
chemistry submodel provides time-dependent pH and total carbonate concentration inside the failed
waste package. The EBS transport submodel calculates the mass and saturated volume for the
degraded commercial SNF rind. These parameters are used to determine radionuclide
concentrations in the fuel rind and to model transport from the commercial SNF rind into the waste
package.

The DOE SNF in a failed codisposal waste package is modeled as being immediately available for
dissolution and mobilization. Because of this simplification, no rate equation or rate parameters are
necessary to implement the DOE SNF waste form degradation abstraction for DOE SNF in the
TSPA model (BSC 2004f, Sections 6.2 and 8.1). Each time a codisposal waste package fails, the
DOE SNF inventory associated with the failed waste package, after accounting for decay and
ingrowth, is made immediately available for transport (subject to solubility constraints) in the
volume of water associated with the degraded DOE SNF (SNL 2008a, Section 6.3.8.2). Once
released, radionuclides are available for transport through the waste packages to the EBS.

Degradation of HLW glass is initiated if the waste package is breached and the relative humidity is
greater than or equal to 44% or when a liquid flux through the waste package prevails (BSC 2004g,
Sections 6.7 and 8.1). The rate of degradation is determined by a rate expression that applies to the
amount of glass exposed to humid air, dripping water, or immersion. The coefficients in the rate
equation are dependent on whether or not acidic or alkaline conditions prevail. Below 100°C, the
rate equation is a function of an effective rate constant, temperature, pH, and the surface area of the
HLW glass. Above 100°C, up to 125°C, the pH from in-package chemistry submodel is not applied,
instead the pH-dependence is replaced with a fixed value. The result for the rate calculations is
equivalent to setting the pH to 10 (BSC 2004g, Section 8.1). The effective rate constant is treated
as an epistemic uncertainty, and is represented by distributions for acidic and alkaline conditions.
The greater of the two calculated rates is used as the degradation rate (BSC 2004g, Section 8.1). The
surface area of the glass is calculated as the product of the specific surface area of the glass and the
glass exposure factor. The exposure factor is treated as an epistemic uncertainty and is used for
alkaline and acidic conditions (SNL 2008a, Table 6.3.7-32). The EBS transport submodel calculates
the mass and saturated volume for the degraded HLW rind. These parameters, along with dissolved
concentration limits, are used to determine radionuclide concentrations in the HLW rind.
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Outputs from the waste form degradation submodel for HLW glass, commercial SNF, and DOE
SNF degradation are provided for each representative waste package as applicable in seeping and
nonseeping environments, and in each percolation subregion, as follows:

* The degradation rate of HLW glass
» The degradation rate of commercial SNF fuel
» The instantaneous degradation of DOE SNF fuel.

These outputs, along with the dissolved concentration limits, are used in the waste form degradation
and mobilization model components in conjunction with the EBS radionuclide transport submodel
to determine the concentration of radionuclides in water in the associated degraded fuel rind.

Dissolved Radionuclide Concentration Limits—Within the TSPA model, the dissolved
concentrations limits submodel implements the dissolved concentrations limits abstraction (SNL
2007u) to calculate solubilities for 8 elements; plutonium (Pu), neptunium (Np), uranium (U),
thorium (Th), americium (Am), protactinium (Pa), tin (Sn), and radium (Ra). For technetium (Tc),
carbon (C), iodine (I), cesium (Cs), strontium (Sr), selenium (Se), and chlorine (CI), no
solubility-controlling solids are expected to form under repository conditions; therefore, their
solubilities are not evaluated or defined and their dissolution is constrained by the waste inventory
and the degradation rates of the waste form (SNL 2008a, Table 6.3.7-33). The output of the
dissolved concentration limits submodel is used in the TSPA model to constrain the dissolved
concentrations of radioactive elements in the waste packages and the invert.

Four types of uncertainties—(1) in the K, values of solubility controlling solids and aqueous
species, (2) of activity coefficients, (3) in water chemistry, and (4) in temperature—have been
evaluated in the dissolved concentration limits abstraction (SNL 2007u, Section 6.3.3). The first
two types of uncertainties are combined together by the mean-square-root approach and are
collectively called “thermodynamic uncertainties.” The third type of uncertainty is presented as the
uncertainty associated with fluoride concentrations. The last type of uncertainty (i.e., uncertainty in
temperature) is treated using a bounding approach. In other words, the solubility calculations are
conducted at a temperature of 25°C and are applied for all temperatures greater than 25°C (up to
100°C). The use of solubility values calculated at 25°C for higher temperatures is bounding because
the solubility of actinides in carbonate systems, such as will prevail in the EBS, decreases with
increased temperature, which is called retrograde solubility (SNL 2007u, Section 6.3.3.3).

Outputs from the dissolved concentration limits abstraction can be divided into three groups:
(1) elements whose solubility is a function of pH and log f-,; (2) radium solubility that is a function
of pH only; and (3) elements for which no solubility limits are defined (SNL 2007u, Section 8.1).
The first group consists of the actinide elements plus tin: americium, neptunium, plutonium,
protactinium, thorium, uranium, and tin. The abstracted solubility models for these elements are in
the form of lookup tables with pH and log /-, as the independent variables. Two uncertainty terms
accounting for uncertainties associated with thermodynamic properties and variations in water
chemistry are also included for this group of elements. The exception to this treatment is
protactinium, where the thermodynamic uncertainty is replaced by uncertainty in the choice of an
analogue element. For tin, the uncertainty term associated with variations in fluoride concentrations
is not given because the calculated tin solubility is not sensitive to fluoride concentrations (SNL
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2007u, Section 6.19). For radium, solubility values are given as a step function of pH, and
uncertainties were not included.

Two different solubility models have been developed for neptunium (SNL 2007u, Section 6.6).
These two models are based on different solubility-controlling solid phases: Np,Oy and NpO,. The
NpO, solubility model is used within waste packages when reductants (commercial SNF fuels or
stainless steels) remain. After reductants within waste packages are consumed, Np,Oj5 is assumed
to be the solubility-controlling mineral phase. For the invert, the Np,O5 solubility model is always
applied.

There are two methods used to calculate uranium solubility based on different chemistries of
in-package fluids (SNL 2007u, Section 6.7). In the first method, the amounts of silica and alkaline
elements in the fluid are far less than the amount of available uranium, which precludes the
ubiquitous formation of uranyl silicates (e.g., Na-boltwoodite) and their use as solubility
controlling phases. In the second method, the amount of silica and alkaline species are comparable
to the amount of available uranium, so uranyl silicates can readily precipitate. These two methods
apply as follows:

* Method 1. Commercial SNF waste packages breached in the nominal or seismic scenario
classes

* Method 2. Codisposal waste packages breached under all scenario classes, commercial
SNF waste packages breached in the course of the igneous intrusion, and for all
evaluations in the invert.

Using the first method, uranium solubility is controlled by schoepite under all pH and f-q,
conditions. This method is used because the source of the degrading water in a commercial SNF
waste package in the nominal, early failure, or seismic scenario classes is water vapor entering the
waste packages, which has low or no initial dissolved sodium or silica (SNL 2007u, Section 6.7.3).

Using the second method, uranium solubility is controlled by schoepite, Na-Boltwoodite, or
Na,UO,(COs5);, depending on the pH and f-,. In this environment, silica is available to the
degrading waste from the codisposal glass, surrounding igneous material, and invert construction
material, so two additional base solubility lookup tables are defined. The solubility limits for
schoepite solubility extend over lower pH values, but at higher pH values, the solubilities of either
Na-boltwoodite or Na,UO,(CO;), are applicable (SNL 2007u, Section 6.7.4). Uncertainties in
logK,, and fluoride concentrations are added to the base solubilities, which are functions of pH, f,
and ionic strength.

Under repository environmental conditions, no solubility-controlling solids are expected to form
for carbon, cesium, chlorine, iodine, selenium, and technetium (SNL 2007u, Section 8.1); therefore,
no solubilities are defined for these elements. Although strontium could precipitate in carbonates
and sulfates under repository conditions, for the purpose of simplicity (and because its very short
half-life means that there is very little risk), its solubility is also assumed to be undefined. An
“undefined” solubility in the TSPA model means that the release of these elements is controlled by
the waste inventory and degradation rates associated with the waste forms.
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Solubilities are evaluated as a function of time to account for the evolution of pH and £, during
the postclosure period. One or more epistemic uncertainty terms are evaluated by sampling their
respective distributions once per realization and are added to each time-dependent solubility value.
The in-package chemistry submodel and the EBS chemical environment submodel provide the pH,
ionic strength, and £, inputs to the dissolved concentration limits submodel when the solubilities
are evaluated in the waste package environment and in the invert, respectively.

Outputs from the dissolved concentration limits submodel are provided for each representative
waste package as applicable in seeping and nonseeping environments, and for each percolation
subregion, as follows:

* The time-dependent solubilities for americium, neptunium, plutonium, protactinium,
thorium, uranium, and tin

» The time-dependent value of radium solubility, which can be one of two values depending
on pH.

These outputs are used by the EBS transport submodel to constrain radionuclide concentrations for
the pore waters associated with the commercial SNF rind, the DOE SNF rind, and the HLW glass
rind, as well as the in-package corrosion products and the invert.

Colloid Concentration and Stability—The TSPA model EBS colloids submodel calculates the
types and concentrations of colloids potentially generated after waste package failure. Three types
of colloids are considered: (1) waste-form-degradation colloids, which are generated from
degradation of the glass waste form and SNF waste forms; (2) corrosion-product (iron
oxyhydroxide) colloids produced from the degradation of the steel components in the waste
packages; and (3) (iron oxyhydroxide) colloids present in natural seepage water entering the EBS.
Nine radionuclides can potentially sorb on the colloids: plutonium, americium, cesium,
protactinium, thorium, tin, radium, uranium, and neptunium. Inputs to the EBS colloids submodel
include pH and ionic strength in the waste package provided by the in-package chemistry
submodel, dissolved radionuclide concentrations in the waste package and invert from the EBS
transport submodel, and pH and ionic strength in the invert provided by the EBS chemical
environment submodel.

Colloid Type—As previously mentioned, three types of colloids are considered in the waste form
and in-drift colloid concentration abstraction (SNL 2007v, Section 6.5) and are accounted for in
the EBS colloids submodel implemented in the TSPA model.

1. Waste Form Degradation Colloids—(a) Glass Waste Form Colloids—Experimental
work has shown that quantities of colloids containing plutonium are generated from
glass waste during the degradation process. These colloids are a mixture of clays,
zeolites, and oxides, but are predominantly clays (SNL 2007v, Section 6.3.3).
(b) Residue Commercial SNF Waste Form Colloids—A layer of plutonium and
zirconium-rich oxides forms, and is possibly suspended, at the reaction front of
degrading commercial SNF waste forms (SNL 2007v, Section 6.3.4). (c) Uranium
Mineral SNF Waste Form Colloids—Colloidal-sized particles of uranium minerals such
as uranophane have been observed in solutions in contact with degrading commercial
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SNF. Degrading uranium metal DOE SNF has been shown to release colloid-sized
particles of UO, (SNL 2007v, Sections 6.3.5 and 6.3.6).

2. Corrosion Product Colloids—Iron oxyhydroxides derived from the corrosion of steel
components in the repository will occur in three forms: (1) large-sized corrosion
products consisting of immobile materials; (2) large particles that settle out; and
(3) colloid-sized particles that could potentially transport sorbed radionuclides (SNL
2007v, Section 6.3.8).

3. Seepage Water Colloids—Colloid concentrations in saturated zone groundwater were
used in the waste form and in-drift colloid concentration abstraction to estimate the
colloid concentrations in seepage water that could enter a failed waste package. There is
a wide range in natural groundwater colloid concentrations in the Yucca Mountain
vicinity over a relatively narrow range of groundwater ionic strength.

Colloid Stability—The stability of a colloidal suspension is controlled by electrostatic and
chemical processes at colloid surfaces and by the attractive and repulsive forces between colloids.
Higher ionic strength and higher temperature cause colloidal suspensions to become unstable and
the colloids to coagulate. Another factor in colloid stability is pH. Colloids become unstable and
flocculate near a pH value (zero point of charge) that is characteristic for a particular colloid
mineralogy because of reduced repulsive forces between the colloids. These competing forces and
processes are abstracted as an ionic strength threshold (that is dependent on pH), above which the
colloid suspensions are unstable (SNL 2007v, Section 6.3).

Radionuclide Attachment—Radionuclides could be attached to colloids in many ways. In some
cases the attachment and detachment is relatively fast compared to the residence time and can be
described as an equilibrium sorption process via a K; sorption model. In other cases, attachment is
fast, but detachment very slow, as in coprecipitation where the radionuclide becomes embedded in
the host colloid. This type of attachment is more complex to model and is referred to here as
irreversible or kinetic attachment. Attachment to the types of colloids is approximated as follows
(SNL 2008a, Section 6.3.7.6.1):

1. Waste form degradation colloids

a. Glass degradation colloids — reversible and irreversible
b. Commercial SNF degradation rind colloids — irreversible
c.  SNF uranium mineral colloids — reversible

2. Iron oxyhydroxide colloids — reversible and irreversible
3. Groundwater colloids — reversible.

Nine elements are modeled for reversible sorption to waste form and groundwater colloids:
plutonium, americium, cesium, protactinium, thorium, tin, radium, uranium, and neptunium. This
list represents the radionuclides most likely to exhibit dose-significant colloidal transport. Two of
these elements, plutonium and americium, are modeled as being irreversibly attached to iron
oxyhydroxide colloids, glass degradation colloids, and commercial SNF degradation colloids.
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Reversible sorption on waste form and groundwater colloids is modeled by adjusting the sampled
K, value such that the sorption capacity of the colloids is not exceeded (SNL 2007v,
Sections 6.3.12.1, 6.3.12.2, and 6.3.12.3).

Modeling sorption of dominant actinides in the inventory (uranium, neptunium, plutonium,
americium, and thorium) to iron oxyhydroxide surfaces (both stationary corrosion products and iron
oxyhydroxide colloids) is performed using a surface complexation-based competitive sorption
model. The surface-complexation model is a mechanistic model based on a single-site diffuse-layer
model that couples the pH in the corrosion products domain with the type of surface complexes
formed under varying chemical conditions and sorption site densities. The model is applicable to a
wide range of concentrations and accounts for competition among various actinides for the finite
number of sorption sites. The stationary corrosion products and iron oxyhydroxide colloids are
considered to be a mixture of goethite and ferrihydrite, the proportion of which is treated as
uncertain (SNL 2007k, Section 6.5.2.4). Sorption of uranium, neptunium, and thorium is modeled
as an equilibrium sorption process by computing an effective K; (based on abstraction of surface
complexation modeling results) while the sorption of plutonium and americium is modeled as a
kinetic process. However, the kinetic sorption model is applied differently to stationary corrosion
products and iron oxyhydroxide colloids, such that only irreversible sorption is considered on iron
oxyhydroxide colloids (i.e., there is no desorption of plutonium and americium) while both kinetic
sorption and desorption reactions are considered for stationary corrosion products (SNL 2007k,
Section 6.5.2.4.6). The surface complexation model results are also used to determine a pH response
surface in the corrosion products domain for each representative waste package group in the TSPA
model.

At each time step in the TSPA model calculations, the EBS colloids submodel uses in-package ionic
strength, and pH, to evaluate the stability of colloid suspensions inside the waste package. It then
uses the dissolved radionuclide concentrations to calculate the reversible sorption of each of the
nine modeled radionuclides onto the smectite (waste form and groundwater colloids), uranium
mineral colloids, and iron oxyhydroxide colloids. The EBS colloids submodel also calculates the
irreversible sorption of plutonium and americium onto glass, commercial SNF, and steel corrosion
products colloids (SNL 2008a, Section 6.3.8.3).

The colloid and radionuclide concentration values in the waste packages, along with the ionic
strength and pH of the solution and dissolved radionuclide concentrations in the solution, serve as
source terms for the invert. The EBS chemical environment submodel (Section 2.4.2.3.2.1.4)
calculates the ionic strength and pH of the invert water. Based on the values of ionic strength and
pH in the invert, the EBS colloids submodel determines colloid suspension stabilities and
concentrations for the invert conditions and redistributes available radionuclide mass based on the
distribution coefficients and the total mass of each type of colloid. These colloids and associated
radionuclides are then subject to transport through the invert and into the unsaturated zone.

Several epistemic uncertainties related to colloid suspension stability and colloid-associated
radionuclide concentrations are represented by distributions that are sampled once per TSPA model
realization. These uncertain parameters include the equilibrium sorption distribution coefficients,
the specific surface area of iron oxyhydroxide colloids, the groundwater colloid concentration, and
the forward rate constant for irreversible (kinetic) sorption (SNL 2008a, Section 6.1.4.7).

2.4-167



DOE/RW-0573, Rev. 0 Yucca Mountain Repository SAR

Output 16 (Waste Form Degradation and Mobilization—EBS Transport Coupling)—The
following outputs are passed from the waste form degradation and mobilization model
components to the EBS transport submodel for each representative waste package group in
seeping and nonseeping environments, and for each percolation subregion (Figure 2.4-112):

* The mass of radionuclides available for transport through the EBS
» The concentrations limits of radionuclides inside a failed waste package and in the invert

* The concentrations of radionuclides (plutonium and americium) irreversibly attached
(embedded) in waste-form colloids

» The concentrations of radionuclides (americium and plutonium) that are irreversibly
attached to iron oxyhydroxide colloids

* The concentrations of radionuclides (americium, plutonium, protactinium, cesium,
thorium, tin, radium, uranium, and neptunium) that are reversibly attached to colloids.

2.4.2.3.2.1.8 Engineered Barrier System Transport

The EBS transport submodel (SNL 2007k, Section 6) is described in Section 2.3.7.12. The EBS
transport submodel calculates the time-dependent mass flux of radionuclides from failed waste
packages through the EBS to the unsaturated zone transport submodel once the waste form starts
degrading and transport becomes possible. The transport calculations are based on various
time-dependent inputs (provided by various submodels described earlier), such as:

» Water flow through failed waste packages and the underlying invert

» Temperature, relative humidity, saturation in the invert, and imbibition flux from the host
rock exiting the invert under gravity-driven flow

» The waste form dissolution rates for the various waste forms
* Solubility limits

» Colloidal concentrations and sorption coefficients required to define the mobilized
concentration of colloid associated radionuclides.

The EBS consists of the emplacement drift, the drip shield, the waste package on an emplacement
pallet, and an invert constructed with steel supports and filled with crushed tuff between the steel
framework. The conceptual model of radionuclide transport through the EBS discretizes the
system into three primary domains: (1) the waste form domain; (2) the waste package corrosion
products domain; and (3) the invert domain composed of crushed tuff. An additional domain, the
EBS-unsaturated zone interface, is included beneath the invert domain to establish a boundary
condition for calculating the diffusive flux from the invert to the unsaturated zone and to compute
the mass flux fraction going into the unsaturated zone fracture and matrix continua. The waste
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form and corrosion products domains are more specifically described below by the waste package
type (commercial SNF or codisposal) (SNL 2007k, Section 6.5.2.5):

* Commercial SNF waste package

— Commercial SNF Waste Form Domain—Waste form (Commercial SNF rods), basket
tubes (Stainless Steel Type 316), absorber plates (Stainless Steel Type 304B4)

— Corrosion Products Domain—TAD canister (Stainless Steel Type 316), guide
assembly (Stainless Steel Type 316), inner vessel (Stainless Steel Type 316)

» Codisposal waste package

— HLW glass waste form subdomain—HLW glass, HLW glass canisters (Stainless Steel
Type 316)

— DOE SNF waste form subdomain—DOE SNF (SNF and Stainless Steel Type 304),
DOE SNF canister (Carbon Steel Type A 516, Stainless Steel Type 304, and Stainless
Steel Type 316)

— Corrosion products domain—Divider plate (Carbon Steel Type A 516), inner brackets
(Carbon Steel Type A 516), outer brackets (Carbon Steel Type A 516), support tube
(Carbon Steel Type A 516), inner vessel (Stainless Steel Type 316).

Radionuclide transport through each domain occurs by advection and diffusion (SNL 2008a,
Figure 6.3.8-4). After the waste package fails (breached by either corrosion, seismic damage,
igneous intrusion, or early failure mechanisms), a portion of the water that may flow through the
drip shield could enter the waste package, mobilizing radionuclides from the degraded waste form,
and transporting these radionuclides into the unsaturated zone. Diffusion is the primary transport
mechanism when the water flux into the waste package is negligibly small or zero. Advective
transport becomes important when there is appreciable flow through the waste package. Advective
transport can only occur after the drip shield failure and after general corrosion patch failures have
occurred on waste packages or when the waste package is damaged by igneous intrusion and
ruptured or punctured by a seismic event. In the EBS transport submodel, diffusive transport along
the surface of the emplacement pallet is conservatively ignored and the waste packages are modeled
as being in direct contact with the invert (SNL 2007k, Sections 6.3.1.1).

Conceptually, the waste form domain represents that portion of the fuel that has degraded to rind
(alteration product), along with corrosion products from degradation of the steel basket structure
that surrounds the fuel assemblies or canisters that surround the glass waste. The waste form
degradation processes include dissolution of commercial SNF and HLW glass, rapid degradation of
DOE SNF, and formation of waste form colloids from the alteration of HLW glass and SNF
(Section 2.4.2.3.2.1.7). Radionuclides may be reversibly sorbed or embedded irreversibly in the
waste form colloids. The amount of each radionuclide mobilized from a waste form is limited by the
solubility of the radionuclide in water and the amount of the radionuclide associated with suspended
colloids. Colloids can be important to the total system performance because they can increase the
mass release of radionuclides from the waste package. Both dissolved and colloid associated
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radionuclide mass are transported by advection and/or diffusion to the waste package corrosion
products domain.

The codisposal waste package has two waste types (HLW and DOE SNF) and thus the codisposal
waste form domain is divided into two subdomains, one for the HLW and the other for the DOE
SNF. This is required because the representative codisposal waste package for EBS transport
calculations consists of five cylindrical canisters containing HLW glass logs surrounding a central
canister of DOE SNF (SNL 2007k, Section 6.3.3.1). After the waste package is breached, the HLW
glass degrades at a specified rate to a clay like alteration product. However, the DOE SNF degrades
almost instantaneously to oxides and hydrated oxides of uranium. In addition to the ongoing fuel
degradation, the steel support framework inside the inner vessel of the waste package will corrode
gradually, allowing the HLW glass logs to collapse slowly within the inner vessel, such that the
general cylindrical shape of the glass logs is retained. On the other hand, because DOE SNF
degrades almost instantaneously, and with no credit taken for the canister, it is conceptualized that
DOE SNF would not retain its cylindrical geometry, and may settle near the bottom of the interior
of the inner vessel. The transport characteristics are expected to be different in each waste form
subdomain. Because the EBS transport submodel is a one-dimensional model, the two waste form
subdomains are modeled sequentially, such that the HLW domain is upstream of the DOE SNF
domain. The mass released from the degradation of HLW glass moves to the DOE SNF domain by
advection and/or diffusion and then is transported to the corrosion products domain. Because of the
one dimensional assumption, each waste form subdomain and the corrosion products domain have
the same seepage and/or condensation flux (SNL 2007k, Section 6.5.2.1.2).

Conceptually, the corrosion products domain is composed of corroded internal components of the
waste package, predominantly from the inner vessel and TAD canister. The internal components
of a breached waste package will degrade slowly over thousands of years, forming corrosion
products (assumed to be iron oxyhydroxides) that can sorb and delay the release of radionuclides
from the waste package (SNL 2007k, Sections 6.4.2, 6.3.4.2, and 6.5.2.2.1). Degradation of the
internal waste package components results in two types of materials: (1) stationary iron
oxyhydroxide corrosion products that are assumed to remain in the waste package; and (2) iron
oxyhydroxide colloids that are mobile and can move out of the waste package. A mechanistic
surface complexation-based competitive sorption model is developed in the corrosion products
domain for modeling sorption of dominant actinides in the inventory (uranium, neptunium,
plutonium, americium, and thorium) to both the stationary corrosion products and iron
oxyhydroxide colloids over the range of pH and P, expected in the repository over the

simulation timescales. The mass of corrosion products in a breached waste package varies over
time, from zero when the waste package is first breached to a maximum amount (SNL 2007k,
Table 6.3-8) when all of the steel in the domain is corroded. The mass, at any given time, is
computed by linearly interpolating over the lifetime of each of the two major types of steel
comprising the internal components of a waste package-carbon steel and stainless steel (SNL
2007k, Section 6.5.2.2.1). Only the mass of corrosion products contributed by goethite and
ferrihydrite is used in competitive sorption calculations of radionuclides, while for water vapor
adsorption calculations the entire mass of corrosion products is used, including nickel oxides and
chromium oxides (SNL 2007k, Section 6.3.4.2.1). Reversible sorption of radionuclides onto
groundwater (seepage-water) colloids and waste form colloids that are passing through the
corrosion products domain is also modeled (SNL 2007k, Section 6.3.4.2).
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In the invert domain of the EBS transport submodel (SNL 2008a, Section 6.3.8.2.4), radionuclide
transport occurs by both advection and diffusion and the mass flux of radionuclides (in both the
dissolved state and associated with colloids) is passed to the unsaturated zone. Reversible sorption
of radionuclides on the crushed tuffis also considered. The EBS-unsaturated zone interface domain
is conceptualized to apply an effective semi-infinite zero-concentration boundary condition for
computing the diffusive flux from the invert to the unsaturated zone. It is also used to calculate the

mass fraction going into the unsaturated zone fracture and matrix continua (SNL 2007k,
Section 6.6.3.3).

For each transport domain, the following one-dimensional mass balance equations are considered
(SNL 2007k, Section 6.5.1.2):

» Transport of dissolved radionuclide species and radionuclide species that are reversibly
sorbed onto three types of colloids: iron oxyhydroxide, waste form, and groundwater

* Transport of kinetically (and irreversibly) sorbed radionuclide species on iron
oxyhydroxide colloids

 Kinetic sorption of radionuclide species onto stationary corrosion products in the waste
package

 Transport of embedded (irreversibly sorbed) radionuclide species in waste form colloids
» Decay and ingrowth for a given radionuclide.

The EBS transport model is implemented using the cell pathway capability in the GoldSim software
(GoldSim Technology Group 2007a). Each domain is modeled by one or more cells and an array of
cells is used to model part of the near field unsaturated zone below the invert. As mentioned above,
modeling the near field unsaturated zone serves to establish an effective far-field zero concentration
boundary for computing the diffusive flux from the invert to the unsaturated zone (SNL 2007k,
Section 6.5.2.6). A dual continuum approach for modeling the near field unsaturated zone is
implemented by creating an overlapping continuum of unsaturated zone matrix and fracture cells
(SNL 2008a, Figure 6.3.8-9).

The number of cell pathways in the finite difference network and the discretization of the cells are
chosen in such a way as to capture the physical and chemical properties of the EBS components with
respect to radionuclide transport. The cell pathway acts as an equilibrium batch reactor, where
radionuclide mass is modeled as instantaneously and completely mixed and partitioned among all
media, fluid or solid, within the cell (SNL 2007k, Section 6.5.2.7.1). Both advective and diffusive
transport mechanisms can be explicitly represented using the cell pathways. When multiple cells are
linked together via advective and diffusive connections, the performance of the cell network is
mathematically described using a coupled system of differential equations, and is mathematically
equivalent to a finite difference network. The GoldSim software numerically solves the coupled
system of equations to compute the radionuclide mass present in each cell and the mass fluxes
between cells as a function of time. Both initial and boundary conditions for a cell are defined
explicitly, and systems of varying geometry can be modeled.
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The EBS transport calculations in various domains of the cell network are performed for a
representative commercial SNF and codisposal waste package located in each percolation
subregion for the seep and nonseep environments. The mass fluxes computed for the representative
waste package are scaled by the number of failed waste packages (GoldSim Technology Group
2007a, Chapter 5) for the given seep and nonseep environment to determine the total mass released
to the unsaturated zone transport model. Radionuclide transport is assumed not to occur when the
temperatures are greater than 100°C due to a lack of bulk water and the lack of a continuous water
film on the degradation products. In addition, transport inside the waste package is not allowed
when waste package relative humidity is less than 95% and there is no flow through the waste
package or when the flow rate is less than 0.1 L/yr (Section 2.4.2.3.2.1.7). For all other thermal
conditions, a continuous thin film of water is assumed inside the waste package, which behaves as
bulk liquid in order to allow radionuclides to dissolve and diffuse, including the colloids (SNL
2007k, Section 5.5; SNL 2007h, Section 6.10.9.1[a]). Species-dependent free-water diffusion
coefficients are applied that are corrected for tortuosity and temperature for each domain. The
diffusion coefficient for the colloids is separately computed based on the sampled size of the
colloids (SNL 2007k, Section 6.3.4.4).

Several epistemic uncertainties related to transport through the waste packages and the invert are
represented by distributions sampled once per realization (SNL 2008a, Section 6.1.4.8). In the
waste packages, these include: (1) the water adsorption isotherm parameters (used to determine the
water content in the pore volume of the degraded waste forms and corrosion products); (2) surface
properties such as specific surface area and sorption site density of the stationary corrosion
products; (3) corrosion rate of in-package stainless-steel and carbon-steel components;
(4) diffusive path length from the waste package to the invert; and (5) uncertainty in pH from
surface-complexation calculations that determine the pH in the stationary corrosion products
domain, which in turn determines radionuclide solubilities and colloid stability. In the invert, these
include radionuclide sorption coefficients (empirically based) and an invert diffusion coefficient for
radionuclide diffusion.

The diffusive transport across the boundary between the single-continuum invert domain and the
dual continuum unsaturated-zone domain is derived by enforcing radionuclide mass flux continuity
between the invert and the host rock with harmonic averaging of the effective diffusivity, which
determines the proportion of invert diffusive releases transported into the host-rock matrix
continuum versus that transported into the host-rock fracture continuum. This partitioning of the
advective mass flux is imposed as follows: the total advective mass flux leaving the invert is based
on the combined fluid flux in the invert (a combination of seepage, condensation, and imbibition
flux) but when the advective mass flux is passed to the unsaturated zone, it is partitioned so that the
advective fraction carried by the imbibition flux is sent to the unsaturated zone matrix, while the
remainder (seepage plus drift-wall condensation) is sent to the unsaturated zone fractures. This
partitioning is based on the results of the multiscale thermal-hydrologic model modeling for
imbibition flux, which is described in Section 2.4.2.3.2.1.2. The calculated radionuclide mass flux
crossing the boundary between the single-continuum invert domain and the dual continuum EBS
unsaturated zone domain is passed directly to the coupled, three-dimensional, dual-permeability
model, FEHM used for unsaturated zone transport as a function of time for each representative
waste package (SNL 2008a, Section 6.3.8.3).
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Three different types of radionuclide mass fluxes are passed to the unsaturated zone transport
submodel. The first type of mass flux is applicable for all radionuclides transported in the TSPA
model. This flux includes all of the radionuclide mass that exists in the dissolved state or is
reversibly sorbed onto the three different colloid types: groundwater, waste form, and iron
oxyhydroxide. After it is input to the unsaturated zone transport submodel, this mass is repartitioned
onto the groundwater colloids in the unsaturated zone based on the sampled colloid concentration
and sorption coefficients defined for the unsaturated zone transport submodel. Plutonium and
americium irreversibly sorbed onto waste-form and iron oxyhydroxide colloids form the basis for
the next two mass flux types. These masses are defined in the EBS transport submodel as distinct
species. After exiting the EBS, and before being passed to the unsaturated zone transport submodel,
these two types of irreversibly sorbed radionuclide mass are added together for each irreversibly
sorbed radionuclide. The total irreversibly sorbed mass for either plutonium or americium species
is then repartitioned onto a fast and a slow colloid fraction for transport through the unsaturated zone
and saturated zone. The fraction of irreversible colloids that travel unretarded through the
unsaturated zone and saturated zone is called the fast fraction, while the remaining colloids that
undergo some degree of retardation are called the slow fraction. A value of 0.00168 is used in the
TSPA to represent the fast fraction of colloids. The remaining fraction of 0.99832 is transported as
the slow fraction (SNL 2008a, Section 6.3.8.3).

The radionuclide mass flux, calculated by the EBS transport submodel and released from the five
repository percolation subregions, enters the unsaturated zone repository release nodes (FEHM grid
nodes) that reside within the subregions. The number of unsaturated zone repository release nodes
receiving radionuclide mass depends on the number of waste packages that have failed at each time
step in a given percolation subregion. To simulate waste packages failing at different locations and
releasing mass in a given percolation subregion, the repository release nodes in the unsaturated zone
corresponding to that percolation subregion are randomly selected without replacement (SNL
2008a, Section 6.3.9.3). If the number of failed waste packages in a group exceeds the number of
unsaturated zone repository release nodes in a percolation subregion, releases are allocated evenly
to all unsaturated zone repository release nodes in the percolation subregion. In order to model
releases from EBS for the early-failure cases, the mass release is uniformly distributed over
unsaturated zone repository release nodes associated with the specific percolation subregion (SNL
2008a, Section 6.1.2.4.2[a]). In particular, in both the waste package and drip shield early failure
modeling cases, aleatory uncertainty in the location of the early failed waste package within its
assigned percolation bin is implicitly considered by assigning the mass released from the waste
package uniformly across the bin. The uniform mass release is implemented by distributing the
mass released by the waste package equally to all the unsaturated zone particle tracking model’s
repository release nodes (Section 2.4.2.3.2.1.9) associated with the specific percolation subregion.

The following time-dependent outputs are calculated for each waste package group in each
percolation subregion.

Output 17 (EBS Transport—Unsaturated Zone Transport Coupling)—The following outputs
are passed from the EBS transport submodel to the unsaturated zone transport submodel for each
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for each percolation subregion (releases are first summed over seeping environments and fuel
type):

* For each distinct radionuclide species, the radionuclide mass release rate to the
unsaturated zone matrix and fracture continua for each of two states: (1) dissolved plus
reversibly sorbed onto colloids; and (2) irreversibly sorbed onto colloids

» For each distinct radionuclide species, the fraction of radionuclide mass released into the
fracture continuum versus the matrix continuum of the unsaturated zone release nodes.

2.4.2.3.2.1.9 Unsaturated Zone Transport

Unsaturated zone transport is modeled within the TSPA model by the unsaturated zone transport
submodel. The technical bases and model abstractions that support the unsaturated zone transport
submodel are described in Section 2.3.8. Consistent with the unsaturated zone flow submodel, the
unsaturated zone transport submodel is a dual-continuum model. The unsaturated zone transport
submodel implements a particle-tracking transport algorithm (SNL 2008e, Sections 6 and 8) that is
part of the three-dimensional, dual-permeability, finite-element software code, FEHM. In the
unsaturated zone transport submodel, fracture and matrix transport are coupled and calculated using
the FEHM residence-time transfer-function particle-tracking technique (SNL 2008e, Section 6.4).
This technique is a cell-based approach (Section 2.3.8.5.1) in which particles move from cell to cell
in the FEHM numerical grid. Particle movement from cell to cell is computed probabilistically
based on flow balance, dispersivity, and matrix diffusion. The fracture matrix interactions are
evaluated using transfer functions when diffusive transport between fracture and matrix is
simulated. The transfer functions used in the TSPA model are defined using dual-permeability
numerical solutions of the transport equations for parallel flow in a fracture and adjacent rock matrix
and diffusion normal to the flow direction (SNL 2008e, Appendix C).

The 16 steady-state unsaturated zone flow fields (Section 2.4.2.3.2.1.1) representing each
combination of infiltration scenario and climate change plus the post-10,000-year percolation
scenario, are accessed directly by the TSPA model. The FEHM particle tracking code transports
particles with the same dual-permeability spatial grid as used in the unsaturated zone flow model
component, including the same infiltration and liquid saturation values. When climate changes, the
TSPA model uses the unsaturated zone flow fields associated with the new climate for the given
infiltration scenario.

The FEHM particle tracking code receives inputs at run time directly from the TSPA software code,
GoldSim, and from a set of external files. At run time, GoldSim passes direct inputs to FEHM, such
as the flow-field index (used to select the desired unsaturated zone flow field abstraction based on
climate state and infiltration scenario), the number of radionuclides, and the number of repository
zones (i.e., percolation subregions) (SNL 2008a Section 6.3.9.3). GoldSim also passes inputs from
the EBS, such as the combined EBS releases for both waste package types (from each of the five
percolation subregions), the ratio of the EBS release applied to fractures to the total EBS release
(which is used to apportion the released radionuclides between fracture and matrix nodes), and the
total number of failed commercial SNF waste packages and codisposal waste packages in each
repository subregion (SNL 2008a, Section 6.3.9.3). The FEHM DLL receives new inputs from
GoldSim at every time step in each realization. FEHM must also read in a set of external files that
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provides many inputs including control parameters, deterministic transport parameters, and values
for all the stochastic transport parameters. As noted in Section 2.4.2.3.2.1.8, the mass release rate
of dissolved radionuclides and reversibly sorbed radionuclide mass on colloids from the EBS are
combined and released to the unsaturated zone where this mass is reequilibrated within the
unsaturated zone between the aqueous phase and the groundwater colloids modeled in the
unsaturated zone. Americium and plutonium isotopes that are irreversibly sorbed onto colloids are
transported separately as fast and slow fractions.

The following unsaturated zone transport processes are simulated:

» Advective-dispersive transport of dissolved radionuclides in the fracture and matrix
continua and between continua

* Fracture-matrix interaction and matrix diffusion
* Sorption of dissolved radionuclides in the matrix continuum

* Advective-dispersive transport of colloids with radionuclides attached (transport of
colloids is explicitly simulated when radionuclides are considered to be irreversibly
attached and implicitly simulated in conjunction with the transport storage term when
radionuclides are considered to be reversibly sorbed)

* In the fracture continuum retardation of colloids, on which radionuclides are reversibly
and irreversibly sorbed

* Colloid size exclusion at fracture-matrix continua interfaces

* Radioactive decay and ingrowth

* Climate change and its effect on fluid flow rates in the unsaturated zone

» Rise in water table elevation and its effect on radionuclide release to the saturated zone.

For each realization, a set of uncertain material properties for unsaturated zone transport is sampled
and the values or parameters generated from the sampled values are used in the unsaturated zone
particle tracking code. These epistemic uncertainty distributions (SNL 2008a, Section 6.3.9)
include matrix adsorption coefficients, matrix diffusion coefficients (as generated from sampled
values of tortuosities and species-dependent values of free-water diffusion coefficients), fracture
apertures (as generated from sampled values of fracture porosity and fracture frequency), active
fracture model gamma parameters, colloid equilibrium sorption parameters (as generated from
sampled values of sorption coefficients onto colloids and colloid concentrations), and colloid
retardation factors for unsaturated zone transport.
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Some of the uncertainty in unsaturated zone transport results from uncertainties passed to the
unsaturated zone transport submodel from other submodels. For example, there is uncertainty in
infiltration and unsaturated zone flow from the site-scale unsaturated zone flow process model;
uncertainty in the number of failed waste packages from the waste package and drip shield
degradation model component; and uncertainty in numerous EBS parameters and processes used to
define the radionuclide source term received from the EBS transport submodel. These uncertainties
from upstream submodels are passed to the unsaturated zone transport submodel either implicitly
through the passing of the radionuclide fluxes and ratios of fluxes applied to the unsaturated zone
fractures versus total fluxes (fractures and rock matrix) from GoldSim to FEHM, or explicitly
through the passing of data, such as the number of waste packages failed in each percolation
subregion or indices denoting which infiltration scenario to apply (10th percentile, 30th percentile,
50th percentile, or 90th percentile scenario). For each sampled infiltration scenario, a set of four
steady-state flow fields corresponding to present day, monsoonal, glacial-transition, and
post-10,000-year flow fields is read in by the FEHM particle tracking software for that realization.
As described in Section 2.4.2.3.1.7, because unsaturated zone transport processes tend to be more
sensitive to rock property uncertainties, some unsaturated zone rock properties are treated as
uncertain for the unsaturated zone transport submodel, but not for the site-scale unsaturated zone
flow process model (e.g., active fracture gamma—Section 2.3.8.5.2.4). Also, some of the uncertain
parameters derived for the unsaturated zone transport submodel, such as matrix sorption and matrix
diffusion coefficients, are used in the EBS transport submodel for sections of cell networks
representing the unsaturated zone directly below the repository (SNL 2008a, Section 6.3.8.2.4).

In the unsaturated zone transport submodel, radionuclide sorption on the rock matrix is
approximated using a linear, equilibrium sorption model characterized by a single parameter, the
sorption coefficient or K, for each radioelement. A set of three probability distributions for the K s
have been developed for each radioelement (Section 2.3.8.3.1). Each set of K ;s describes the
radioelement sorptive behavior in each of three major rock types (vitric, devitrified, and zeolitic
tuffs) in the unsaturated zone (SNL 2007w, Section 6.1.2.3). These effective sorption coefficients
are a function of many factors, including mineralogy, groundwater aqueous chemistry, and
heterogeneity at scales smaller than those considered in the numerical model.

In the TSPA model, unsaturated matrix diffusion coefficients (Section 2.3.8.5.2.4) are generated as
the product of the matrix tortuosities for specified rock groups and the free-water diffusion
coefficients for the elements considered (SNL 2008e, Section 6.5.5 of Addendum 1). The
tortuosities are based on a correlation between matrix diffusion, porosity, and saturated
permeability developed from diffusion data in saturated samples by Reimus et al. (2007). To adapt
the relationship for the unsaturated zone, porosity is replaced by water content, and saturated
permeability is replaced by effective permeability.

Part of the conceptual model upon which the unsaturated zone transport submodel is based is the
active fracture model of Liu et al. (1998). The active fracture model (Section 2.3.8.4.1) takes into
consideration the fact that due to the nonlinearities associated with unsaturated flow, only a portion
of fractures in the unsaturated zone fracture network are subject to water flow, while the others are
bypassed. The active fracture model assumes that, because only a portion of the fractures in a
network have water flowing through them, there is an impact on the effective fracture spacing, the
fracture/matrix interface area, and the number of active fractures in a grid block. In the TSPA model,
the spacing between flowing fractures is calculated as a function of the geometric fracture spacing,
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fracture saturation, fracture residual saturation, and the active fracture model parameter, ¥ In the
TSPA model, a constant fracture residual saturation of 0.01 is used for all layers (SNL 2008e,
Section 6.5.6).

In addition to adjusting the spacing between flowing fractures, the active fracture conceptualization
calls for an adjustment to the interface area across which matrix diffusion occurs. The interface
adjustment accounts for the reduction of the wetted area within an individual fracture and for the
reduction in area caused by the smaller number of active fractures. This adjustment to the interface
area is a reduction by a factor of the effective saturation (SNL 2008e, Appendix C). The area
reduction associated with the active fracture model is a conservative representation for situations in
which radionuclide mass is introduced into the fracture continuum, which occurs for all waste
packages in seeping zones (SNL 2008a, Section 6.3.9.2).

In the TSPA model, except in fault zones, where the medium is treated as a fracture continuum with
low effective porosity and sorption on the rock surfaces, fracture retardation factors are set to 1.0.
In the TSPA model this causes there to be no sorption on fracture surfaces of radionuclides with
respect to transport time through the unsaturated zone fractures (SNL 2008e, Section 6.5.8).

As described previously, reversible and irreversible sorption of radionuclides onto colloids is
accounted for in the unsaturated zone transport submodel. When the sorption process is irreversible,
a very large number (10%°) is assigned to the colloid equilibrium sorption coefficient, K, (SNL
2008e, Sections 6.4.5 and 6.5.12), which represents the ratio of radionuclide mass transported
colloidally versus the mass transported as dissolved species. For reversible radionuclide sorption on
the colloids, the K. values are calculated by multiplying a radionuclide sorption coefficient for a
species onto a colloid by the colloid concentrations in the water.

A colloid retardation factor, R, is used in the TSPA model to simulate the impact of reversible
filtration of the reversible and irreversible colloids in fractures (SNL 2008a, Section 6.3.9.2).
Colloid transport data obtained under saturated conditions from the C-Wells and other field and lab
tests provide a conservative measure of unsaturated zone colloidal transport (SNL 2007x,
Sections 6.3 and Appendix D). The characterization of colloid transport is believed to be
conservative because colloidal transport under saturated conditions would be greater than colloidal
transport under unsaturated conditions (Section 2.3.8.3.4). Thus, the cumulative distribution
function for colloid retardation factors in the unsaturated zone is consistent with the cumulative
distribution function for the colloidal retardation factor in volcanic units for the saturated zone. This
cumulative distribution function is applied to the “slow” fraction of colloids described in
Section 2.4.2.3.2.1.8. There is also a “fast” fraction of colloids escaping retardation due to physical
and chemical processes. In the TSPA model, this fraction is equal to 0.00168 and is based on a
reasonably conservative estimate of the residence time of colloid particles in the natural system
(SNL 2008e, Section 6.5.13; SNL 2008a, Section 6.3.8.3). Fast-fraction colloids do not sorb on
fracture surfaces (R,,; = 1) and do not participate in matrix diffusion processes.

In the unsaturated zone transport submodel, the longitudinal fracture dispersivity is set to 10 m,
which represents a value chosen from the lower end of the field studies (SNL 2008e, Section 6.5.2).
Compared to the effects of matrix diffusion and the large-scale heterogeneities in the unsaturated
zone, dispersivity effects are expected to have a small influence on the breakthrough curves.
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Outputs from the unsaturated zone transport submodel at each time step are radionuclide mass
release rates from the fracture and matrix continua at the base of the unsaturated zone model domain
(i.e., at the water table or unsaturated zone/saturated zone interface). These radionuclide mass
releases for each species are grouped or integrated spatially into four zones, called unsaturated zone
collecting bins, to be transferred by four sets of saturated zone breakthrough curves in the saturated
zone transport submodel (SNL 2008a, Section 6.3.9.3). When the climate changes, the elevation of
the water table is instantaneously set to the elevation associated with the new flow field, where the
water table has been set to a minimum of 850 m above mean sea level (Section 2.3.8.5.3),
representing an up to 120-m water table rise for any climate past the present-day climate (i.e., at any
time 600 years after waste emplacement). Any radionuclides in the unsaturated zone below the new
and higher water table elevation when the climate changes are immediately removed from the
unsaturated zone and provided as inputs to the saturated zone flow and transport submodel (SNL
2008a, Section 6.3.9.3).

As mentioned above, radionuclide releases from the unsaturated zone to the saturated zone are
grouped into four unsaturated zone collecting bins. The total radionuclide mass release rate from the
base of the unsaturated zone grid for matrix and fracture continua in each of these four collecting
bins is released to a single location in the equivalent saturated zone source region. The location of
the random release point for each realization in each saturated zone source region is selected during
the generation of the saturated zone convolute abstraction breakthrough curves using a
three-dimensional saturated zone convolution integral transport method, performed by the software
code SZ Convolute. The location of the unsaturated zone release point used in each realization is,
therefore, implicit to the sampled breakthrough curve used in the saturated zone convolution
integral approach (Section 2.4.2.3.2.1.10). The sum of the fracture and matrix radionuclide mass
release rates is released from the four unsaturated zone collecting bins to four corresponding
saturated zone capture zones and then fed to the three-dimensional saturated zone convolution
integral transport model, performed by the software code SZ Convolute, and to the
one-dimensional saturated zone pipe transport model at each TSPA model time step

(Sections 2.3.9.3.4.1 and 2.3.9.3.4.2).

Output 18 (Unsaturated Zone Transport—Saturated Zone Transport Coupling)—The
following outputs are passed from the unsaturated zone transport model component to the
saturated zone flow and transport submodel (Figure 2.4-112; SNL 2008a, Section 6.1.4.9):

» For each distinct radionuclide species and unsaturated zone outflow region, the summed
release rate from the unsaturated zone matrix and fracture continua for the radionuclide
mass dissolved plus reversibly sorbed onto colloids

» For certain radionuclide species, as appropriate, and for each unsaturated zone outflow
region, the summed mass release rate from the unsaturated zone matrix and fracture
continua, for each of two states: (1) radionuclide mass irreversibly sorbed onto the slow
fraction of colloids and (2) radionuclide mass irreversibly sorbed onto the fast fraction of
colloids.
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2.4.2.3.2.1.10 Saturated Zone Flow and Transport

The saturated zone flow and transport submodel for the TSPA model is described in Section 2.3.9.
The saturated zone flow and transport submodel evaluates the transport of radionuclides from their
introduction at the water table below the repository to the accessible environment located at the
southern boundary of the controlled area at 36° 40" 13.6661” North latitude (10 CFR 63.302),
approximately 18 km from the repository footprint in the predominant direction of groundwater
flow. The groundwater used annually by the hypothetical farming community is assumed to contain
all radionuclide mass in the saturated zone that annually crosses the regulatory boundary (i.e., the
captured radionuclide mass is mixed in the 3,000 acre-ft of annual groundwater usage) (10 CFR
63.312(c)). For the saturated zone flow and transport abstraction used in the TSPA model (SNL
2008f, Section 6.3.1), groundwater flow between the repository and the accessible environment is
modeled using three-dimensional, steady-state flow conditions. A dual-porosity representation is
used for the fracture network in the volcanic rocks beneath the repository, while the alluvium and
valley-fill deposits are modeled as single-porosity media.

Several processes are involved in the transport of radionuclides through the saturated zone and are
explicitly included in the TSPA model simulations, as described in Section 2.3.9. These are
advection, dispersion, matrix diffusion in fractured media, sorption of radionuclides,
colloid-facilitated transport, radioactive decay, and radioactive ingrowth.

* Advective transport is the primary process for the transport of radionuclides from the
saturated zone to the accessible environment. In the volcanic hydrogeologic units in the
first part of the saturated zone pathway, advection only occurs in the fracture continuum
(i.e., in the fracture continuum portion of the dual-porosity model) due to the very high
contrast in permeability between the fractures and the rock matrix. The alluvium at the
end of the saturated zone pathway is modeled with advective transport through a
homogeneous single-porosity medium.

» Dispersion of radionuclide mass, which includes hydrodynamic dispersion and molecular
diffusion, occurs in the fractured volcanic units and in the alluvium, with longitudinal
dispersion typically much greater than transverse dispersion.

» Matrix diffusion in fractured volcanic units causes transfer of dissolved radionuclide mass
from the flowing groundwater within fractures to the relatively stagnant groundwater
contained in the pores of the rock matrix. The mass transfer, which could be in either
direction, is a function of the concentration of the radionuclide in the fractures and matrix.
The process of matrix diffusion of colloids is considered to be small and thus is not
included in the TSPA model (SNL 2008a, Section 6.3.10.1).

» Radionuclide sorption in the fractured volcanic zones occurs in the rock matrix only. In
the alluvium, sorption occurs in the effective porosity of the alluvium.

* Colloid-facilitated transport can occur by two modes: (1) when radionuclides are
reversibly sorbed onto colloids and (2) when radionuclides are irreversibly attached onto
colloids. The “slow” fraction of the colloids with irreversibly attached radionuclides
(Section 2.4.2.3.2.1.9) undergoes filtration during transport, which is represented by a
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retardation factor in the saturated zone flow and transport model component. The fast
fraction of colloids (Section 2.4.2.3.2.1.9) is assumed to have no filtration or other such
retardation mechanisms.

+ Radioactive decay and ingrowth occurs for all radionuclides. The two different treatments
of decay and ingrowth for various radionuclides (i.e., the use of the three-dimensional
versus one-dimensional transport models) are described below.

In addition to the radionuclide mass flux from the unsaturated zone (Section 2.4.2.3.2.1.9), the
saturated zone flow and transport submodel receives additional inputs from several other sources
(Section 2.3.9.3.4.1.1). The climate analysis (BSC 2004c) provides the duration of climate states,
while estimates of the scaling factors for groundwater flow rates in the saturated zone under future
climatic conditions are based on several sources, including simulations of net infiltration in the area
near Yucca Mountain (SNL 2008g), weighting factors for alternative infiltration maps derived from
calibration of the site-scale unsaturated zone flow model (SNL 2007b), and corroborative
information from simulations using the Death Valley regional groundwater flow model (D’ Agnese
et al. 1999). In particular, based on the ratio of infiltration fluxes in different climate states and other
considerations, when climate change occurs, the saturated zone flow and transport submodel
accounts for the change in saturated-zone specific discharge through a set of climate-state-specific,
groundwater-flow scaling factors (SNL 2008f, Section 6.5[a]). The multipliers on the constant
specific discharge are 1.9 for the monsoon climate and 3.9 for the glacial transition climate. The
glacial transition multiplier is also used for the post-10,000-year period climate. The climate state
groundwater flow scaling factors are based on mean case conditions and do not include uncertainty
in groundwater flux estimates within a given climate state because this uncertainty is captured by
uncertainty in the distribution of the groundwater specific discharge multiplier. The uncertainty in
this multiplier is applied to all of the climate states.

The TSPA saturated zone flow and transport submodel uses two abstractions to describe saturated
zone flow and transport: (1) a three-dimensional saturated zone flow and transport abstraction; and
(2) one-dimensional saturated zone flow and transport abstraction. The range of applicability of
these two abstractions is related to ingrowth, as explained below. The three-dimensional abstraction
is preferred because of its more robust methodology for representing physical-chemical processes
and flow paths; however, the one-dimensional abstraction must be used for many of the radioactive
decay products produced by ingrowth during transit through the saturated zone, as discussed below.

Twenty-seven of the 31 screened-in radionuclides are tracked and transported by the saturated zone
transport submodel. The four radionuclides not tracked and transported are >*Cm, 24!Pu, 22’ Ac, and
228Ra—secular equilibrium with the parent radionuclide is assumed for *’Ac and *?®Ra; the
half-life of 2*'Pu is too short for it to reach the accessible environment, and 2*3Cm has a small initial
inventory (but its decay to *! Am is accounted for in the source term) (SNL 2008a, Table 6.3.7-6).
The radionuclides tracked by the saturated zone flow and transport model component are divided
into 12 groups based on their transport characteristics. These 12 groups and their modes of transport
are summarized in Table 2.3.9-16. The 12 groups of radionuclides are divided among three modes
of radionuclide transport: (1) solute transport, (2) colloid-facilitated transport of radionuclides
reversibly attached onto colloids, and (3) colloid-facilitated transport of radionuclides irreversibly
attached onto colloids. For example, the nonsorbing radionuclides of carbon, technetium, iodine,
and chlorine are grouped together because their migration is identical. Similarly, the radionuclides
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of americium, thorium, and protactinium reversibly attached onto colloids are grouped together
because of their similar sorption characteristics. The radionuclides of plutonium and americium are
transported as either reversibly and irreversibly attached onto colloids (SNL 2008f,
Section 6.5.3[a]).

Using the 12 representative radionuclide groups, the three-dimensional saturated zone flow and
transport process model (SNL 2008f) is run outside the TSPA model. It is used to perform a series
of probabilistic transport simulations for an instantaneously applied unit mass to obtain cumulative
mass breakthrough curves at the 18-km regulatory boundary for each of the 12 representative
radionuclide groups. For each realization, parameters containing epistemic uncertainty are sampled
and used in the three-dimensional and one-dimensional saturated zone flow and transport models
(SNL 2008f, Table A-1[b]). Two hundred realizations of the three-dimensional saturated zone flow
and transport process model for the four source regions provide 9,600 breakthrough curves at the
regulatory boundary (i.e., 12 x 200 x 4). The uncertain parameters include: (1) effective porosity in
the alluvium; (2) values of the distribution coefficient, K, in the tuff and alluvium; (3) parameters
used for irreversible and reversible sorption onto colloids; (4) longitudinal dispersivity;
(5) transverse dispersivity; (6) point source location within one of the four source regions;
(7) horizontal permeability anisotropy; (8) fraction of the groundwater flow path within the
alluvium; and (9) parameters related to matrix diffusion in the tuff (SNL 2008f, Table A-1[b]).

The unit mass breakthrough curves generated by the three-dimensional saturated zone flow and
transport process model, in combination with a convolution integral method, are used by the
three-dimensional saturated zone flow and transport abstraction in the TSPA model to calculate
transport in the saturated zone to the accessible environment. The convolution technique, performed
by the SZ Convolute DLL, inherently assumes the system being simulated exhibits a linear
response to the input function and a steady-state flow condition in the saturated zone. The
convolution integral method takes a time-dependent, point-source radionuclide mass from the
unsaturated zone transport submodel, which represents the total mass release rate over one of the
four unsaturated zone collector regions, and integrates it with the appropriate unit mass
breakthrough curve for that radionuclide to determine the mass flux of radionuclides across the
18-km boundary. The areal placement of the unit mass point source in each of the four saturated
zone source regions varies randomly from realization to realization, reflecting uncertainty in the
location of radionuclide release from waste packages and transport pathways in the unsaturated
zone. Changes in recharge and groundwater flux in the saturated zone associated with climate
variations are approximated as step changes from one steady-state flow condition to the next. There
are separate convolution integral calculations for each radionuclide and each of the four source
regions.

One limitation of the convolution integral method in the three-dimensional saturated zone flow and
transport abstraction is that, while it accounts for radioactive decay, it cannot account for ingrowth.
Thus, it is only strictly applicable for some of the radionuclides (i.e., the top parents in the various
decay chains). However, its applicability is extended to some radioactive decay products by using
an “inventory boosting” technique. For example, consider *’Np. Its parent, 4! Am, will decay in the
saturated zone transport pathway to produce some 2*’Np. Thus, the 23’Np that enters the accessible
environment will be partly from 23’Np that crosses the unsaturated zone/saturated zone interface
below the repository and partly from *! Am decay within the saturated zone. However, since the
three-dimensional saturated zone transport model includes a more rigorous conceptualization of the
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spatially variable flow paths, it is preferable to apply it to 2*’Np, even though it does not account for
ingrowth from the decay of 2*! Am. To assure that it is applied conservatively, at each time step any
mass of ! Am entering the saturated zone from the unsaturated zone is decayed for the remaining
length of the simulation time and added to the 2*’Np mass entering the saturated zone from the
unsaturated zone. Because the mass of the parent species is not reduced while boosting the inventory
of its decay product, this “inventory boosting” method results in a conservative overestimation of
the mass of radionuclides transported in the saturated zone (SNL 2008a, Section 6.3.10.4.2).
However, it is only applied to radionuclides that travel at approximately the same effective velocity
(i.e., considering sorption) or more slowly than their decay products. This is the case for
2 Am/?Np. It is also the case for 23%U/24U, 238Pu/?*U, 2 Am/>*°Pu, and 2*°Pu/?*¢U, and
242py/238U (SNL 2008a, Section 6.3.10). A one-dimensional saturated zone flow and transport
abstraction that includes full chain decay is used for the rest of the species (3°U, 2'Pa, 233U, 22°Th,
232Th, 23Th, and ?*°Ra). Also for the end members of four decay chains (?*'Pa, 2?°Th, 2*2Th, and
226Ra) (Figure 2.4-21), transport of the mass of that species released from the unsaturated zone is
simulated using the three-dimensional saturated zone flow and transport abstraction. The transport
of'the mass generated by ingrowth of these radionuclides from radionuclides ahead of'it in the decay
chain is evaluated using the one-dimensional saturated zone flow and transport abstraction. The
mass releases from the one-dimensional and three-dimensional abstractions are then summed
before being used by the biosphere submodel (SNL 2008f, Section 6.5.3[b]).

The one-dimensional saturated zone flow and transport abstraction is incorporated directly in the
TSPA model as three one-dimensional pipe segments using GoldSim pipe pathway elements
(Section 2.3.9.3.4.2). All radionuclides are transported with the one-dimensional abstraction;
however, only a subset of these is passed from the one-dimensional abstraction to the biosphere
submodel. The others (i.e, the top level radionuclides in the four decay chains, plus the decay
products mentioned above, plus the fission-product radionuclides) are passed to the biosphere
submodel from the three-dimensional abstraction, namely, '4C, 133Cs, 137Cs, 1?°1, °°Sr, Tc, 24> Am,
239Pu, 241A1’1’1, 240PL1, 242Pu, 238Pu, 36C1, 7986, 12681’1, 237Np, 234U, 232U, 236U, and 238U (SNL 20088_,
Table 6.3.7-6). The rates of groundwater flow within individual pipe segments of the
one-dimensional abstraction are adjusted to match the flow rates in the three-dimensional saturated
zone flow and transport abstraction. The flow path length of the first segment is constant. The flow
path length of each of the last two segments is a function of two uncertain parameters: the first
represents uncertainty in the horizontal permeability anisotropy, and the second represents
uncertainty in the northwestern boundary of the alluvium. These two parameters are sampled once
per saturated zone realization. Values of transport parameters in the one-dimensional saturated zone
pipe segments correspond to the values used in the three-dimensional saturated zone flow and
transport abstraction in each TSPA realization. The TSPA model coordinates the consistent, random
selection of radionuclide breakthrough curves for the three-dimensional transport abstraction and
the material properties for the one-dimensional transport abstraction for each realization.

Output 19 (Saturated Zone Transport—Biosphere Coupling)—The following output is
passed from the saturated zone flow and transport submodel to the biosphere submodel:

» For each distinct radionuclide species transported in the three-dimensional saturated zone
model, the summed release rate at the 18-km accessible environment boundary from the
four saturated zone source regions for the mass dissolved plus reversibly sorbed onto
colloids
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* For certain radionuclide species transported in the three-dimensional saturated zone
model, the summed release rate at the 18-km accessible environment boundary from the
four saturated zone source regions for each of two states: (1) irreversibly sorbed onto the
slow fraction of colloids, and (2) irreversibly sorbed onto the fast fraction of colloids

» For each distinct radionuclide species transported in the one-dimensional saturated zone
model (whose dose will be computed based on the results of the one-dimensional model),
the summed release rate at the 18-km accessible environment boundary from the four
saturated zone source regions for the mass dissolved plus reversibly sorbed onto colloids.

2.4.2.3.2.1.11 Biosphere

The biosphere model component of the TSPA model estimates the annual radiation dose to the
RMEI expected if radionuclides are released to the accessible environment from the repository after
closure. The annual dose to the RMEI is calculated using BDCFs within the biosphere submodel
that convert radionuclide releases to dose. The BDCFs are developed using the Environmental
Radiation Model for Yucca Mountain Nevada (ERMYN) (SNL 2007y) as described in
Section 2.3.10 and implemented using the GoldSim software. The BDCFs include dose
contributions from all potential exposure pathways (ingestion, inhalation, external radiation) at the
location of the RMEI in order to calculate the predicted annual total dose required to evaluate
compliance with the individual protection standards in proposed 10 CFR 63.311 and proposed
10 CFR 63.321.

For the set of scenario classes considered in the TSPA model, there are two possible radionuclide
release pathways from the repository to the accessible environment: one through groundwater and
one through the atmosphere via volcanic eruptions. These two radionuclide release pathways result
in the two exposure scenarios and two corresponding sets of BDCFs (SNL 2007y). To eliminate
possible confusion with the TSPA scenario classes, these two exposure scenarios are called the
exposure cases in the TSPA model. The TSPA model combines the appropriate BDCFs with the
estimates of radionuclide concentrations in groundwater derived from the saturated zone transport
abstraction models (Section 2.3.10.5.1) or in surface soil mixed with volcanic tephra derived from
the volcanic tephra redistribution model (Section 2.3.10.5.2).

For the groundwater exposure case, radionuclides enter the accessible environment from one or
more wells that extract contaminated groundwater from the saturated zone aquifer. As specified in
10 CFR 63.312(c), the well water used by the RMEI has average concentrations of radionuclides
based on an annual water demand of 3,000 acre-ft. Thus, the mass flux rate of radionuclides from
the saturated zone flow and transport submodel is diluted or mixed in an annual water demand of
3,000 acre-ft. Human exposure arises from using the contaminated water for domestic and
agricultural purposes. Groundwater BDCFs apply to the nominal scenario class modeling case, the
drip shield early failure modeling case, the waste package early failure modeling case, the seismic
ground motion modeling case, the seismic fault displacement modeling case, the igneous intrusion
modeling case, and the human intrusion scenario. In the volcanic ash exposure case, radionuclides
are released as contamination in volcanic tephra that is dispersed into the atmosphere and deposited
on the ground, with possible redistribution by hillslope and fluvial processes leaving contaminated
tephra mixed with surface soil. Human exposure occurs in the accessible environment with the
transport of radionuclides from surface soil to other environmental media such as foodstuffs,
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inhalable contaminated atmospheric particulate matter, and groundshine. Volcanic ash BDCFs
apply to the volcanic eruption modeling case.

To facilitate modeling for dose calculations, a reference biosphere is developed, as described in
Section 2.3.10.2.1. The reference biosphere represents the environment inhabited by the RMEI
along with associated human exposure pathways and parameters (10 CFR 63.102(i)). Required
characteristics of the reference biosphere are specified in 10 CFR 63.305(a), (b), (d), and proposed
(¢), and the RMEI is a hypothetical person who meets the criteria of 10 CFR 63.312. To meet the
requirement of 10 CFR 63.312(b), the dietary and living style characteristics of the RMEI were
determined based on surveys of people living in the Amargosa Valley combined with the 2000
census data (Bureau of the Census 2002), as well as regional and national information on behavioral
patterns and food intake (USDA 2000; EPA 1997; ICRP 1994; BSC 2005b).

As indicated in Section 2.3.10.2.2, the biosphere submodel in the TSPA uses dose coefficients from
Federal Guidance Report 13 (EPA 2002) to convert radionuclide intake or external exposure to
dose. Dose coefficients for external exposure are equal to the effective dose per unit time per unit
radionuclide concentration in the soil and are developed using tissue weighting factors consistent
with International Commission on Radiological Protection Publication 60 (ICRP 1991). The dose
coefficients for inhalation and ingestion are equal to the committed effective dose per unit
radionuclide intake by inhalation or ingestion and are also developed using tissue weighting factors
and the dosimetric methods based on International Commission on Radiological Protection
Publication 60 (ICRP 1991). This approach is in compliance with proposed 40 CFR Part 197,
Appendix A, as required by proposed 10 CFR 63.2.

Groundwater Exposure Case—In the groundwater exposure case, radionuclides are introduced
into the accessible environment with groundwater pumped from wells for agricultural and
domestic purposes. Once in the accessible environment, the radionuclides migrate through various
environmental components. During this migration, some of the radionuclides give rise to a dose to
the RMEI through one of three exposure pathways: inhalation, ingestion, or external exposure
(Section 2.3.10.2.3). Each of the exposure pathways is modeled using the diet, living style, and
other characteristics of the RMEI (Section 2.3.10.2.2). The biosphere process model for the
groundwater exposure case considered a series of eight submodels, representing five
environmental media: soil, air, plant, animal, and fish (Section 2.3.10.2.5). The radionuclides in
each of these components can result in exposure to the RMEI.

The following environmental transport processes are explicitly included in the biosphere process
process model for the groundwater exposure case (SNL 2007y, Section 6.3.1.3):

» Radionuclide accumulation in surface soil layers as a result of long-term cultivation using
contaminated water

» Resuspension of contaminated soil

» Radionuclide deposition on crop surfaces by dry processes (resuspension of contaminated
soil and subsequent adhesion of soil particles onto vegetation surfaces)

» Radionuclide deposition on crop surfaces by interception of contaminated irrigation water

2.4-184



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

* Removal of surface contamination by weathering processes

» Translocation and retention of contaminants from the deposition site to the edible tissues
of vegetation

» Radionuclide uptake from soil by plants through the roots

« Release of radionuclides in gaseous phases, 2*’Rn and '*CO,, from the soil into the air
with subsequent inhalation

« Photosynthesis by crops of '*CO, from the atmosphere

» Radionuclide intake by animals through consumption of contaminated feed, water, and
soil, followed by transfer to animal products

» Radionuclide transfer from water to air through use of evaporative coolers
» Radionuclide transfer from water to fish.

The TSPA only considers the release and transport of the primary radionuclides. To avoid
underestimating annual dose to the RMEI, the biosphere process model accounts for the decay
products of the primary radionuclides after they are introduced into the accessible environment. The
short-lived decay products with half-lives of less than 180 days are considered to be in secular
equilibrium with the parent radionuclide, and their radiation dose contributions are included in the
BDCEF for the primary radionuclide or a long-lived decay product of the primary radionuclide (SNL
2007y, Sections 6.3.1.4 and 6.3.5). The biosphere process model also accounts for the buildup of the
primary radionuclides in soil, as well as the decay and ingrowth of long-lived decay products in the
soil as a result of long-term irrigation (from 25 years up to 1,000 years) (SNL 2007y,
Sections 6.4.1.1 and 6.4.1.2). In this case, the BDCF contributions of the long-lived decay products
created in the soil are added to that of the parent primary radionuclides. The output of the biosphere
process model provides the groundwater case BDCFs for all primary radionuclides and the
following combination of radionuclides where the effect of longer-term decay products are included
with the BDCF of the initial primary radionuclide: 2*’Ra and 2!°Pb, shown on TSPA model dose
plots as *°Ra.

Volcanic Ash Exposure Case—The biosphere conceptual model for the volcanic ash exposure
case uses a similar reference biosphere and human receptor as the groundwater exposure case. The
major difference between the exposure cases is that in this case, the radionuclide source consists
of contaminated tephra deposited on the ground surface and mixed with soil, rather than the
multiple uses of contaminated groundwater (SNL 2007y, Section 6.3.2). The following
environmental transport processes are explicitly included in the biosphere process model for the
volcanic ash exposure case (SNL 2007y, Sections 6.5.2, 6.5.3, and 6.5.4):

» Resuspension of contaminated soil and tephra from undisturbed soils and activities that
disturb the soil surface
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* Dry deposition of radionuclides on crop surfaces, including resuspension of contaminated
soil and subsequent adhesion of soil particles on crop surfaces

* Removal of surface contamination by weathering processes

» Translocation and retention of contaminants from the site of deposition to the edible
portions of crops

» Radionuclide uptake by crops through the roots

» Radionuclide intake by animals through consuming contaminated feed and soil, and
subsequent transfer to animal products

+ Release of radon (**?Rn) from the soil.

Because the groundwater is contaminant-free in the volcanic ash exposure case (to demonstrate
compliance with the individual protection standard, the dose from this case is added to the doses
from the modeling cases that involve groundwater contamination), fewer exposure pathways are
considered than for the groundwater exposure case. In particular, as described in Section 2.3.10.2.6,
the volcanic ash exposure case does not include a contribution to annual dose from ingestion of
drinking water, ingestion of locally produced fish, or inhalation of indoor aerosols generated by
evaporative coolers. In addition, the dose contribution from !“C in solid or gaseous forms is not
considered because “C is a negligible contributor to dose in the volcanic ash exposure case (SNL
2007s, Tables 6-7 and 6-8). The consideration of short-lived nonprimary radionuclide decay
products in the volcanic ash exposure case is the same as discussed above for the groundwater
exposure case (i.e., their contributions to dose are included in the BDCFs of the parent
radionuclide).

Climate Change—Based on various considerations summarized in Section 2.3.10.1, present-day
climate BDCFs were determined to (1) represent a suitable balance between the requirements of
10 CFR 63.305(b) and proposed 10 CFR 63.305(c); (2) meet the requirements of 10 CFR
63.305(a) and (b); and (3) be appropriate for the assessment of doses to the RMEI for the entire
10,000 year period following repository closure, and for the period beyond 10,000 years within
the period of geologic stability, as prescribed by proposed 10 CFR 63.302.

Uncertainty Methodology—BDCFs for the groundwater and the volcanic ash exposure cases
were calculated using probabilistic analysis in a series of simulations for each of the screened-in
radionuclides tracked in the TSPA model (SNL 2007y). To incorporate uncertainty into the TSPA
model input, BDCFs are calculated in a manner to propagate the uncertainties of the biosphere
process model input parameters. For groundwater BDCFs, this is accomplished by conducting a
series of 1,000 stochastic model realizations using the ERMYN code (Section 2.3.10.1) for each
radionuclide. The resulting set of BDCFs incorporates the uncertainty from those input
parameters. The sampling is structured so that for a given iteration, the sampled value for each
nonradionuclide-specific parameter is the same for every radionuclide. This approach ensures that
the correlation between BDCFs arising from the commonality of receptor and environmental
characteristics is retained. Similarly, the BDCFs for the volcanic eruption modeling case are
generated stochastically using 1,000 realizations of the ERMYN code. In the TSPA model, for
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either the groundwater exposure case or the volcanic ash exposure case, a discrete distribution
whose output is an integer from 1 to 1,000, inclusive, is used to randomly select a particular set of
values from the BDCF tables (SNL 2008a, Section 6.3.11.3). The selected BDCFs for each
radionuclide are then multiplied by the appropriate radionuclide concentrations (in the
groundwater or soil) to compute annual dose to the RMEL.

As described in Section 2.3.10.2.5, for the groundwater exposure case, radionuclide concentrations
in groundwater are calculated from the annual radionuclide mass flux provided by the saturated
zone flow and transport model component uniformly mixed in the annual water demand of
3,000 acre-ft (10 CFR 63.312(c)). The annual dose to the RMEI was then calculated by assuming
a linear relationship between radionuclide concentrations in groundwater and the resulting doses
(i.e., BDCFs are not a function of concentration). As stated in Section 2.3.10.2.5, to calculate
BDCFs that are independent of time (or, equivalently, independent of concentration), radionuclide
concentrations in groundwater are considered constant over time (SNL 2007y, Section 6.3.1.4) in
the development of the BDCFs. This assumption allows separate and independent calculations of
time-dependent radionuclide concentrations in the TSPA model and time-independent BDCFs in
the biosphere process model. Based on this assumption, BDCFs are calculated in the biosphere
process model as the annual dose per unit concentrations of radionuclides in groundwater (i.e., Sv/yr
per Bq/m?), and the annual dose is calculated in the TSPA model as the product of the BDCFs and
radionuclide concentrations in groundwater.

For the volcanic eruption modeling case, the BDCFs are multiplied by the appropriate
concentrations; one concentration is in the resuspendible soil layer and the other is the concentration
averaged over the tillage depth (SNL 2008a, Section 6.3.11.2). As described in Section 2.3.10.5.2,
for the volcanic ash exposure case, the biosphere process model produces three BDCF component
for each radionuclide. The first component accounts for exposure to sources external to the body,
ingestion, and inhalation of radon decay products. The second and third BDCF components
accounts for inhaling airborne particulates. The short-term inhalation component represents
inhalation exposure during the first year following a volcanic eruption. This term is used together
with the time function, as described in Section 2.3.10.3.2.2, to calculate short-term increase in
inhalation exposure, due to elevated levels of airborne particulate matter, after a volcanic eruption,
relative to the conditions existing before and long after an eruption. With time, mass loading will
return to the preeruption level. These conditions are described by the long-term inhalation
component, which represents exposure from inhalation of resuspended particulates under nominal
conditions (i.e., when the mass loading is not elevated as the result of volcanic eruption)
(Section 2.3.10.2.6). None of these three components of the volcanic ash exposure case BDCFs are
applicable during the time of active eruption of a volcano (Section 2.4.2.3.2.1.12.2). They are only
applicable after tephra deposition and redistribution at the RMEI location. The potential dose that
occurs immediately during an active eruption, while ash is actively falling, has been shown to be of
low consequence (SNL 2008a, Section 6.5.2.4), and is therefore not included in the computation of
total dose.

In addition to the annual dose calculation, the biosphere model component also includes the
calculations of activity concentration in groundwater and beta-photon doses for evaluating
compliance with the groundwater protection limits (SNL 2008a, Section 6.3.11.2). As specified at
10 CFR 63.331 (Table 1), three limits are evaluated for compliance, including the gross alpha
concentration in groundwater, the radium concentration in groundwater, and the annual dose from
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beta- and photon-emitting radionuclides ingested by daily consumption of two liters of
groundwater. These calculations are based on the activity concentration of each primary
radionuclide in groundwater, as calculated from radionuclide concentrations that are provided by
the saturated zone flow and transport model component. Natural background activity
concentrations are added to calculated values for comparison with the limit for combined >?°Ra and
228Ra activity concentration in groundwater (5 pCi/liter), and with the limit for gross alpha activity
concentration (15 pCi/liter). Beta-photon doses to the whole body and individual organs are
calculated using dose coefficients from Federal Guidance Report 13 (EPA 2002; SNL 2007y,
Section 6.15.1.2).

The biosphere model component is the last component in the chain of TSPA model components and,
thus, has no output coupling; rather, the biosphere model component outputs are the time evolution
of stochastic dose histories and other parameters (alpha activity and organ/whole body doses)
required by 10 CFR 63.331 (Table 1) to evaluate repository system performance.

Output 20 (Biosphere Output)—The following outputs are passed from the biosphere model
component at each time step:

* The annual dose incurred by the RMEI for every radionuclide under consideration in the
groundwater and volcanic ash exposure cases

+ The gross alpha concentration in groundwater (including ?°Ra but excluding radon and
uranium)

+ The combined ??Ra and ?*®Ra concentration in groundwater

* The annual whole body and individual organ doses from beta- and photon-emitting
radionuclides by daily consumption of two liters of groundwater.

2.4.2.3.2.1.12 Events

In addition to the analysis of the nominal scenario class described in the preceding sections, the
TSPA model is used to analyze early failure events and disruptive events. The early-failure scenario
class considers early failure of waste packages and drip shields captured in two separate modeling
cases: (1) the waste package early-failure modeling case, and (2) the drip shield early-failure
modeling case. Disruptive events modeled in TSPA are induced by either igneous activity or seismic
activity. The igneous scenario class includes two modeling cases: (1) the igneous intrusion
modeling case and (2) the volcanic eruption modeling case. The seismic scenario class includes two
modeling cases: (1)the seismic ground motion modeling case, and (2)the seismic fault
displacement modeling case.

24.2.3.2.1.12.1 Early Failure Scenario Class

Manufacturing and handling defects could result in the early failure of waste packages
(Section 2.3.6.6) or drip shields (Section 2.3.6.8.4). The manufacturing and handling processes that
affect waste packages are based on the waste package fabrication and handling processes described
in Sections 1.5.2 and 1.2.4, respectively. The manufacturing and handling processes that affect drip

2.4-188



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

shields are based upon drip shield fabrication and handling processes described in Section 1.3.4.
The purpose of early failure analysis is (1) to evaluate the types of defects or imperfections that
could occur in a waste package or drip shield and potentially lead to its early failure, and (2) to
estimate a probability of occurrence for each. Only the outer (Alloy 22) barrier for the waste
package is investigated. No corrosion performance credit is taken for the structural (stainless steel)
inner vessel of the waste package; therefore, it is not analyzed.

Early Waste Package Failures—The waste package early failure modeling case in the early
failure scenario class considers all waste packages that fail early due to manufacturing or material
defects, including improper preemplacement operations. The implementation of early waste
package failures in the TSPA model consists of specifying the number of waste packages that fail
early in a realization and how these waste packages are distributed among the different waste
package types. In the TSPA model early failure waste package analysis, both types of waste
packages are considered: (1)codisposal waste packages, and (2) commercial SNF waste
packages.

As described in Section 2.3.6.6, 13 potential mechanisms that could result in early failed waste
packages have been identified (SNL 2007a, Section 6.1.6). Of these 13 flaws or processes, seven
were identified as potentially significant for the waste package outer corrosion barrier. The seven
processes retained for further analyses were (SNL 2007a, Section 6.3):

+ Weld flaws

* Improper heat treatment of outer corrosion barrier

» Improper heat treatment of outer corrosion barrier lid

» Improper stress relief of outer corrosion barrier lid (low plasticity burnishing)
» Waste package mishandling damage

» Improper base metal selection

» Improper weld filler material.

These processes were assessed for probability of occurrence and consequences for postclosure
performance of the waste packages. A more detailed analysis was done for waste package weld
flaws (SNL 2007a, Section 6.3.1) than for the other six processes. This analysis resulted in
distributions for the size and number of undetected weld flaws. The implementation of the weld flaw
analysis is not part of the early failure analysis but is part of the waste package degradation analysis
(Section 2.3.6.5). The occurrence of an undetected defect is assumed to result in early failure of the
waste package; hence, the probability distribution for the rate of occurrence of undetected defects
is equivalent to a probability distribution for the rate of waste package early failures. The occurrence
of undetected defects is assumed to be independent between waste packages; hence, waste package
early failure is also independent between waste packages (Section 2.3.6.6.3.2.7) (SNL 2008a,
Section 6.4.2.1). Thus, no distinction is made between the different types of waste package
(e.g., commercial SNF, DOE SNF-Short, DOE SNF-Long, and others). Among these defects,
improper heat treatment is by far the dominant process in terms of probability (SNL 2007a,
Section 6.5). The consequence common to these types of defects is an increased susceptibility to
stress corrosion cracking. However, as discussed below, the analysis assumes that the entire waste
package fails at the time of repository closure.
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Both major types of uncertainty, aleatory and epistemic, are represented in the failure distributions
for early waste package failures and early drip shield failures. Consider early waste package failure
first. Because waste package early failure is independent between waste packages, the number of
waste package early failures can be represented by a Poisson distribution for any particular value of
the failure rate, A, of waste package early failures. The epistemic uncertainty in the failure rate is
sampled from a lognormal distribution with a median of 4.14 x 107> and an error factor of 8.17 (SNL
2008a, Table 6.4-2). Based on this distribution, the probability of at least one waste package early
failure is 0.442 in any given repository future for the mean value of the failure rate, Az, The
expected number of early-failed waste packages is 1.09 and the conditional expected number, given
that one or more waste package early failure occurs, is 2.46 (SNL 2008a, Section 8.2.2). In a
particular TSPA realization, the number of early failed waste packages, the type of waste package
affected and the location of each early failure are treated as aleatory uncertainties.

Analyses predict rates for the introduction of defects into waste package fabrication but do not
predict the impact on the waste package performance (SNL 2007a, Table 7-1). Waste package
failure will only occur after degradation processes take place. However, a realistic estimate of the
time at which components with defects will fail is difficult to develop. Therefore, for
implementation in the TSPA model, complete failure of the waste package with respect to
radionuclide containment is assumed at the time of repository closure (SNL 2007a, Section 6.5.2).

For waste package early failure implementation, the waste packages are divided into the two major
fuel-type groups: commercial SNF early failed waste packages and codisposal early failed waste
packages. The GoldSim component of the TSPA model computes the dose resulting from early
failure of a single waste package of each type occurring in each of the five percolation subregions,
with and without seepage in each percolation subregion, for a total of 20 dose histories for each
epistemic realization. The GoldSim results are then combined in the EXDOC_LA software with the
sampled rate of waste package early failure, the distribution of the numbers of waste packages of
each type, and the seepage fraction for each percolation bin to calculate the expected dose for each
epistemic realization. The mean or median dose is then estimated from the ensemble of expected
dose results at each point in time. General corrosion of the drip shields is included in the waste
package early failure modeling case, which shows that at around 300,000 years, the approximate
mean time of drip shield failure (SNL 2008a, Section 8.3[a]), the onset of advection will cause an
increase in the release of solubility-limited radionuclides from the few early-failed waste packages.
Other than the differences in the waste package and drip shield degradation model components, the
waste package early failure modeling case invokes the same model components and submodels
used in the nominal scenario class (Figure 2.4-114).

Early Drip Shield Failures—The distribution for the number of early failure drip shields is
developed in an analogous manner to the development for early failure waste packages
(Sections 2.3.6.8.4 and 2.3.6.6). The drip shield early failure modeling case considers all drip
shields that fail early from manufacturing or material defects, including improper preemplacement
operations. The implementation of early drip shield failures in the TSPA model consists of
sampling the number of drip shields that fail early in a realization and how these drip shields are
distributed among the different waste package types. In the TSPA models, early failure drip shield
analysis, both types of waste packages are included: (1) codisposal waste packages, and
(2) commercial SNF waste packages.
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As described in Section 2.3.6.8.4, the same possible defect mechanisms identified for the waste
packages are also considered for the drip shields. Of these mechanisms, four have been identified
as potentially significant mechanisms leading to possible early drip shield failure:

* Improper heat treatment

* Base metal selection flaws

» Improper weld filler material
* Emplacement errors.

For these possible drip shield defects, the probability of occurrence and consequences for
postclosure performance is assessed (Section 2.3.6.8.4). The four processes are analyzed using an
event tree/fault tree approach (SNL 2007a, Section 6.4). The probabilities of occurrence for the four
drip shield early failure mechanisms are combined to yield a probability distribution for the rate of
occurrence of undetected defects in drip shields. The occurrence of an undetected defect is assumed
to result in complete failure of the drip shield as a barrier to seepage at the time of repository closure
(SNL 2007a, Section 6.5.2); hence, the probability distribution for the rate of occurrence of
undetected defects is equivalent to a probability distribution for the rate of drip shield early failures.
The occurrence of undetected defects is assumed to be independent between drip shields; hence,
drip shield early failure is also independent between drip shields.

Similarly to the modeling of early failure waste package failures described above, both major types
of uncertainty, aleatory and epistemic, are represented in the failure distributions for early drip
shield failures. Because drip shield early failure is independent between drip shields, the number of
drip shield early failures can be represented by a Poisson distribution for any particular value of the
failure rate, Ay, of drip shield early failures. This rate of drip shield early failure is considered
uncertain and is sampled from a lognormal distribution with a median of 4.30 x 10~ and an error
factor of 14 (SNL 2007a, Table 7-1). Based on this distribution, the probability of at least one drip
shield early failure is 0.0166 in any given repository future, for the mean value of the failure rate,
Agp- The expected number of early failed drip shields is 0.0181 and the conditional expected
number, given that one or more drip shield early failure occurs, is 1.09 (SNL 2008a, Section 8.2.2).
In a particular TSPA realization, the number of early failed drip shields, the type of waste package
affected and the location of each early failure are treated as aleatory uncertainties.

As with the waste package, analyses predict rates for the introduction of defects into drip shield
fabrication, but did not predict the impact on repository performance (SNL 2007a, Table 7-1).
Failure of the drip shield due to corrosion will only occur after degradation processes take place,
hundreds or even thousands of years after emplacement. However, a realistic estimate of the time
at which components with defects will fail is difficult to develop. Therefore, for implementation in
the TSPA model, complete failure of the drip shield with respect to its seepage diversion function
is assumed at the time of repository closure (SNL 2007a, Section 6.5.2).

The TSPA models a drip shield early failure by removing the drip shield as a barrier to seepage at
the time of repository closure and allowing the full volume of seepage to contact the waste package
(SNL 2008a, Section 6.4.1.3). The TSPA model assumes that a waste package in a seeping location
that is underneath an early failed drip shield experiences localized corrosion once seepage contacts
the waste package. Localized corrosion completely compromises the outer barrier of the waste
package, allowing the advective and diffusive transport of radionuclides. Analysis of the localized
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corrosion initiation abstraction shows that localized corrosion initiation conditions can be present
in the repository for up to 12,000 years after repository closure at a few locations in the repository
in a small number of epistemic realizations (SNL 2008a, Appendix O). However, rather than
incurring significant computational expense to account for the epistemic uncertainty and the
temporal and spatial variation in the initiation of localized corrosion, a simplifying assumption of
initiating localized corrosion once seepage contacts the waste package is made, because it has a
negligible effect on the total dose summed over all modeling cases, given the very small value
(0.0181) for the expected number of early drip shield failures.

Drip shield early failures occurring in locations that do not experience seepage contribute negligibly
to the total expected dose because, in a location without seepage, localized corrosion does not occur,
since the waste package surface is not wetted. Since localized corrosion does not occur, and the drip
shield early failure modeling case does not address other events (i.e., seismic events) that could
compromise the waste package integrity, there are no mechanisms in the drip shield early failure
modeling case that would lead to releases from a waste package in a location without seepage (SNL
2008a, Section 6.4.1.3). Therefore, the assumption of negligible dose impact in a location without
seepage is justified.

The GoldSim component of the TSPA model computes the dose resulting from a single drip shield
early failure occurring in each of the five percolation subregions in a seeping environment, and
affecting each type of waste package (commercial SNF or codisposal) for a total of 10 dose histories
for each epistemic realization. The GoldSim results are then combined in the EXDOC LA software
with the sampled rate of drip shield early failure, the distribution of the numbers of waste packages
of each type, and the seepage fraction for each percolation subregion, to calculate the expected dose
for each epistemic realization. In this calculation, the expected dose includes the probability that the
early failed drip shield may occur in a non-seeping location. The mean or median dose is estimated
from the ensemble of expected dose results at each point in time. Other than the differences in the
waste package and drip shield degradation model component, the drip shield early-failure modeling
case invokes the same modeling components and submodels used in the nominal scenario class.

Figure 2.4-114 schematically depicts the flow of information between the principal TSPA model
components and submodels for the two early failure modeling cases. The flow of information
between submodels in these two modeling cases is similar to the nominal scenario class modeling
case depicted in Figure 2.4-112, with the following exceptions. The waste package and drip shield
degradation model component, which combines the localized corrosion and general corrosion
processes in the nominal scenario class, is replaced with early failure degradation modes for the
waste packages and/or drip shields. Based on the assumptions above about the extent of waste
package degradation for either early waste package failure or early drip shield failure, localized
corrosion and general corrosion of waste packages can result in no additional damage to the early
failed waste package; therefore, the waste package damage and failure areas calculated by the waste
package and drip shield degradation model component are not applicable in the waste package early
failure modeling case. Drip shield degradation by general corrosion is still applicable in the waste
package early failure modeling case. As discussed above, general corrosion of drip shields provides
no additional damage to early failed drip shields, and therefore the drip shield damage and failure
areas calculated by the waste package and drip shield degradation model component are not
applicable in the drip shield early failure modeling case. Waste package degradation by localized
corrosion is assumed to occur instantly once a waste package beneath an early failed drip shield is
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contacted by seepage water. Early failure of a drip shield covering an early failed waste package is
not considered in TSPA calculations because the probability of their colocation is so low (SNL
2007a, Table 6-11).

Outputs 11, 12, and 13—As shown in Figure 2.4-114, these outputs to the EBS flow, waste form,
and EBS transport submodels described in Section 2.4.2.3.2.1.5 will change somewhat compared
to their values in the nominal scenario class, based on the description above.

2.4.2.3.2.1.12.2 Igneous Scenario Class

As described in Section 2.3.11, FEPs associated with possible future igneous activity at the
repository site are incorporated in the TSPA model because the mean annual probability of
repository intersection by an igneous intrusion is slightly greater than the probability threshold
value for exclusion (proposed 10 CFR 63.342(b)). Separate probabilities have been estimated for
repository intersection by a basalt dike (intrusion modeling case) (Section 2.3.11.2.2) and for
eruption through an emplacement drift (volcanic eruption modeling case) (Section 2.3.11.4.2.1).
These two modeling cases encompass all the screened-in FEPs (Table 2.3.11-1) and related
consequences associated with disruption of the repository by an unlikely future igneous event.
Information transfer among modules of the TSPA code related to the two igneous scenario class
modeling cases is discussed below.

Igneous Intrusion—As described in Section 2.3.11.3, the igneous intrusion modeling case
represents a potential basaltic dike intersecting the repository without surface eruption within the
repository boundary, including the post-intrusion effects from heat, potential impacts on EBS
features, and changes in water chemistry following reaction with cooled basalt. The flow
characteristics of the intruding magma are assumed to be such that it fills every drift within the
repository. Hence, all waste packages and drip shields are assumed to be so damaged that they no
longer have water diversion or waste isolation capability. The waste-package inner vessels and
outer barriers, and the waste forms (commercial SNF, HLW, and DOE SNF (including naval
SNF)) are considered fully degraded at the time of the event. Magma intrusion is assumed not to
damage the invert, so it is modeled in TSPA in a similar fashion to other modeling cases. Because
an intruded drift will fill with magma within 15 to 25 minutes (depending on the width of the dike)
(SNL 2007z, Sections 6.3.3.5.6), the igneous event is treated as instantaneous in the TSPA model.
The magma then cools and solidifies in the emplacement drifts. Radionuclides dissolved in water
moving through the basalt will be transported by the groundwater downward through the invert
and the unsaturated zone to the water table, and then to the accessible environment by flow and
transport processes in the saturated zone in the same manner as the nominal scenario class
modeling case. Because the drift opening is filled with magma, water contacting the waste is no
longer modeled as seepage, but as the local percolation flux traveling through the host rock (SNL
2008a, Section 6.5.1.1).

For the igneous intrusion modeling case (Figure 2.4-115), the TSPA model selects input parameter
values from the appropriate distributions of each model components and submodels for each
realization of the igneous intrusion modeling case. Using these inputs, the fate of the radionuclides
mobilized by the igneous intrusion is evaluated using the nominal scenario class TSPA model
components and submodels for flow and transport of the released radionuclides in the invert of the
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EBS, unsaturated zone, and saturated zone. Modifications to the nominal scenario class are as
follows (SNL 2008a, Section 6.5.1.1):

* The annual frequency of a dike intersecting the repository footprint ranges from

approximately 7.4 x 10719 to 5.5 x 1078 for the 5th and 95th percentiles, respectively, with
a mean annual frequency of 1.7 x 1078 (Section 2.3.11.2.2.3). This mean annual
frequency, which is independent of the event consequences (i.e., size, duration, power) is
applied to the igneous intrusion and volcanic eruption modeling cases.

Because nominal degradation processes do not progress sufficiently in 10,000 years to
release any radionuclides (Figures 2.1-10 and 2.1-9), the igneous intrusion modeling case
for 10,000 years does not evaluate any pre-intrusion degradation of the waste packages,
drip shields, waste forms, or emplacement drifts. However, for the one-million-year
timeframe in the igneous intrusion modeling case, the nominal processes of degradation
of the waste packages, drip shields, and waste forms do occur until the time of the igneous
intrusion, potentially allowing for decreases in waste package inventory (SNL 2008a,
Section 6.5.1.1). The inclusion of nominal processes before the igneous intrusion
prevents overcounting any radionuclides released to the accessible environment by
nominal processes prior to the igneous intrusion (Section 2.4.2.1.5.3).

The intruded drifts have a seepage flux equal to the local percolation flux (SNL 2007g,
Section 6.7.1.1), i.e., capillary effects at the drift wall are not explicitly addressed
(Section 2.3.11.3.2.9). The volumetric seepage rate is, therefore, obtained by applying the
percolation flux at the base of the Paintbrush nonwelded hydrologic unit (PTn), provided
by the EBS thermal-hydrologic environment submodel for the appropriate percolation
flux subregion, to the projected area of the emplacement drift. In particular, the
volumetric seepage rate for a single waste package is set equal to that obtained by
applying the flux at the base of the PTn to the 5.1-m-long by 5.5-m-wide drift segment
representing the drift footprint for one waste package. Prior to the igneous intrusion, the
seepage response surfaces provide the seepage flow rates and seepage fractions applicable
for nominal conditions.

The drip shields and waste packages provide no hindrance to flow because they are
assumed to be fully damaged at the time of the igneous intrusion (SNL 2007z,
Section 8.1.2). All waste forms are assumed to be instantly degraded
(Section 2.3.11.3.2.4).

In the igneous intrusion modeling case, all EBS and in-package chemistry-related
submodels and parameters are the same as in the nominal scenario class modeling case,
with the exception of the wuranium solubility submodel. As indicated in
Section 2.4.2.3.2.1.7, method 2 for uranium solubility is used for the igneous intrusion
modeling case. Method 2 is based on the presence of silica in the aqueous environment. In
particular, the presence of basalt in the drifts implies that Na-boltwoodite needs to be
included as a uranium solubility-controlling phase (SNL 2007u, Section 6.7.3). More
specifically, two additional base solubility lookup tables are defined for this case, which
include schoepite, Na-boltwoodite, and Na,UO,(CO;);, depending on the pH and fco,.
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» Drift-wall condensation is assumed to be zero after the event because basalt fills the drifts
due to the igneous intrusion (SNL 2008a, Table P-6).

» The EBS thermal-hydrologic environment submodel for the igneous intrusion modeling
case differs from that used for the nominal scenario class modeling case, in that it
accounts for the temperature increase within and around the drift due to the intrusion of
magma that fills the drift. Temperatures of the waste packages, drip shields, and the invert
spike to a maximum temperature (1,150°C) at the time of the intrusion and then cool back
to ambient conditions (i.e., preigneous intrusion) over a 100-year time period (SNL
2007z, Section 6.4.6 and Table 6-13). The in-drift relative humidity, invert liquid
saturation, and invert liquid flux are also affected. For temperatures above 100°C, no
releases are allowed from the waste packages, under the assumption that continuous water
films are not present inside the waste package. The condition of no radionuclide transport
is accomplished by assigning radionuclide solubilities a value of 0 mg/L (this is the same
for all other modeling cases when the temperature rises above 100°C) (SNL 2008a,
Section 6.5.1.1.2).

Figure 2.4-115 schematically depicts the flow of information between the principal TSPA model
components and submodels for the igneous intrusion modeling case. The flow of information
between submodels in this modeling case is similar to the nominal scenario class modeling case
depicted on Figure 2.4-112, but with the exceptions noted above (SNL 2008a, Section 6.5).

Volcanic Eruption—The volcanic eruption modeling case in the TSPA model considers the
possibility of one or more volcanic eruptive conduits along a magmatic dike(s) that intersects
repository waste packages, eruption of contaminated magma products to the ground surface,
dispersal of the contaminated tephra by wind and deposition downwind, and redistribution of
contaminated tephra by surface sedimentary processes (Section 2.3.11.4). The volcanic eruption
modeling case also estimates the number of waste packages intersected by eruptive conduits. The
component representing airborne transport and deposition is the ASHPLUME model and code,
which is called by the GoldSim code and predicts the distribution of contaminated tephra on the
ground at the location of the RMEI on the Fortymile Wash alluvial fan and in the associated
upstream watershed. A final component of the model considers redistribution of contaminated
tephra by surface sedimentary processes after deposition. This component is the Fortymile Wash
tephra redistribution model (FAR software), which is also called by the GoldSim code, and
estimates waste concentration in surface soils at the RMEI location by considering the amount of
contaminated tephra that could be eroded from hillslopes, transported down Fortymile Wash, and
deposited at the RMEI location as a result of surface sedimentary processes.

The volcanic eruption modeling case in the TSPA model evaluates only the posteruption
consequences due to waste deposited at the location of the RMEI directly or redistributed from
upstream in the Fortymile Wash watershed. It does not evaluate annual dose received during the
active volcanic eruption phase, when the waste is transported and dispersed in the atmosphere. The
active eruption phase is evaluated separately (SNL 2008a, Section 6.5.2.4) to show that the mean
annual dose during the active eruption phase is small compared to the mean annual dose during the
posteruption time period.
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Implementing the volcanic eruption modeling case for the TSPA model includes determining the
probability of the eruption and its consequences. The approach employs a Monte Carlo technique
to account for parameter uncertainties, including the future time at which an eruption could occur
and the possibility that more than one igneous event could occur in the future evolution of the
repository. The probability of the eruption is represented as a conditional probability that one or
more eruptive conduits would intersect an emplacement drift given the intersection of the repository
by a basaltic dike. The annual frequency of an eruption actually carrying waste to the ground surface
is estimated by multiplying the sampled frequency of intrusion (mean equal to approximately
1.7 x 1078 years) (BSC 2004a, Table 7-1) by two factors. One factor is the fraction of eruptive
conduits that intersect the repository footprint, which is 0.28 (SNL 2007aa, Section 7.2)
(Section 2.3.11.4.2.1). The second factor is the probability that a conduit intersects a drift given an
intersection with the repository footprint. This factor is 0.297 because the small conduit diameters
relative to drift spacing means there is an approximately 70.3% probability that a conduit will form
between drifts and not impact any waste packages (SNL 2008a, Table 6.5-3).

As shown in Figure 2.4-116, four submodels are considered in the volcanic eruption modeling case.
Volcanic interaction with the repository submodel describes the number of waste packages that are
expected to be destroyed by, and entrained in, a volcanic eruption, and the amount of waste available
for atmospheric transport. The atmospheric transport submodel describes the atmospheric transport
of this erupted tephra/waste mixture and eventual deposition on the land surface. The tephra
redistribution submodel describes the redistribution of the contaminated tephra to the location of the
RMEI and the diffusion of tephra into the soil column at that location. The volcanic ash exposure
submodel uses the volcanic ash BDCFs to estimate mean annual dose to the RMEI, which was
previously presented in the biosphere model component (Section 2.4.2.3.2.1.11).

Volcanic Interaction with the Repository Submodel—The quantity of waste erupted into the
atmosphere in any one event is conceptualized in the volcanic eruption modeling case as
depending on the distribution of waste packages in the emplacement drifts, the number and size of
eruptive conduits intersecting the drifts, the degree of damage to those waste packages, the
amount of waste from the waste packages entrained into the erupting material, and the fraction of
magma erupted into the tephra cloud (Section 2.3.11.4.2). Only waste packages located partially
or entirely within a magmatic conduit are assumed to be affected by the eruption, making all the
waste in these waste packages available for entrainment in the erupting magma. The mass of waste
incorporated in the tephra plume from an eruptive event depends on the waste inventory, the
number of waste packages intersected, and the fraction of waste-containing magma erupted as a
tephra plume instead of lava flows or as a scoria cone. The fraction of each waste package type,
commercial SNF or codisposal, and hence the mass and inventory content of waste erupted is
proportional to the fraction of commercial SNF versus codisposal waste packages emplaced in the
repository (SNL 2008a, Section 6.5.2.1.1).

The waste packages hit analysis (SNL 2007aa, Section 7.2) indicates there is approximately a 28%
probability that a conduit will form within the repository footprint given an igneous intrusion event.
The small conduit diameters relative to drift spacing mean that approximately 70.3% of the conduits
intersecting the repository footprint would intersect between drifts and therefore not impact any
waste packages. In the 8.3% (28% times 29.7%) of cases in which one or more packages are hit, the
most likely number hit is four and the maximum number hit is seven (Figure 2.3.11-12b). The mass
of waste hit is multiplied by the magma partitioning factor to account for the partitioning of magma
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into surface lava flows, scoria cone, and tephra plume (SNL 2007m, Section 6.5.2.22). The magma
partitioning factor is specified as a uniform distribution from 0.1 to 0.5 and represents the fraction
of magma erupted into the tephra plume to be considered in the volcanic eruption modeling case
(Section 2.3.11.4.2.2.2). Based on analogues for an eruption at Yucca Mountain, the scoria cone and
lava flows deposits typically cover a few square kilometers (Section 2.3.11.2.1.2). Therefore, waste
potentially deposited with surface lava flows and scoria cone is excluded from the TSPA analysis
on the basis of low consequence at the RMEI location (SNL 2008a, Section 6.5.2.1.1).

Atmospheric Transport Submodel—The conceptual model for the atmospheric transport
submodel is a vertical column of heated tephra and waste particles, resulting in a buoyant plume
that reaches neutral buoyancy at some level in the atmosphere (Section 2.3.11.4.2.2). The plume is
then transported downwind and, because of dispersive processes, spreads out laterally as it is
transported. Solids fall from the plume as it travels depending on the wind speed, particle density,
and settling velocity. The pyroclastic material ejected into the atmosphere from a volcanic
eruption eventually falls to the ground surface and forms a contaminated tephra sheet of varying
thickness extending and thinning, generally, downwind from the volcanic vent (SNL 2007m,
Section 6.3). Atmospheric transport and deposition of erupted waste is evaluated using the
ASHPLUME code (SNL 2007m, Section 6.5) implemented directly in the TSPA volcanic eruption
model as a DLL.

The ASHPLUME code simulates a violent Strombolian eruption with entrainment of radioactive
waste in the erupted plume as waste particles attached to the pyroclastic fragments in the plume. In
the TSPA implementation, the maximum waste particle size is equal to the tephra particle size. The
wind speed and direction that result in atmospheric transport of the erupted material are represented
in the ASHPLUME code in terms of cumulative distribution functions specified for 1-km height
increments between 0 and 13 km above the mountain. Once selected, the wind speed and direction
are assumed to be constant throughout the eruption duration in the ASHPLUME model (SNL
2007m, Section 7.6). The atmospheric transport submodel predicts the ground-level concentrations
(areal density, g/cm?) of tephra and waste directly deposited at the location of the RMEI and the
spatial distribution of tephra and waste in the Fortymile Wash watershed for a simulated volcanic
event. The tephra concentration in the Fortymile Wash watershed is converted into volcanic tephra
thickness by the tephra redistribution submodel and potentially redistributed to the RMEI location
along with incorporated waste.

Tephra Redistribution Submodel—Waste-contaminated tephra deposited on the ground surface
in Fortymile Wash by the atmospheric transport submodel could potentially be redistributed to the
RMETI location due to hillslope and fluvial processes (SNL 2007ab, Section 6.2). Therefore, the
waste concentration used in the biosphere submodel to determine dose consists of contributions
from waste-contaminated tephra at the RMEI location deposited directly when atmospheric
conditions move the eruptive plume toward that location, and any waste-contaminated tephra
redistributed from upstream after being deposited in the Fortymile Wash watershed. Three major
processes are considered in the tephra redistribution conceptual model: (1) mobilization from
hillslopes, (2) mixing and dilution with uncontaminated sediments during channel transport, and
(3) diffusion into the soil column at the RMEI location.

The location of the RMEI is specified in the same area for the igneous eruption case as all other
modeling cases so that dose estimates are calculated at a consistent location for the nominal,
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intrusion, and eruption modeling cases. This means that model realizations with wind blowing away
from this location and the Fortymile Wash do not contribute to dose calculations (SNL 2008a,
Section 6.5.2.1.3).

The tephra redistribution model uses a spatially distributed analysis of hillslopes and channels in the
drainage basin upstream of the Fortymile Wash alluvial fan apex to estimate the mass of tephra and
waste that could be transported from the upper drainage basin to the RMEI location by hillslope and
fluvial processes. The model mobilizes and transports tephra and waste deposited on the landscape
toward the RMEI location if it falls on steep slopes or on active channels. Before the mobilized
tephra and waste are deposited at the RMEI location, they are transported through the alluvial
channel system, where mixing with uncontaminated channel sediments leads to dilution. Mixing
occurs during flood events as sediment and tephra are entrained from the bed, mixed by turbulent
flow, and redeposited on the bed.

The tephra and waste transported from the upper drainage basin, and primary tephra and waste
deposited at the RMEI location, provide the initial conditions for redistribution of radionuclides into
the soil column at the RMEI location. The tephra redistribution submodel considers the migration
of radionuclides within the soil as a diffusion process due to suspension and redeposition of fine
particles by infiltration, and physical mixing of soil particles by freeze-thaw cycles and bioturbation
(Section 2.3.11.4.2.3.1) (SNL 2008a, Section 6.5.2.1.3). The time-dependent concentration
resulting from the diffusion process is used by the volcanic ash exposure submodel to calculate dose
to the RMEI.

The results of the tephra redistribution submodel calculations are passed to the volcanic ash
exposure submodel for dose calculations. The results consist of four time series of waste mass
concentration: (1) concentration on interchannel divides averaged over the tillage depth,
(2) concentration on interchannel divides averaged over the resuspendable surface layer,
(3) concentration in distributary channels averaged over the tillage depth, and (4) concentration in
distributary channels averaged over the resuspendable surface layer. The concentrations on
interchannel divides and distributary channels are combined using the weighting factor, F, for the
fraction of the alluvial fan composed of channels (and 1—F" for the fraction of the alluvial fan
composed of divides) to determine the two soil source terms used in the calculation of doses: the
areal radionuclide concentration in surface soil and the mass radionuclide concentration in the
resuspendable soil layer. Both source terms are then converted into activity concentrations of the
individual radionuclide species based on total repository inventory (SNL 2008a, Section 6.5.2.2).
These radionuclide activity concentrations are then combined with the appropriate BDCFs to
determine dose (SNL 2008a, Sections 6.5.2.1.3 and 6.5.2.1.4). As mentioned in
Section 2.4.2.3.2.1.11, this dose is a result of short-term and long-term inhalation of suspended ash
and soil, as well as, external exposure, ingestion, and inhalation of radon decay products (SNL
2008a, Section 6.5.2.2).

The tephra redistribution submodel is implemented in the TSPA volcanic eruption model using the
computer code FAR 'V 1.2. The FAR V 1.2 code is implemented as a DLL that is called by GoldSim.
The ASHPLUME code calculates the direct waste and tephra deposition results (g/cm?) at the RMEI
location, followed by an additional calculation (using the same input parameters) at the many grid
points covering the Fortymile Wash watershed. Both calculations serve as input to the FAR code,
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which then calculates the redistribution of the contaminant load upstream of the RMEI location due
to fluvial processes.

Figure 2.4-116 schematically depicts the flow of information between the principal TSPA model
components and submodels for the volcanic eruption modeling case. The flow of information
between submodels in this modeling case is quite different than the other modeling cases, such as
the nominal scenario class modeling case depicted on Figure 2.4-112, because this eruptive case is
for atmospheric transport of contaminants rather than groundwater transport of contaminants.

2.4.2.3.2.1.12.3 Seismic Scenario Class

Mechanical processes that occur during a significant seismic event (i.e., an event with the capacity
to degrade or rupture waste packages and/or drip shields) have the potential to compromise the
functionality of the waste packages and drip shields as barriers to radionuclide release. For
significant vibratory ground motions, impacts can occur between adjacent waste packages and
between a waste package and its emplacement pallet, the surrounding drip shield, and the invert.
Impacts can also occur between drip shields and emplacement pallets, the invert, and the drift wall.
Dynamic loads induced by vibratory ground motions can result in impacts on drip shields in the
postclosure period. Lithophysal and nonlithophysal rubble induced by vibratory ground motion can
result in static loads on drip shields.

The seismic ground motion modeling case has a relatively large contribution to total dose to the
RMEI (Section 2.4.2.2), and a detailed discussion is presented here regarding its implementation in
the TSPA model (SNL 2008a, Section 6.6) and the associated information flow. The seismic
scenario class evaluates the effects of seismic hazards (Section 2.3.4) (vibratory ground motion and
fault displacement) on releases of radionuclides through groundwater. These seismic hazards could
result in mechanical disruption of EBS features (Section 2.1.2.2) in response to vibratory ground
motion and to the lithophysal rubble induced by vibratory ground motion. The FEPs and associated
models related to seismic damage in the EBS are applicable to both the 10,000-year analyses and the
post-10,000-year analyses.

The seismic scenario class is composed of two modeling cases: the seismic ground motion
modeling case and the seismic fault displacement modeling case. Seismic hazards associated with

vibratory ground motion and fault displacement could result in the following effects:

* Ground motion-induced lithophysal rubble on drip shields and on waste packages if a drip
shield were to fail

» Direct ground motion-induced shaking of drip shields, waste packages, and pallets
 Fault displacement acting on drip shields and waste packages

* Changes in the seepage, temperature, and humidity environment for EBS features within
the emplacement drift, caused by the accumulation of lithophysal rubble.

FEP analyses (Section 2.2) indicate that these seismic hazards will not significantly alter the
long-term flow of water through the mountain. Thus, groundwater transport away from the
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damaged packages is calculated using the nominal scenario class models, and doses to humans from
contaminated groundwater are determined using BDCFs for the groundwater exposure case.
Following a seismic event and the breaching of waste packages, radionuclides are mobilized and
transported from the EBS into the repository host rock. The mobilized radionuclides can then be
transported by water percolating through the unsaturated zone to the water table, and then to the
accessible environment by flow and transport processes in the saturated zone.

The seismic scenario class considers seismic events in the mean annual exceedance frequency range
0f4.287 x 10~*to 1078 per year. The upper bound on the mean annual exceedance frequency is based
on the minimum PGV threshold for the onset of seismically induced damage (SNL 2007c),
Section 6.4.3) and the lower bound is prescribed by regulation (proposed 10 CFR 63.342(a)). The
relationship between annual exceedance frequency (i.e., probability) and the PGV
(i.e., consequence) is based on a PSHA performed to assess the seismic hazards of vibratory ground
motion and fault displacement at Yucca Mountain (CRWMS M&O 1998). The seismic scenario
class modeling cases use the mean hazard curves for ground motion and fault displacement
developed as a result of the PSHA, rescaled to give an upper bound on horizontal PGV at the
repository horizon equal to 4.07 m/sec (Section 2.3.4.3.3). The use of the mean hazard curve is
conservative relative to the median hazard curve, because it typically lies above the 80th percentile
of the distribution of hazard curves (Section 2.3.4.3.2.2), so the mean is dominated by the larger
values of the distribution (SNL 2008a, Section 6.6.1.2).

The model components and submodels of the TSPA model for the seismic scenario class are
shown on Figure 2.4-117. Many of the TSPA model components and submodels utilized in the
seismic scenario class are the same as those described for the nominal scenario class. For example,
the model components and submodels for flow and transport in the unsaturated zone and saturated
zone are the same as those for the nominal scenario class. However, some of the model
components and submodels differ, including (Figure 2.4-117):

» Waste package and drip shield degradation model component

 Drift seepage submodel and drift wall condensation submodel of the unsaturated zone
flow model component

* EBS thermal-hydrologic environment submodel of the EBS environment model
component.

EBS Degradation History—The mechanical response of EBS components to a seismic event
will be highly dependent on the in-drift configuration of EBS components and on the structural
integrity of the EBS components at the time of the seismic event. The mechanical response of a
drip shield shortly after repository closure could be quite different than its mechanical response in
a collapsed drift—where a drip shield is covered by rubble and fails under the combined static
load from rubble and dynamic load from vibratory ground motion. The future configuration of the
EBS components has been represented by three idealized configurations, as shown in
Figure 2.3.4-52. The initial configuration is the as-emplaced EBS configuration, with an intact
drip shield and minimal rubble in the drifts. In this configuration, waste packages can move freely
beneath drip shields. The next configuration represents an intermediate state of the system where
the legs of a drip shield have buckled under combined rubble/ground motion load (i.e., the drip
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shield framework has failed), but the drip shield plates remain intact. In this configuration, a drip
shield loaded by rubble collapses onto a waste package, transmitting the rubble load to the waste
package and inhibiting free movement of the waste package and emplacement pallet during a
seismic event. The final state of the system is when rubble surrounds waste packages after failure
of the drip shield plates. The transition between these configurations is determined by fragility
curves for the drip shield framework and plates, based on the intensity of the seismic event and on
the thickness of drip shield components and accumulated rubble load at the time of the seismic
event.

The structural integrity of the EBS components is determined by process-level structural response
calculations (SNL 2007ac). The various states of drip shield failure (due to framework failure or
plate failure) lead to three distinct damage mechanisms for waste packages. The first mechanism,
referred to as kinematic damage, exists when waste packages are free to move beneath drip shields
(Figure 2.3.4-51a). The second and third damage mechanisms occur when the motion of waste
packages is restricted and are shown on Figures 2.3.4-51b and 2.3.4-51c. These mechanisms are
referred to as damage for a waste package beneath (loaded by) a buckled drip shield (i.e., the drip
shield framework has failed) and damage for a waste package surrounded by rubble, respectively.

The future state of the internal structures within waste packages is also important to the type and
degree of damage to the outer Alloy 22 barrier. The internal structure includes a 5-cm-thick inner
vessel of stainless steel, a TAD canister (for commercial SNF), and the basket structure that supports
the fuel rod assemblies within the waste packages. These steel internal structures could degrade
much faster than Alloy 22, depending on the in-package chemical environment, the residual stress
near welds in the inner vessel, and the potential for galvanic contact between the Alloy 22 outer
corrosion barrier and the stainless-steel inner vessel. Given the uncertainties related to these
long-term degradation processes, the future state of the internals is represented as either intact or
degraded in the process-level structural calculations. The internals remain intact structurally until
the first breach of the outer corrosion barrier, after which time they are treated as a degraded material
with minimal strength and minimal cohesion (Section 2.3.4.5.2.1.2.5). Breach refers to any
penetration of the outer corrosion barrier. The first breach will usually occur from nominal stress
corrosion cracking in the lid welds or in response to seismic events (SNL 2007¢, Section 6.1.3).
Since the upper bound of the exceedance frequency of seismic events that could result in damage
to the EBS is 4.287 x 10~#/yr (SNL 2007¢, Section 6.4.3), the typical time interval between seismic
events is about 2,300 years. This is the shortest expected interval between potentially damaging
seismic events. However, based on the actual seismic consequence abstractions, a more typical
mean interval to the time of the first event that damages codisposal waste packages with intact
internals is about 134,000 years, when averaged over all epistemic and aleatory uncertainty in the
seismic consequence models, such as the residual stress threshold (based on a recurrence frequency
of 7.484 x 107%/yr). This is comparable to the expected lifetime of the 50-mm-thick stainless steel
inner vessel (assuming double-sided corrosion and a mean corrosion rate of 0.267 x 107® m/yr)
(SNL 2007k, Table 8.2-4), which is about 94,000 years, if in-package chemical conditions remain
similar to a fresh water environment, which is the expected condition until after drip shield failure
(SNL 2007c, Section 6.1.3). Thus, the internal structure of the codisposal waste packages would be
expected to be degraded before the time of the next seismic event that could damage a waste
package with structurally sound internals—and even more so for commercial SNF packages
because the recurrence interval between damaging events is much greater than for codisposal
packages, based on a recurrence frequency of 5.249 x 10~%/yr, due to the presence of the TAD. (Note
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that in the TSPA model the seismic degraded internals abstraction is applied after the first damaging
event and the recurrence interval between damaging seismic events for codisposal waste packages
with degraded internals is much smaller than the recurrence interval for the intact internals
abstraction because of the lack of internal structural strength after the internals are degraded. The
recurrence interval for damage to codisposal waste packages with degraded internals is equal to
about 34,000 years, based on a recurrence frequency of 2.956 x 10~>/yr. Thus, the application of the
degraded internals abstraction is a conservative approximation, since the lifetime of the internals is
significantly larger than this 34,000-year recurrence interval.)

Methodology for Seismic Consequence Abstractions for Drip Shield and Waste Package
Damage—Three primary sets of process-level calculations form the basis of the drip shield and
waste package degradation abstraction. These are: (1) a three-dimensional kinematic calculation for
waste package and drip shield damage due to vibratory ground motion appropriate for the early
postclosure period during which relatively little EBS degradation occurs, (2) a calculation for
deformation and damage of a drip shield under static and dynamic conditions appropriate for the
postclosure period associated with intermediate levels of EBS degradation, and (3) a calculation for
a waste package surrounded by rubble used to estimate damage at late times during the postclosure
period after extensive degradation of the EBS (SNL 2007ac, Section 7.2.1).

As discussed in Section 2.3.4.5, three-dimensional kinematic calculations are used to examine the
motion and impact of multiple waste packages, pallets, and drip shields in an emplacement drift
(SNL 2008a, Section 6.6.1.2.2). The objective of these analyses is to define the history of impact
parameters (impact velocity, impact force, angle of impact, location of impact) for collisions of the
waste packages, pallets, and drip shields as a function of the applied ground motion time histories,
and to determine the associated probability of rupture and damaged areas on a waste package.
Seventeen separate ground motion time histories are used, and each is used at four different PGV
levels, spanning the magnitude of possible damaging ground motions at the repository. Separate
kinematic calculations are performed for each PGV level of each ground motion time history.

The kinematic calculations are appropriate when the drip shield is intact and the waste package can
move freely beneath the drip shield. At late times, when the degraded drip shield plates fail, the
waste packages will be surrounded by rubble, which essentially precludes further kinematic
damage. The waste package failure mechanisms are now stress corrosion cracking from the static
rubble load and puncture of the waste package by the internals in response to low probability but
high amplitude vibratory ground motions. Rubble in the lithophysal zone is most relevant here
because the small particle size of the lithophysal rubble means it can more easily slip or fall through
gaps or tears in the plates of the drip shield, and because the lithophysal zones encompass
approximately 85% of the emplacement drifts in the repository. Thus, in TSPA, all waste packages
are assumed to be in lithophysal zones for the purposes of seismic damage consequence calculations
(SNL 2007¢, Section 6.9). The damage induced by the rubble surrounding the waste package is
based on the two-dimensional coupled rubble/structural response of the Alloy 22 outer barrier
during vibratory ground motion. The internals of the waste package are assumed to be in a degraded
state for this configuration. The input data for the calculations of a single waste package surrounded
by rubble include 17 ground motion time histories at four PGV levels, elastic and plastic properties
of the outer barrier, and the bulk properties of degraded waste package internals (SNL 2007ac,
Section 6.5.1.1).
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The consequences to the EBS of seismic activity are propagated into the TSPA model. However, the
potential for spatial variability of ground motions to produce spatially varying seismic damage to
the waste packages and drip shields has not been explicitly represented in the degradation behavior
of waste packages and drip shields in the TSPA model. Although this type of spatial variability is
not explicitly represented within the TSPA, it has been included at the drift scale in the kinematic
calculations, through the variability of friction factors on a package-by-package basis and in the
abstraction of damaged areas for the two or three central waste packages in the kinematic
calculations (SNL 2007c, Section 8.1). At larger scales (e.g., drift-to-drift), seismic ground motion
waves are assumed to have similar effects throughout the repository. However, limited spatial
variability is incorporated in the TSPA through seismic coupling with nominal degradation
processes. In particular, variable thermal-hydrologic environment (i.e., temperature history) among
the five TSPA percolation subregions results in spatially variable seismic damage to waste
packages, due to the variable thickness of the waste packages among the subregions. Within a
percolation subregion all waste packages receive the same seismic damage. Drip shields are
modeled to have no spatial variability with respect to seismic damage or with respect to nominal
corrosion damage.

Seismic consequence analyses for the various EBS components are further characterized and
subdivided in the following set of models for the TSPA:

Rockfall from Ground Motion—Rockfall induced by vibratory ground motion has the potential
to fill the emplacement drifts during the period of geologic stability for dose assessment (proposed
10 CFR 63.302). Rockfall in the nonlithophysal zones refers to the large rock blocks that may be
ejected from the nonlithophysal units of the repository during vibratory ground motion. Rockfall
in the lithophysal zones refers to the fractured and rubblized material surrounding the drip shield
and filling the drifts during partial or complete collapse of drifts. In the lithophysal zones, the rock
mass has very low compressive strength and is permeated with void spaces of varying size (SNL
2007c, Section 6.7.1). The rock volume from multiple seismic events is defined as the sum of the
volumes from the individual seismic events. Examination of the mean curves shows that the mean
volume in the lithophysal rock is a factor of 32 to 188 greater than the mean volume in the
nonlithophysal rock for the 1.05 and 2.44 m/s PGV levels, respectively (SNL 2007c,
Section 6.7.2.1).

Partial or complete drift collapse can also impact the temperature and relative humidity of the outer
surface of a waste package in lithophysal regions of the repository because rubble fills the collapsed
drift, essentially forming a thermal blanket covering these waste packages. Furthermore, drift
collapse impacts seepage flux and drift-wall condensation in the emplacement drifts in the
lithophysal zones. Seepage flux is also impacted in nonlithophysal zones when a significant level
of degradation is attained. This level of strong degradation is defined by a rock volume of 0.5 m? per
meter of waste package length, well below the level used to define partial or full drift collapse in a
lithophysal zone (between 5 and 60 m? per meter). However, these effects of drift collapse
(lithophysal) or strong degradation (nonlithophysal) on seepage and temperature are only important
after 10,000 years because of the relatively long time required to fill the drifts with rubble (SNL
2008a, Figure 7.3.2-19). Therefore, for all 10,000-year dose calculations the effect of drift collapse
or strong degradation on seepage and seismic consequences is negligible and therefore not included
in the dose calculations, based on TSPA analyses (SNL 2008a, Section 7.3.2.6.1.3.4). Not explicitly
accounting for the effects of drift collapse or strong degradation means that the seepage abstraction
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for intact or moderately degraded drifts is applied and the thermal inputs from the multiscale
thermal-hydrologic abstraction are those for an intact drift. Section 2.3.3.4.1.1 gives more details of
the implementation of the seepage submodel for the seismic scenario class.

Drip Shield Failure from Ground Motion—The mechanical response of drip shields to
vibratory ground motion, which could adversely affect the ability of a drip shield to prevent flow
from reaching a waste package, is characterized by three mechanisms (SNL 2007c, Sections 6.8
and 6.10) described below. However, only the first of the three is included in the TSPA model
because the latter two are of low consequence.

* The static load from rubble combined with the dynamic load during a seismic event could
buckle a drip shield framework or rupture drip shield plates. Buckling or rupture
compromises the capacity of a drip shield to deflect seepage and rubble away from a
waste package. The effects of this mechanism are included in the TSPA model.

* The static load from rubble combined with the dynamic load during a seismic event could
deform the plates on the crown of a drip shield. High levels of residual tensile stress could
lead to accelerated degradation processes like stress corrosion cracking. However,
because advective flow through stress corrosion cracks in drip shields has been screened
out based on low consequence (FEP 2.1.03.10.0B, Advection of liquids and solids
through cracks in the drip shield, Table 2.2-1) (SNL 2008c, Section 6), the abstraction for
drip shield damage due to rubble loading in the lithophysal units has been excluded from
the TSPA model.

» Impacts by large rock blocks in unfilled or partly filled drifts in nonlithophysal units
could deform drip shields or fail plates and axial stiffeners on the crown of a drip shield.
Failed drip shield plates provide a potential pathway for seepage to contact the waste
packages. The abstraction for drip shield damage due to rock block impacts in the
nonlithophysal units has not been included in the TSPA model based on an analysis that
shows that the impact of this damage mechanism is small. This screening analysis is
documented in excluded FEP 1.2.03.02.0B, Seismic-induced rockfall damages EBS
components (Table 2.2-1) (SNL 2008c, Section 6).

The mechanical response or fragility analysis for drip shields (Section 2.3.4.5.3) defines the
probability of failure as a function of the thickness and plastic load capacity of drip shield
components, the static rubble load on drip shields, and the vertical component of peak ground
acceleration for the seismic event (SNL 2007¢, Section 6.8). Fragility curves are developed for two
modes of failure: (1) buckling or collapse of the drip shield framework caused by buckling of the
sidewalls of the drip shield and (2) rupture or tearing of drip shield plates. A third failure mode, from
lateral waste package impacts to the drip shield or from longitudinal impacts of the waste package
on the bulkhead support beams, was considered but not incorporated into the TSPA model. This
third failure mode is not represented in TSPA for two reasons. First, lateral impact of the waste
package on the drip shield does not cause catastrophic failure of the drip shield. Second, high
velocity longitudinal impacts of the waste package on the bulkhead support beams exposed on the
underside of the crown of the drip shield occur infrequently, even at the 4.07 m/s PGV level (SNL
2007¢, Section 6.8.5 and Table 6-41), which is the maximum ground motion considered in the
TSPA.
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Regarding drip shield framework failure by sidewall buckling, calculations to represent degraded
states of the system were performed for PGV levels of 0.2, 0.4, 1.05, 2.44, and 4.07 m/s; for
thickness reductions of 0, 5, 10, and 13 mm for the plates and structural elements of the framework;
and for drifts 10%, 50%, and 100% filled with lithophysal rubble (Section 2.3.4.5.3.4). Compared
to the analysis for plate failure, discussed below, results indicate that the probability of framework
failure is always higher than the probability of plate failure for a given rubble load and PGV. The
framework is expected to always collapse before the plates rupture (SNL 2007c, Section 6.12.2,
Step 8). If the drip shield framework fails for a seismic event, the drip shields will continue to
prevent seepage from contacting the waste packages. Plate failure must subsequently occur for
seepage to pass through the drip shield. There is no spatial variability for drip shield collapse
(i.e., all drip shields collapse at the time of the damaging event).

Regarding drip shield plate failure, finite-element calculations were performed to define the plastic
(nonlinear) load-bearing capacity of the curved plates on the crown of a drip shield (SNL 2007c,
Section 6.8.2.1). These calculations defined the magnitude of the uniform load that causes an
element of the plate to exceed the failure criteria for Titanium Grade 7, which are based on
accumulated plastic strain and maximum stress (SNL 2007ac, Section 6.4.3.1.3). The plates were
initially 15 mm thick. For these calculations, the ultimate plastic load capacity of a drip shield is
determined as a function of plate thickness, the static load from rubble in the drift, and the vertical
peak ground acceleration. Calculations to represent degraded states of the system are performed for
15-mm-, 10-mm-, and 5-mm-thick plates; for PGV levels of 0.2, 0.4, 1.05, 2.44, and 4.07 m/s; and
for drifts 0%, 10%, 50%, and 100% filled with rubble. If drip shield plates fail for a seismic event,
then all drip shields fail to prevent seepage from contacting the waste packages (no spatial
variability) (SNL 2007c, Section 1.2). After drip shield plate failure, the mechanical response of
waste packages to seismic events is determined by the abstraction, discussed below, for a waste
package surrounded by rubble.

Waste Package Failure from Ground Motion—The potential failure mechanisms for the
response of waste packages to vibratory ground motion (Section 2.3.4.5) are described as follows
(SNL 2007c¢, Sections 6.5, 6.6, and 6.9):

* Stress Corrosion Cracks—Dynamic loads that dent waste packages could cause
permanent structural deformation with residual stress. The damaged or deformed area that
exceeds a residual stress threshold is conceptualized to result in a tightly spaced network
of stress corrosion cracks. The network of stress corrosion cracks is considered to
immediately form once the residual tensile stress threshold is exceeded, providing
potential pathways for radionuclide transport and release (SNL 2007e, Section 6.7).

* Rupture—Dynamic loads on waste packages free to move during a seismic event have
the potential to result in a rupture (tear) of a waste package if the local strain exceeds the
ultimate tensile strain. The extreme deformation from a major seismic event could
produce tensile strains in the Alloy 22 and weaken the outer corrosion barrier, potentially
resulting in a ruptured outer corrosion barrier from a subsequent extreme seismic event
(SNL 2007¢, Section 6.1.2). The rupture is conceptualized to be along a crease that lies in
a plane normal to the central axis of the waste package. The failed area can be represented
as a circumferential band around the waste package for transport calculations in TSPA
(SNL 2007¢, Section 6.6.2.1). Ruptured waste packages provide potential pathways for
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seepage and for radionuclide transport and release. Waste package rupture occurs only for
waste packages free to move under intact drip shields.

* Puncture—The probability of rupture for waste packages with degraded internals (i.e., a
degraded stainless steel inner vessel) surrounded by rubble is zero because the strain on
the outer corrosion barrier is always below the ultimate tensile strain for Alloy 22 (SNL
2007ac, Section 6.5.1). However, sharp edges of fractured or partly degraded internal
components could puncture a severely deformed outer corrosion barrier. The waste
package internals are assumed to degrade as structural elements after the outer corrosion
barrier is first breached. Extreme deformation of the cylindrical outer corrosion barrier
can eliminate the free volume within the outer corrosion barrier, allowing the sharp
corners or sharp edges from degraded internal elements to puncture the outer corrosion
barrier when it is surrounded by lithophysal rubble (SNL 2007c, Section 6.1.2). The
punctured area is conceptualized to be a small patch on the surface of the outer corrosion
barrier (SNL 2007¢, Section 6.9.1). Punctured waste packages provide potential pathways
for seepage and for radionuclide transport and release. Waste package puncture occurs
only for waste packages with degraded internals, surrounded by lithophysal rubble.

Kinematic and structural response calculations were performed to develop stress corrosion
cracking damage estimates for the failed waste package surface area for commercial SNF and
codisposal waste packages under intact drip shields (SNL 2007c, Sections 6.5.1 through 6.5.4 and
6.6.1 through 6.6.4). The results from the structural response calculations were evaluated for three
values of the residual stress threshold for Alloy 22: 90%, 100%, and 105% of the yield strength of
Alloy 22. Kinematic damage abstractions were developed for three future states of commercial
SNF and codisposal waste packages (Section 2.3.4.5):

* 23-mm-thick outer corrosion barrier with intact internals
* 23-mm-thick outer corrosion barrier with degraded internals
* 17-mm-thick outer corrosion barrier with degraded internals.

For either intact or degraded internals, there is no waste package-to-waste package spatial
variability for the conditional damaged area within each percolation subregion (SNL 2007c,
Section 1.2). For a single package, the damaged area is randomly located on the cylindrical surface
of the outer corrosion barrier. The total damaged area increases with each seismic event that causes
damage to the waste package outer corrosion barrier. For the commercial SNF waste package with
intact internals, damage occurs only at the highest (4.07 m/s) PGV level (SNL 2007c,
Section 6.5.1.2).

Structural response calculations were also performed to develop stress corrosion cracking damage
estimates for the failed waste package surface area of a commercial SNF waste package
surrounded by rubble (SNL 2007c, Sections 6.9.1 through 6.9.9). Two damage abstractions were
developed for a waste package with degraded internals that is surrounded by lithophysal rubble
(Section 2.3.4.5.4.2.1):

* 23-mm-thick outer corrosion barrier with degraded internals
* 17-mm-thick outer corrosion barrier with degraded internals.

2.4-206



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

Damage for waste packages with intact internals is not calculated for waste packages surrounded by
rubble. A waste package becomes surrounded by rubble after the drip shield framework and drip
shield plates have failed (Section 2.3.4.5.1) during a seismic event and the drifts have partially or
completely collapsed. This is expected to occur at late times after repository closure (Figure 2.1-11).
For codisposal waste packages the outer corrosion barrier is expected to have been breached at these
times by stress corrosion cracking induced by seismic events, resulting in degraded internals
(Figure 2.1-12d). In contrast, the probability of seismic-induced stress corrosion cracking damage
to commercial SNF waste packages with intact internals under intact drip shields (SNL 2008a,
Figure 6.6-10) is much lower than that of codisposal waste packages (zero at PGV less than 2.44
m/sec), so it is not very probable that they will be breached by seismicity at the time the “surrounded
by rubble” abstraction applies. Therefore, commercial SNF waste packages are not expected to have
degraded internals at the time of drip shield failure (SNL 2008a, Section 6.6.1.2.2.2) except for the
small fraction of commercial SNF waste packages that have developed nominal stress corrosion
cracks in the closure lid welds, as discussed below (Figure 2.1-10a). However, regardless of the
time scale, the damage abstractions for degraded internals will be conservative relative to the
response with intact internals, so this approach is conservative (SNL 2007¢, Section 6.9). Separate
abstractions are not developed for commercial SNF and codisposal waste packages surrounded by
rubble because the results for the commercial SNF waste packages provide a reasonable estimate of
damage to the codisposal waste packages (SNL 2007c, Section 6.9.10 and Table 6-48).

Lithophysal rubble is selected for the dynamic load on waste packages. The analysis acknowledges
that large rock blocks would tend to have point loading contacts in localized areas on a waste
package, but the cumulative loading from the lithophysal rubble is expected to be significantly
greater because the volume of lithophysal rubble is much greater than the volume of nonlithophysal
rockfall (SNL 2007c, Section 6.7.2.1, Table 6-32, and Figure 6-58).

In the seismic scenario class ground motion modeling case, waste package damage is accumulated
for successive events and added to the damage caused by nominal corrosion processes (SNL 2008a,
Section 6.6.1.3.1). Within a percolation subregion there is no spatial variability in the waste package
thickness used to determine the consequences of each seismic event; therefore, if a seismic event
damages an intact waste package in a percolation subregion, it damages all intact waste packages
assigned to the same percolation subregion. The exception to this is when nominal corrosion failures
precede seismic damage. In this case, damage abstractions for damaged waste packages (i.e., waste
packages with degraded internals) are applied to the failed waste packages and the damage
abstractions for intact waste packages are applied to the intact waste packages. As a simplification,
if the consequences of an event result in damage to the intact waste packages, all packages are
damaged and the accumulated damage on the previously failed packages is conservatively added to
the damage applied to the newly failed waste packages. For waste packages subject to stress
corrosion cracking damage, the effective transport area for a damaged waste package is much
smaller than the damaged area (defined as the area with residual tensile stress) because transport
occurs through a network of stress corrosion cracks, rather than through the total damaged area that
exceeds the residual stress threshold. The effective area for flow and transport is based on the crack
density model and associated scaling factor for Alloy 22 (SNL 2007e, Section 6.7). The distribution
representing the scaling factor has a mean value of 0.00819 (SNL 2008a, Section 6.6.1.1.2).

Commercial SNF or codisposal waste packages that can move freely beneath a drip shield can
rupture from the accumulation of severe deformation due to multiple impacts, which can
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accumulate in either one seismic event or multiple seismic events. The probability of rupture for the
23-mm-thick outer corrosion barrier with intact internals is determined to be zero (SNL 2007c,
Sections 6.5.1.1 and 6.6.1.1). However, for commercial SNF or codisposal waste packages with
degraded internals, the effect of multiple waste package-to-pallet impacts is assessed by evaluating
the severity of accumulated deformation. The degree of deformation is used to define the probability
of rupture. When a waste package is ruptured, the failed area is determined by sampling a uniform
distribution for failed area, with a lower bound of zero and an upper bound equal to the
cross-sectional area of the waste package outer corrosion barrier (SNL 2008a, Section 6.6.1.2.2.2).
This failed area allows advective flow through and advective and diffusive transport out of ruptured
commercial SNF or codisposal waste packages.

For a waste package surrounded by rubble, loss of waste package integrity is conceptualized to
occur from puncture by sharp internal fragments, rather than rupture of the outer corrosion barrier
due to impact with other EBS components. Analyses show that punctures will occur more often than
ruptures, particularly for 17-mm outer corrosion barriers and at lower PGVs (SNL 2008a,
Sections 7.3.2.6.1.3.5 and 7.3.2.6.1.3.6). When waste packages are punctured, the failed area is
determined by sampling a uniform distribution with a lower bound of zero and an upper bound of
0.10 m? (SNL 2007c, Table 6-90). This failed area allows advective flow through punctured waste
packages and advective and diffusive transport out of the punctured waste packages.

Fault Displacement—The expected number of waste package failures that occur due to fault
displacement is a small fraction of the total number of waste packages in the repository. The
number of failed waste packages is estimated based on an understanding of the displacements that
could occur on these faults and geometrical considerations (SNL 2007c, Section 6.11). A fault
displacement that occurs in an emplacement drift could cause a sudden discontinuity in the profile
of the drift. This could result in one portion of the drift being displaced vertically or horizontally
relative to the adjacent section. Such a discontinuity in the drift could cause shearing of the waste
package and drip shield located over the fault if the fault displacement exceeds the available
clearance in the EBS.

Given the complexity of the response of EBS components and the invert to a fault displacement, a
simplified failure criterion is applied to determine shear failure in a collapsed drift. If the fault
displacement exceeds one-quarter of the outer diameter of the outer corrosion barrier (about 0.4 m
to 0.5 m), the waste package fails from shear (SNL 2007c, Section 6.11.1.2). This simple failure
criterion is appropriate because waste package failures from fault displacement events only occurs
from extremely low-frequency, high-amplitude fault displacements, corresponding to an annual
exceedance frequency of less than or equal to 2.5 x 1077 per year (SNL 2007¢, Table 6-67). At
frequencies greater than this value, no effects of fault displacement are considered in the TSPA.
Fault damage to waste packages is assumed to allow flow into waste packages (if seepage is present)
and allow advective and diffusive transport out of waste packages. When a waste package fails from
fault displacement, the associated drip shield is also presumed to fail, causing damage to the total
surface area of the drip shield.

Uncertainty—Uncertainty in the seismic scenario class is directly represented in the TSPA model
by defining uncertain parameters that are sampled either once per realization (epistemic
parameters) or multiple times per realization (i.e., at the occurrence of each seismic event
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(aleatory parameters)). The uncertainty in the input parameters for the underlying process models,
and its propagation in the TSPA model, is summarized as follows (SNL 2007c¢):

 The structural response calculations for the responses of waste packages that are affected
by vibratory ground motion include three principal sources of uncertainty: (1) the ground
motion time histories (aleatory uncertainty), (2) the metal-to-metal friction coefficient
(epistemic uncertainty), and (3)the metal-to-rock friction coefficient (epistemic
uncertainty) (SNL 2008a, Section 6.6.1.2.4). The variations of these uncertain input
parameters are simultaneously included in the 17 structural response calculations at each
seismic hazard level, using a Latin hypercube sampling.

» All analyses of rock rubble include 15 ground motion time histories as the primary source
of aleatory uncertainty (SNL 2008a, Section 6.6.1.2.4). In the lithophysal units, the rock
compressive strength is an epistemically uncertain input parameter that is represented as
five discrete levels of rock strength. In the nonlithophysal units, the synthetic fracture
pattern is an epistemically uncertain input parameter (SNL 2008a, Section 6.6.1.2.4).

» The abstractions of damaged areas on waste packages and drip shields that are used by
TSPA contain both forms of uncertainty, aleatory (e.g., due to intrinsic variability in the
seismic ground motion time histories and spatial variability in waste package thicknesses
used to characterize the damage abstractions), and epistemic (e.g., due to uncertainty in
the residual stress threshold for stress corrosion cracking in Alloy 22 and uncertainty in
general corrosion rates).

Figure 2.4-117 schematically depicts the flow of information between principal TSPA submodels
for the seismic scenario class. The flow of information between submodels in the seismic scenario
class is very similar to the nominal scenario class, as depicted on Figure 2.4-112. As mentioned
earlier, the submodels for the seismic scenario class are the same as those implemented for the
nominal scenario class, with two main exceptions:

* Ground motion and fault displacement damage to drip shields and waste packages is
calculated as a function of the seismic events, in conjunction with the nominal damage
determined by calculations with the WAPDEG DLL for expected degradation and
corrosion processes (SNL 2007c), although some simplifying assumptions are used for
the 10,000-year calculations because of the low consequences of some of the damage
mechanisms (Section 2.4.2.1.5.4).

* Dirift seepage in the lithophysal and nonlithophysal units is calculated based on the
degradation state of the drift. Drift-wall condensation in the lithophysal regions ceases
once the drift is fully collapsed. Because drift degradation in the nonlithophysal regions is
conceptually different than drift collapse in the lithophysal regions, drift wall
condensation in the nonlithophysal regions is not affected by drift degradation.
Furthermore, there can be a thermal perturbation to the in-drift thermal-hydrologic
environment for a collapsed drift. Because the thermal perturbations are applied to the
representative waste package, which is in the lithophysal region, all waste packages,
including those in the nonlithophysal region, experience a thermal perturbation from drift
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collapse. Again, some simplifying assumptions are appropriate for the 10,000-year
calculations (Section 2.4.2.1.5.4)

2.4.2.3.2.2 During-Development Model Validation Activities for the TSPA Code

As described above in Section 2.4.2.3.2, Section 7.0 of the TSPA model report (SNL 2008a)
explains that confidence in the results of the TSPA model depends on two categories of model
validation activities: (1) those conducted during development of the model, and (2) those conducted
after development of the model. This section summarizes the various during-development activities
that are outlined in Table 2.4-8. The major categories of during-development activities are
verification of inputs/software, stability testing, uncertainty characterization reviews, and surrogate
waste-form analyses for DOE and naval SNF.

2.4.2.3.2.2.1 Computer Code and Input Verification

This section discusses the verification of the TSPA model software, verification of DLLs as
implemented in the TSPA model, verification of model inputs entered into the TSPA input database,
and verification of the implementation of the submodel abstractions within the TSPA model. Also,
coupling between submodels within the TSPA model is examined by verifying that the information
generated by one submodel is fed correctly to successive submodels and that the information does
not exceed the applicable range of the successive submodel.

A full understanding of the verification activities described below is enhanced by an understanding
of the architecture of the TSPA GoldSim input model file and of the functionality of the GoldSim
software itself. Additional details of the TSPA GoldSim input model file architecture are given in
Total System Performance Assessment Model/Analysis for the License Application (SNL 2008a,
Section 6.1.5). As previously mentioned in Section 2.4.2.2.2.1, most of the analyses referred to in
this section were done with an earlier version (v4.042) of the TSPA model. TSPA Model v4.042 is
a version of the model that is just prior to the creation of v5.000. The differences between v4.042
and v5.000 were evaluated and determined not impact the analyses discussed in this section. The
analysis using v4.042 of the TSPA model is archived in DTN: MO0708TSPAPOST.000.

Selection and Verification of the Integrated System Software—GoldSim simulation software
V 9.60.100 and V 9.60.300 serves as the integrating shell that links various submodels and codes
that make up the TSPA model. GoldSim is a stochastic sampling program that integrates all the
submodels, codes, and response surfaces together into a coherent structure that allows for consistent
sampling of parameter values among the submodels. The GoldSim program is used to conduct
multi-realization simulations of the entire repository system, using values for both aleatory and
epistemic parameters sampled for each realization from uncertainty distributions. Thus, each
realization of the total system has a unique set of the values of the input parameters. In addition, each
realization is considered to be equally likely, unless importance sampling is used to emphasize some
realizations (usually to increase the likelihood of sampling an unlikely event or parameter value).
Multiple realizations of the TSPA model yield a distribution of radionuclide concentrations and
annual dose to the RMEI that shows uncertainty in annual dose based on uncertainty in all of the
submodels.

2.4-210



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

Much of the computational work for the TSPA model is done using separate software codes whose
results are integrated within the GoldSim software as response surfaces, dynamic linked libraries,
lookup tables, and inputs. For example, the unsaturated zone flow fields are computed using the
software code Transport of Unsaturated Groundwater and Heat V1.6 (TOUGH2 V 1.6). Results of
these detailed process-level calculations are abstracted for use in the TSPA model as
multidimensional tables that are read into GoldSim at run time. Examples of these multidimensional
tables include: (1) liquid flux and velocity fields for the unsaturated zone as a function of time and
spatial location; and (2) temperature and relative humidity as a function of time and location within
the repository.

Once the GoldSim runs are completed and the modeling case dose results are exported to text files,
additional software is used to calculate the expected dose for most modeling cases. The GoldSim
runs provide the inputs for these additional dose calculations, which are performed by the software
code EXDOC LA V 2.0 to calculate the expected dose. The EXDOC LA V 2.0 code separates
aleatory and epistemic uncertainty and integrates over the aleatory uncertainty for fixed values of
the epistemic parameters to calculate an expected value, conditional on one epistemic element (one
set of fixed and sampled variable epistemic parameters). This operation is repeated for each sample
element, to obtain a group of expected results. Statistics (i.e., mean and percentiles) are calculated
for these results. The treatment of aleatory uncertainty can be thought of as an inner loop in the
calculation and the treatment of epistemic uncertainty as an outer loop (Section 2.4.1). For
computational efficiency, the TSPA GoldSim modeling for most modeling cases is performed with
specified aleatory quantities and EXDOC LA V 2.0 is used to calculate the expected dose from
these GoldSim runs. As an example, the GoldSim calculations for the igneous intrusion modeling
case are performed for 10 specified event times and EXDOC LA V 2.0 is used to determine the
expected dose accounting for event times interpolated between these specified values and
accounting for the probability of occurrence of each event.

Submodels are coupled into GoldSim by the following:

» External function calls to detailed process software codes, such as the unsaturated zone
transport software, FEHM V 2.24, or the waste package degradation software, WAPDEG
VvV 4.07

* Cell or pipe pathway elements in GoldSim—basically equilibrium batch reactors—
which, when linked in series, provide a description of transport through selected parts of
the repository system, such as in EBS transport

* Response surfaces, which take the form of multidimensional tables, representing the
results of modeling with detailed process models that are run before running the TSPA
model (e.g., inputs to the EBS thermal-hydrologic environment, such as temperature and
relative humidity in the invert)

» Functional or stochastic representations of a submodel directly built into the GoldSim
code, such as seismic ground motion damage or BDCFs.
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GoldSim is selected as the TSPA integration code based on its capabilities and use in similar
applications. GoldSim (V 9.60.100 and V 9.60.300) has the following general capabilities:

Addresses the inherent variability and uncertainty that is present in complex systems by
using Monte Carlo simulation

Superimposes the occurrence and consequences of discrete events onto continuously
varying systems

Builds top-down models using hierarchical containers that facilitate the simulation of
large, complex systems while keeping them easy to understand and navigate

Dynamically links external programs or spreadsheets directly to the GoldSim software

Directly exchanges information between any open connectivity compliant database and
the software

Provides a contaminant transport module to simulate the release, transport, and ultimate
fate of mass within the system.

GoldSim was originally developed for the evaluation of radioactive waste disposal facilities. In
the past decade, GoldSim has been used in the following applications (GoldSim Technology
Group 2007b, pp. 8 and 9):

Evaluation of the safety of the proposed HLW repository at Yucca Mountain, including
the Site Recommendation

Evaluation of potential host rocks as part of a program to select a disposal site for the
Spanish Radioactive Waste Disposal Research efforts

Evaluation of waste disposal sites in Los Alamos, New Mexico to aid in risk
characterization and to help identify monitoring requirements for low-level radioactive
waste disposal areas

Evaluation of alternative remediation and closure options for abandoned uranium mill
tailings facilities and mine workings in Germany and Canada

Evaluation of waste disposal concepts in Japan, including integrated assessments for the
disposal of high-level waste and spent fuel

Evaluation of different conceptual models of the groundwater flow system on estimates of
radionuclide migration at the Nevada Test Site

Evaluation of clay and granite high-and intermediate-level waste disposal concepts in
France by ANDRA (Agence Nationale Pour la Gestion des Dechets Radioactifs).
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Each version of the GoldSim software is verified to meet all applicable performance requirements.
Verification is performed in accordance with a verification plan by the vendor, GoldSim
Technology Group (Design Document for: GoldSim V 9.60 (DOE 2007c)). This verification
program exercises the graphical user interface, internal functions, stochastic processes,
contaminant transport code, and result displays to demonstrate that the software performs its
numerical, logical, and input/output operations correctly. The verification used by the vendor
consists of over 250 tests that cover the program capabilities, including the user interface, user
defined expressions, internal functions, and distributed processing capabilities. These include:

* 93 basic functional tests

» 23 time and Monte Carlo tests
* 130 contaminant transport tests
17 reliability module tests.

Following applicable quality assurance requirements, specific vendor supplied tests from the
vendor verification plan are executed to assess the adequacy of software functionality. These tests
have demonstrated the satisfactory implementation of the TSPA functional requirements listed in
Requirements Document for: GoldSim v9.60 (DOE 2007d). For added confidence, key functions
and capabilities of the simulation software are combined into four TSPA-developed tests and the
results are compared to independently generated results. The independent tests are described in
Design Document for: GoldSim v9.60 (DOE 2007c, Section 7.2.1) and the results are shown in
Software Validation Report for: GoldSim v9.60 on Windows 2000 (DOE 2007e, Sections 4.2.34
to 4.2.37).

EXDOC_LA V2.0, which computes expected annual dose and summary metrics of expected annual
dose (e.g., mean or median) from the realizations of annual dose provided by GoldSim, is verified
through a series of 17 test cases described in the Design Document for: EXDOC LA Version 2 (DOE
2007a). These test cases are primarily designed to verify the software’s capability of computing
expected dose for each of the seven modeling cases. Results of the test cases are reported in Section
4.2 of Software Validation Report for: EXDOC LA Version 2.0 (DOE 2007f). These tests have
demonstrated the satisfactory implementation of the EXDOC LA functional requirements listed in
Requirements Document for: EXDOC LA Version 2.0 (DOE 2007g).

Verification of Dynamically Linked Libraries—DLLs are integrated into the TSPA and
perform two kinds of tasks: (1) data and file manipulations necessary to pass information back and
forth between model components and to support the coupling of different model components
within the TSPA code, and (2) implementation of model abstractions or portions of model
abstractions within the TSPA code. All DLLs, regardless of the kind of task they perform, are first
tested in accordance with the requirements of the software qualification procedure mentioned
above to ensure they are functioning properly (SNL 2008a, Section 3). DLLs that perform the first
kind of task, data or file manipulation, are evaluated by internal model checking and are also part
of the model component and coupling confirmation processes described below. DLLs that perform
the second kind of task, implementing a model abstraction or portion of a model abstraction, are
confirmed by verification analyses, described below. A description of the verification analyses is
provided in Table 2.4-9, along with a brief description of the analysis.
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The general approach to verifying a DLL as a single module within an integrated model is as follows
(SNL 2008a, Section 7.2). A validation test example reported in a model report or a validation test
report with known results is first run on the stand-alone implementation of a DLL to verify that the
correct answer appearing in the report or validation test report can be reproduced. In some instances,
there could be small differences between the results reported in the analysis model report and those
calculated by the stand-alone implementation. These small differences are accounted for and
typically arise from differences in calculation schemes between the two model implementations
(e.g., discretization, time stepping, and numerical solutions, as compared to analytical solutions).
The next step is to run a single realization of a version of the TSPA model by providing the same set
of inputs to the DLL as those run for the stand-alone model. The results from the TSPA model can
be obtained either from an output file created by the DLL or from GoldSim model file elements that
capture the outputs from the DLL. The results calculated from the single realization of the TSPA
model are verified if they are exactly equal to those calculated by the stand-alone model
(implementation of the DLL).

An example of the DLL verification methodology is the comparison of the TSPA model
implementation of saturated zone transport to the test example given in the underlying process-level
report (SNL 2008a, Section 7.2.4.1.8). The result from a transport base-case simulation developed
in Site-Scale Saturated Zone Transport (SNL 2008h) is compared to the TSPA model (v4.042)
results. The saturated zone source term in the TSPA model is defined by assigning a unit mass flux
(1.0 g/yr) for a sorbing radionuclide (**’Np) that includes radioactive decay. This source term is
assigned to the unsaturated zone transport submodel output element that feeds mass out of the
unsaturated zone and into the saturated zone at source region 1. The mass input into this region is
then input into the SZ Convolute DLL in the TSPA model. The 2*’Np mass flux output from the
SZ Convolute DLL is passed into the model elements, which sums all mass flux out of the
three-dimensional saturated zone transport submodel. The results of the TSPA model simulation are
then compared to the single-realization transport median case breakthrough curve provided by the
site-scale saturated zone process model. The mass flux from the two simulations are plotted on
Figure 2.4-118 and indicate good overall agreement. There is a slight deviation at early times due
to an increase in the time step size for the TSPA model.

Verification of coupling among TSPA model components and DLLs is also important, particularly
at major submodel and model component interfaces (SNL 2008a, Section 7.2.5). This coupling
includes flow and transport through the EBS, coupling at the EBS-unsaturated zone interface
(between GoldSim and the FEHM DLL), and coupling at the unsaturated zone-saturated zone
interface (between GoldSim and the SZ Convolute DLL) (SNL 2008a, Section 7.2.5). This
verification process is also shown in Table 2.4-9 and discussed in more detail later in this section.
Confirmation of the appropriate integration of DLLs within the TSPA model is also realized by a
variety of auxiliary analyses, such as single-realization deterministic analyses (Section 2.4.2.2.3).

Verification of Inputs in the TSPA Database—Parameters used in the analyses for the TSPA
model are documented in the TSPA input database (SNL 2008a, Section 4.7). The TSPA input
database categorizes, stores, and retrieves fixed and uncertain values of the TSPA model
parameters and allows qualified/authorized analysts to view and update values in the database.
Each TSPA model simulation accesses the database in order to obtain values for the model
parameters. Parameter values are obtained from various sources (SNL 2008a, Table 4-1), as
described below, and manually entered into the database. Parameter values are entered into the
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database using a number of forms to ensure traceability. These forms include a parameter
identification form that serves as the primary means to enter parameters into the TSPA input
database.

Before using parameter values in the TSPA model for the performance assessment analysis, each
parameter undergoes a check of the parameter identification form to ensure that the information has
been entered correctly. The parameter verification is documented on the parameter verification
form. Only users with access to the TSPA model controlled access input database can verify
parameter values. The verification process includes recording the checker’s name along with the
date and time to identify the last user who changed any one of the parameter categories. Thus, the
integrity of the parameter values used in the TSPA model is ensured. Strict control of access, along
with detailed documentation trail, ensures the security, integrity, and traceability of information
entered into, or downloaded from, the TSPA input database (SNL 2008a, Section 4.7).

The input database captures values for fixed and uncertain parameters, coefficients in response
surface equations, lookup tables, time series data, stochastic distributions, and external files used
by TSPA software. To ensure direct inputs to the TSPA model file are documented, they are also
captured on parameter entry forms, described below. Inputs captured by the TSPA input database
and parameter entry forms consist of three general types and are documented in output DTNs. The
three types of inputs are:

1. Direct inputs from controlled sources used directly in the TSPA model
2. Inputs from controlled sources, but adapted for use in the TSPA model
3. Inputs generated and used by TSPA analysts in the TSPA model.

Inputs of the first type are acquired by TSPA analysts from the Technical Data Management System
or from the reports that provide input to the TSPA model. These inputs are used directly in the TSPA
model without modification. These parameter values are entered in the TSPA input database and
documented on a parameter entry form. Inputs of the second type are also acquired by TSPA
analysts from the Technical Data Management System or from the reports that provide input to the
TSPA model. These inputs are used directly in the TSPA model with minor formatting, such as
rounding to a specified number of significant digits, removing duplicate input values in defined
lookup tables, sorting input values numerically, or converting inputs to units required by the
appropriate TSPA submodel or analysis. Inputs of the third type are acquired by TSPA analysts from
the Technical Data Management System or from the reports that provide input to the TSPA model
and are processed by TSPA analysts before being captured in the TSPA input database and on a
parameter entry form. Inputs of the third type include formatting direct inputs through the use of
TSPA-generated software, manipulating inputs from controlled sources to be consistent with TSPA
conceptual models, and correlating and sampling of the values of the uncertain parameters used
internally by the TSPA model GoldSim files, and externally by TSPA model DLLs. All TSPA
software used for reformatting data (SNL 2008a, Table 3-1) is subject to quality assurance
procedures, such as software configuration management.

All parameter names, parameter values, and parameter references used in support of the TSPA
model are documented in parameter entry forms. Parameter entry forms document both
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parameters that were downloaded from the TSPA input database and parameters entered directly
into the TSPA model. Parameter entry forms provide the following information:

1. List of parameters, parameter descriptions, parameter values, and references
2. Directions or roadmaps to the location(s) of the information in the references
3. Explanations of any transformations, files, or parameters created by a TSPA analyst

4. Signatures documenting that inputs were appropriately selected from analysis and/or
model reports and used in the TSPA model.

Verification of Single Model Components—The TSPA model is composed of submodels
derived from abstraction models documented in various reports. Similar to the approach taken for
DLL testing, GoldSim model file results are compared with results of stand-alone
implementations documented in reports or validation test reports. The approach used to verify the
submodels implemented in the TSPA model is based on the source of information provided in the
supporting report namely:

» Lookup tables
» Abstraction equations with ranges of input values
* A qualified stand-alone GoldSim model containing the abstraction or DLL.

When inputs or results are in the form of a lookup table or abstraction equation, a verification
subroutine is implemented in the GoldSim model file (SNL 2008a, Section 7.2.4). The verification
subroutine calculates results for a range of input values under which the lookup table or abstraction
equation is valid. Results from the GoldSim model file calculations are compared with values
estimated from the lookup tables and/or equations presented in the underlying report. A good match
between the expected values and GoldSim model file-calculated values indicates that the abstracted
model has been verified.

Where TSPA submodels or components receive inputs from qualified DLLs or retrieve information
from qualified external databases, the verification process involves checking to ensure that the
GoldSim model is correctly linked to the TSPA input database and the correct values are returned.
In addition, checking also verifies that equations were implemented correctly.

Finally, as described earlier in this section, where an external DLL represents a single model
component or when a simple GoldSim model is available in an analysis/model report, the
verification process involves conducting test runs presented in the report or in DLL software
qualification documents. Verification runs in the TSPA model are set to simulate the runs presented
in the validation documentation (i.e., the TSPA model is run with the same set of inputs as those
presented in the DLL validation). Outputs of the GoldSim model are compared to results presented
in the DLL validation.

As an example of the type of verification testing conducted for single model components, consider
the verification of the EBS transport submodel (SNL 2008a, Section 7.2.4.1.6), which is verified by
comparing the results of dissolved radionuclide transport and colloid facilitated radionuclide
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transport within the EBS from the TSPA model and a finite-difference approximation of the
governing mass balance equations implemented in a Microsoft Excel spreadsheet
(Transport_Calc_Appendix B.xls in output DTN: SNO703PAEBSRTA.001). The mass balance
equations tested describe the transport of radionuclides (**°Pu) and associated colloids with
irreversible sorption onto iron oxyhydroxide colloids and the stationary corrosion products, as well
as reversible sorption onto both waste form and groundwater colloids within the waste package.

Two verification cases were conducted. The first includes both advective and diffusive transport and
the second includes only diffusive transport. The input parameter values for both the TSPA model
and the Excel spreadsheet implementation were set to the same values, including a specified
constant flow rate. Figure 2.4-119 is a comparison of the results for the case that includes both
advection and diffusion. This case shows good agreement (i.e., less than 5% difference) between the
TSPA model (v4.042) results and those based on the finite difference approximation of the sample
calculation, except for the initial time steps where the difference is approximately 10%. The
comparison for the case with only diffusive transport is shown on Figure 2.4-120. This case shows
good agreement for the dissolved 2*°Pu and 2*°Pu reversibly sorbed onto groundwater and waste
form colloids, as well as for the 23°Pu irreversibly sorbed onto the stationary corrosion products
(i.e., less than 5% difference except for the initial time steps where the difference is approximately
10%). The agreement is less perfect for 23°Pu irreversibly sorbed to the FeOH colloids (labeled as
“Concentration_in_Water [2>°Pu'f]”). In this case, the differences at the initial time steps between
the TSPA model (v4.042) results and those based on the finite-difference approximation range from
50% to 100%. The differences decrease rapidly with time, and, by the time the system reaches a
steady state, there is only a 2% difference in value. Given the different solution methods used in the
TSPA model and in the Excel spreadsheet calculations, the agreement is considered sufficient for
the intended use of the submodel.

Verification of Coupling among Submodels and Model Components—During-development
verification of the coupling of submodels and TSPA model components within GoldSim consisted
of checking the model implementation during development of the TSPA model, including
verification of the DLLs and the single model components described above. After development, the
verification of coupling among TSPA model components is confirmed through auxiliary analyses,
discussed above in Section 2.4.2.2.3, which demonstrates that the TSPA model yielded the expected
results.

As indicated at the end of Table 2.4-9, the two cases of submodel coupling involve the two primary
barrier/feature interfaces related to the transport of radionuclides: EBS to unsaturated zone and
unsaturated zone to saturated zone. The following discussion describes the verification testing of
the EBS—unsaturated zone coupling as an example of this verification method.

The EBS—unsaturated zone interface domain in the GoldSim input model file is included beneath
the invert domain for modeling EBS radionuclide transport in the TSPA model. The primary
purpose of the EBS—unsaturated zone interface domain is to establish an effective
zero-concentration boundary condition at some distance away from the base of the invert to
compute the diffusive flux from the invert to the unsaturated zone and the fraction of total mass flux
that goes into the unsaturated zone fracture and matrix continua. For this purpose, the EBS—
unsaturated zone interface domain is discretized into four layers and the zero concentration
boundary is applied at the base of the fourth layer, approximately 18 m below the invert (SNL
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2008a, Sections 6.3.8.3 and 7.2.5.1). The dual continuum of overlapping matrix and fracture
continua is represented by cell pathways using GoldSim. Grid sizes (cell pathway dimensions) are
more refined near the base of the invert to accurately capture the higher concentration gradient in
the region. A collector cell is placed beneath the fourth layer and is given a very large water volume
to simulate an effective zero concentration boundary. This collector cell acts as a sink for all the
mass flux from the unsaturated zone cells.

An analysis is performed to evaluate the appropriateness of the location of the effective zero
concentration boundary for the diffusive flux calculation from the invert. In this study, the eftective
zero concentration boundary is applied at the base of the invert and then moved down one layer at
a time. The effect of the placement of this boundary is evaluated in terms of the diffusive flux from
the invert. It is expected that, as the distance to the zero concentration boundary increased, the
diffusive flux from the invert would decrease and converge to a true value. Because analytical
solutions do not exist for a dual continuum representation, the convergence of the invert diffusive
flux with increasing distance to the zero concentration boundary is deemed adequate for evaluating
the appropriateness of the location of the effective zero concentration boundary.

The study is performed for a nonsorbing radionuclide such as **Tc. The radionuclide mass is
injected in the invert cell at 100 years, and the concentration is held constant in the invert at
100 mg/L. The study was only performed for a nonseeping environment for Percolation
Subregion 3 for commercial SNF waste packages, where the release from the invert was primarily
diffusive (a small advective component was also present due to imbibition flux from the host rock
into the invert). A total of 300 realizations are run to sample the epistemic uncertainty in the
hydrologic properties of the invert and the unsaturated zone. The results of the study are shown on
Figure 2.4-121 to compare the total mean diffusive mass flux of *Tc from the invert for varying
placement of the zero concentration boundary. Almost all of the diffusive mass flux from the invert
goes into the matrix continuum, as the effective diffusive area for the matrix continuum is much
greater than that for the fracture continuum. As expected, the diffusive flux decreases as the zero
concentration boundary is moved farther down from the invert. The diffusive flux at 10,000 years
for the case where the zero concentration is applied at the base of the invert is about 7.4 g/yr, but
reduces to about 0.62 g/yr when the boundary is placed at the base of the first layer (a distance of
about 0.66 m from the base of invert). The diffusive flux reduces further to about 0.55 g/yr when the
zero concentration boundary is placed at the base of the second layer (a total distance of about
1.97 m from the base of invert) and then to about 0.54 g/yr when the zero concentration boundary
is applied to the base of the third and fourth layers (at total respective distances of 6.97 m and
16.97 m).

This analysis indicates that it is important to properly locate the zero concentration boundary when
the dominant radionuclide mass flux from the invert is diffusive, and that the discretization chosen
for the EBS-unsaturated zone interface domain is adequate for coupling the EBS and unsaturated
zone.

Verification of Range of Applicability of Submodels and Model Components—The range of
applicability of submodels and model components is verified to ensure that under all conditions
(realizations) of the TSPA model, one submodel does not pass information to another submodel
that drives the downstream submodel beyond its range of validity (SNL 2008a, Section 7.2.6 and
Appendix P).
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The type of verification performed to ensure that the range of applicability is properly defined
within the TSPA model depends on the nature of the implementation. In some cases, logic is built
into the TSPA model to verify that the inputs are within the appropriate range. If an input is outside
its valid range, a flag is set. In other cases, logic is built into the TSPA model so that if a parameter
value is selected outside the valid range, the value is reset to the bounding value depending on
whether the value is greater than or less than that of the range (SNL 2008a, Section 7.2.6).

In the 1,000,000-year performance runs of the TSPA model, waste packages attain ambient
temperatures. The ambient temperature from the EBS thermal-hydrologic submodel (SNL 2008a,
Section 6.3.2) can be as low as 17°C. The lower temperature limit for the in-package chemistry
abstraction (SNL 2007h, Section 1[a]), and the dissolved concentration limits abstraction (SNL
2007u, Section 6.3.3.3) is 25°C. The lower temperature limit for the HLW glass waste form
degradation abstraction is 20°C (BSC 2004g, Section 1.2). As discussed below, the application of
these three submodels below the stated range of applicability is not expected to have a significant
effect on the EBS release calculations; therefore, the TSPA model applies the provided abstractions
below the lower temperature limits without further modifications.

In the in-package chemistry abstraction the pH and ionic strength abstractions were developed for
conditions at 25°C, but there is no explicit temperature dependence in the abstractions for pH and
ionic strength within the waste form domain. Through the use of sensitivity studies and conservative
modeling choices, the effects of temperature were determined to be negligible and the range of
applicability was extended up to temperatures of 100°C (SNL 2007h, Section 6.6[a] and 8.1[a]).
Because of the pH buffering capacity in the waste form cells results in a high degree of confidence
in the minimum and maximum pH at 25°C (SNL 2007h, Section 6.10.8.1[a]) and because
sensitivity studies reveal that temperature has a negligible effect on ionic strength (SNL 2007h,
Section 6.6.6 and 6.6[a]), the application of pH and ionic strength abstractions developed at 25°C
to temperatures as low as 17°C is not anticipated to produce results that are outside the range of
uncertainty captured in the abstractions for pH and ionic strength (SNL 2008a, Table P-6).

The dissolved concentration limits abstraction reports that actinides in carbonate systems, such as
those that will prevail in the EBS, have retrograde solubility. Abstractions for the solubility of
actinides were developed for conditions at 25°C and include additional uncertainty to expand the
temperatures range of applicability up to 100°C, but there is no explicit temperature dependence in
the abstractions for actinide solubility in the EBS (SNL 2007u, Section 6.3.3.3). The TSPA model
applies the dissolved concentration limits abstraction at temperatures below 25°C. Because
actinides have retrograde solubility, it is possible that dissolved concentration limits below 25°C
could be higher than those implemented in the TSPA model. But because the dissolved
concentration limits abstraction includes treatment of the major uncertainties (SNL 2007u,
Section 6.3.3), it is expected that dissolved concentration limits at lower temperatures would be
within the range of uncertainty captured in the dissolved concentration limits abstraction (SNL
2008a, Section 7.2.6[a]). Radium solubility is higher at higher temperatures and the abstraction
developed at 100°C is conservatively applied to all temperatures below 100°C.

The HLW glass waste form degradation abstraction has explicit temperature dependence in the rate
expression and below 20°C the TSPA model applies the applicable temperature in the rate
expression. The lower temperature limit of the HLW glass waste form degradation abstraction was
determined by the ranges considered in the experimental results used to validate the rate model
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(BSC 2004g, Section 7.3), which showed that the Arrhenius relationship for glass degradation rate
is maintained between 20°C and 90°C. This relationship is not expected to change between 17°C
and 20°C. Therefore applying the rate model at 17°C to HLW glass that is still intact within the
waste form domain when the waste package temperatures drop below 20°C, is not expected to have
any effect on mass transport calculations (BSC 2004g, Section 6.5.2.1).

For the 10,000-year simulations, the temperatures remain within the range of validity (SNL 2008a,
Section 7.2.6[a]).

2.4.2.3.2.2.2 Model Stability Testing

Model stability testing includes three types of stability tests: statistical stability, temporal stability,
and spatial stability. Statistical stability testing involves a number of activities to demonstrate that
a sufficient number of realizations have been run to achieve a numerically stable mean dose, as
required by NUREG-1804, Section 2.2.1.4.1.3: Acceptance Criterion 2(1). Statistical stability with
respect to the sample size for both epistemic uncertainty and aleatory uncertainty has previously
been discussed in Section 2.4.2.2.2. The remaining three types of model stability testing occurring
as part of the TSPA model during-development validation activities address discretization of the
temporal and spatial domains of the model. The three primary activities to address this discretization
are summarized here: time stepping, spatial variability, and number of particles in the unsaturated
zone transport submodel.

Temporal stability tests (i.e., tests for the appropriate time step size necessary to achieve a stable
solution) have been conducted for four modeling cases: waste package early failure, igneous
intrusion, seismic ground motion, and nominal. Spatial variability/discretization in the TSPA model
involves studying the scale at which the repository must be modeled. In particular, because of
computational constraints, the TSPA model does not simulate the individual performance of each
of'the 11,629 waste packages (Section 2.3.7.4.2) modeled as emplaced in the repository, but groups
the waste packages into representative waste package groups. Spatial stability examines the effect
of these waste package groupings for the early failure drip shield modeling case. Finally, the
particle-tracking algorithm used by FEHM, the software program that numerically solves for
radionuclide transport in the unsaturated zone, discretizes the mass balance equations into
finite-sized particles, each carrying a finite amount of the mass flux through the unsaturated zone.
The smoothness and accuracy of the numerical solution is a function of this “number discretization”
and several tests, summarized below, validate the stability of this discretization using the drip shield
early failure, igneous intrusion, and seismic ground motion modeling cases.

Verification of Temporal Discretization—An important issue related to the stability of the
TSPA model results is temporal discretization of the model. In order to estimate the movement of
radionuclides, the TSPA model calculates the movement of radionuclides by numerically solving
partial differential equations in various model components and submodels (e.g., unsaturated zone
transport which employs the FEHM particle-tracking software to discretize the solution, or EBS
flow and transport, which uses the GoldSim cell-pathway algorithm to discretize the solution).
The temporal discretization (i.e., the size of time steps) could affect the accuracy of the solution to
the differential equations, and thus affect the outputs of the TSPA model. Several different TSPA
model runs are performed to evaluate the potential for variability in model output due to time step
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size. The analysis demonstrates that the output of the TSPA model is not significantly affected by
reducing the size of time steps (SNL 2008a, Section 7.3.3).

The waste package early failure, seismic ground motion, igneous intrusion, and nominal modeling
cases were selected for the temporal stability analysis. These modeling cases encompass the range
of events and processes that result in radionuclide transport. Each modeling case describes
repository performance subsequent to failure of parts of the EBS, although the time and nature of
the failures varies between modeling cases. When a waste package fails, the initial mobilization of
radionuclides out of the failed waste package generates an impulse of mass into the models for
transport, the resolution of which will depend on the time steps used in the TSPA GoldSim model
file.

The waste package early failure modeling case models the diffusive release of radionuclides from
an initial waste package failure under an intact drip shield. The time step analysis for this modeling
case examines releases from both types of waste package (codisposal and commercial SNF) in one
of the 10 possible environments (i.e., 5 percolation subregions and two dripping conditions). The
seismic ground motion modeling case during the first 10,000 years simulates the diffusive releases
that result from seismic events that affect all codisposal waste packages in all environments. As
mentioned earlier, analyses have shown that the chance of failure of a commercial SNF package due
to seismic events is too small to result in significant consequences for the first 10,000 years. The
igneous intrusion case simulates the release of radionuclides primarily by advection, and includes
all waste packages in all environments. For the time period of 1,000,000 years, the igneous intrusion
modeling case is analyzed for temporal stability, because this modeling case represents the extreme
transient effect of an event that completely compromises the engineered barrier at a single time. In
contrast, the seismic ground motion modeling case describes much smaller degrees of degradation
and failure of the components of the EBS through time as a result of corrosion processes and seismic
events. The seismic ground motion modeling case essentially models a series of less extreme events.
If the time step scheme for 1,000,000 years is adequate for the igneous intrusion modeling case, it
is reasonable to expect that this same time step scheme would be adequate for the seismic ground
motion modeling case (SNL 2008a, Section 7.3.3.1).

The nominal modeling case is also examined for temporal stability for the 1,000,000-year time
period. However, the time steps that are varied in the nominal modeling case are those used in the
WAPDEG software that determines the time and number of waste packages that failed due to
nominal corrosion. The time steps used in the GoldSim component to solve transport equations for
the nominal modeling case are the same as used in the igneous intrusion modeling case. Thus, the
temporal stability analysis for the igneous intrusion modeling case determines temporal stability of
the GoldSim component for the nominal modeling case as well. The drip shield early failure and
seismic fault displacement modeling cases use the same time step scheme as is used in the waste
package early failure, seismic ground motion and igneous intrusion modeling cases. The submodels
included in the drip shield early failure, and seismic fault displacement modeling cases differ from
the waste package early failure seismic ground motion, and igneous intrusion modeling cases
primarily in characterizing the failure of parts of the EBS. Radionuclide mobilization and transport
are computed with a similar set of submodels in all of these modeling cases. Therefore, if the time
step scheme is shown to be adequate for the waste package early failure, seismic ground motion, and
igneous intrusion modeling cases, the temporal stability analysis need not be conducted for the
remaining modeling cases.
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The volcanic eruption modeling case uses a different time step scheme than the other modeling
cases because of the highly-transient nature of the eruptive processes. This time step scheme
employs one-year time steps after an eruption. Because the quantity computed by the modeling case
is the annual dose (i.e., dose averaged over a year), reducing the time step below one year is not
warranted. Thus, no temporal stability analysis is necessary for the volcanic eruption modeling case
(SNL 2008a, Section 7.3.3.1).

Separate calculations are performed for each of two time periods: 20,000 years, and 1,000,000 years
following repository closure. A time period of 20,000 years is used instead of 10,000 years in order
to examine the failure of commercial SNF packages, whose in-package relative humidity does not
rise above 95% (the threshold for release) until around 10,000 years (Section 2.4.2.3.3.5.2). For
each time period, one base time-step scheme is used for all modeling cases. The base time step
scheme uses shorter time steps during the period of time immediately following repository closure,
when environmental variables such as temperature and relative humidity are changing more rapidly.
As repository environmental conditions become stable, longer time steps are employed.

The temporal stability of the selected modeling cases is examined by introducing additional, shorter
time steps immediately following the events that fail components of the engineered barrier. For each
modeling case, two additional simulations are constructed and run, varying the time-step scheme
from the baseline TSPA model (SNL 2008a, Table 7.3.3-1). Each simulation calculates repository
performance for the first five of 300 epistemic realizations of the baseline TSPA model. The time
step analysis is conducted for five epistemic realizations, rather than the full set of 300, which is
sufficient to expose any systematic effect on model results of varying the time steps. TSPA model
runs with different time step sizes were compared graphically to determine the effect of refining the
time steps. A number of different temporal stability tests were conducted (SNL 2008a,
Section 7.3.3), examples of which are discussed below.

Waste Package Early Failure Modeling Case—The TSPA models waste package early failures
as occurring at repository closure. Because the drip shield above the waste package remains
functional in this modeling case, seepage does not contact the early failed waste packages and, as
a result, radionuclides transport out of the waste package is by diffusion only. Diffusion does not
begin until sufficient water is present inside the waste package. Because the rate of water
accumulation depends on temperature and relative humidity within the drift, diffusive transport
begins at different times for different waste packages and realizations.

The waste package early failure modeling case considers a total of 20 possible combinations of
aleatory variables: five different percolation subregions, two waste package types, and either
dripping or nondripping conditions (Section 2.4.2.1.5.2). The ensemble of 20 annual dose histories
is used to compute expected annual dose. Figure 2.4-122 shows the expected annual dose for each
of five epistemic realizations for the two alternative time step schemes. The similarity in expected
dose for the two-time step schemes gives confidence that the waste package early failure modeling
case is stable with respect to temporal discretization.

Igneous Intrusion Modeling Case—In the igneous intrusion modeling case, annual dose is
computed by the GoldSim component of the TSPA model at each of a set of specified intrusion
times (SNL 2008a, Table 7.3.2-1). For each epistemic realization, the ensemble of aleatory dose
histories (one for each intrusion time) is used to compute expected dose. At the time of an
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intrusion, the drip shield and waste package cease to isolate the waste from seepage waters.
Immediately after an intrusion, relatively large quantities of radionuclides can enter the natural
system over a few time steps. Temporal stability is tested for the 1,000,000-year and 20,000-year
calculations by considering alternative time step schemes (SNL 2008a, Table 7.3.3-1). As
mentioned above, the alternative time step schemes add additional, shorter time steps immediately
after the modeled intrusions to provide better resolution of the effects of each intrusion.

Expected annual dose is computed for each of five epistemic realizations using an increased time
step scheme (SNL 2008a, Section 7.3.3.4). One dose history is computed for each epistemic
realization and for the 10 specified igneous event times. Figure 2.4-123 shows the expected dose
results for the five epistemic realizations. Although small variations can be observed for the two
time-step schemes, each expected dose history’s shape and magnitude are similar. Thus, the time
step scheme used in the igneous intrusion modeling case is adequate. The similarity in expected
dose occurs because expected dose at time 7 involves taking the expectation of the dose at time 7
from all possible events that could occur prior to time 7. Because the dose that follows an event
appears as a pulse, both the magnitude and duration of each pulse influence the expected dose.
When the alternative scheme with shorter time steps is used, the pulse of dose that immediately
follows an event is larger in magnitude, but shorter in duration. Consequently, with the alternative
time steps, the expected dose at time 7 is determined by fewer, larger pulses of dose prior to 7.
However, similar values of expected dose result in the base-case time-step scheme, which produces
dose pulses of lower magnitude and longer duration. The similarity in expected dose shows that the
time-step scheme provides sufficient resolution of the annual dose to obtain a stable value for the
integral defining expected dose.

Seismic Ground Motion Modeling Case—In the seismic ground motion modeling case for the
first 10,000 years, annual dose is computed by the GoldSim component of the TSPA model at each
combination of a specified event time and specified damage fraction (SNL 2008a, Table 7.3.2-3).
For each epistemic realization, the ensemble of dose histories (one for each combination of event
time and damage fraction) is used to compute expected dose. At the time of a seismic event,
damage to the waste package allows water to build inside the waste package, and when sufficient
water is present, radionuclides begin to diffuse out of the waste package and into the natural
system. It is possible that relatively large quantities of radionuclides would enter the natural
system over a few time steps following a seismic event. Temporal stability is tested by reducing
the time step size. The alternative time-step schemes add additional, shorter time steps
immediately after the modeled seismic event to provide better resolution of the events effects
(SNL 2008a, Table 7.3.3-1).

The event time is fixed at 1,000 years and the damage fraction at 107, The base-case time steps are
applied up to the time of the event. After the event, the first alternative time-step scheme uses
10-year time steps until 10,000 years and then reverts to the base-case time step for the remainder
of the calculation. The second scheme uses one-year time steps until 2,000 years, followed by the
base-case time steps until 20,000 years. The base-case time steps are 40-year time steps from the
time of the event at 1,000 years until 10,000 years. Figure 2.4-124 shows the annual dose for each
of five epistemic realizations and the three time-step schemes. The overall shape of the dose history
for each epistemic realization is similar for all time-step schemes. The dose following the seismic
event generally occurs sooner after the event when using the alternative time step schemes.
However, unlike the igneous intrusion modeling case, the dose does not exhibit a large peak
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followed by rapid decline, but rather reaches and maintains a steady state. In the igneous intrusion
modeling case, the engineered barrier does not restrict radionuclide transport after the intrusion,
whereas in the seismic ground motion modeling case, only a small fraction of waste package surface
is damaged, which in turn constrains the rate of radionuclide transport. The expected dose for the
seismic ground motion modeling case will be determined by the magnitude of the steady-state dose
after the seismic event. Because the magnitude of the steady-state dose is similar for the base case
and the alternative time-step schemes, the minor differences in annual dose shown on
Figure 2.4-124 will have no significant effect on expected dose.

Nominal Modeling Case—In the nominal modeling case, annual dose is computed by the
GoldSim component of the TSPA model based on a time history of waste package failures due to
nominal corrosion processes (i.e., general corrosion, microbial influenced corrosion, stress
corrosion cracking), which is calculated by the WAPDEG software. The WAPDEG software
employs a separate temporal discretization for the thermal histories of emplaced waste packages
than the time steps used in the GoldSim component to determine transport of radionuclides.
Temporal stability of the time steps used by WAPDEG is tested by reducing the sizes of these time
steps, and propagating the revised histories of waste package failure through the GoldSim
component.

In the TSPA, arelatively coarse time-step discretization is used in the general corrosion calculations
beyond 200,000 years, when repository temperature and relative humidity have reached ambient
conditions. In the temporal stability study (SNL 2008a, Section 7.3.3.7[a]), the time-step
discretization used by the general corrosion calculations is refined by adding time steps; the number
of time steps is increased from 68 in the TSPA to 279 in the temporal stability run. The new time-step
discretization was selected so that the maximum timestep size used in the general corrosion
calculations was 10,000 years, rather than up to 300,000 years in the TSPA.

Results of the stability analysis (SNL 2008a, Section 7.3.3.7[a]) indicate that the alternative
time-step scheme produces smoother results for the nominal modeling case. In particular, the sharp
increases in expected annual dose at 200,000; 300,000; 500,000 and 700,000 years (Figure 2.4-22)
are smoothed by the use of shorter time steps. Comparison of the distribution of expected annual
dose (SNL 2008a, Figure 7.3.3-12[a]) between the temporal discretization cases shows that both the
magnitude of expected annual dose and the range of uncertainty in expected annual dose are similar.
This similarity in statistics for expected annual dose for the two timestep schemes indicates that the
nominal modeling case is sufficiently stable with respect to the temporal discretization used in
computing general corrosion.

Verification of Spatial Discretization—Different scales exist within the TSPA model relative to
how spatially dependent information is used in various submodels. The key areas within the TSPA
model where spatial variability is finely discretized are site-scale unsaturated zone flow, EBS
thermal-hydrologic conditions, unsaturated zone transport, and saturated zone flow and transport.
Saturated zone flow and transport does not share the same domain as the other three
spatially-variable submodels, and is implemented using a three-dimensional model (although a
few radionuclides are simulated with a one-dimensional model—see Section 2.4.2.3.2.1.10). The
unsaturated zone flow and unsaturated zone transport submodels use the same dual-permeability
spatial grid and, therefore, have the same spatial variability. The EBS thermal-hydrologic

2.4-224



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

submodel shares the domain of the two unsaturated zone submodels, but uses a different, finer,
spatial grid.

Spatially discrete information used at one scale (e.g., unsaturated zone flow submodel) could be
combined or averaged in order to be used at a different scale (e.g., drift seepage submodel and drift
wall condensation submodel). The TSPA model “inherits” these different spatial scales from the
process models that feed it, namely the unsaturated zone flow, EBS thermal-hydrologic
environment, unsaturated zone transport, and saturated zone flow and transport abstractions. The
appropriateness of the spatial discretization and scales of these abstractions are investigated and
validated for their intended use in the TSPA within each process model’s respective report, as
indicated in Section 2.3. However, the TSPA model effectively adds its own spatial discretization
by subdividing the repository into five percolation subregions at the EBS submodel level (SNL
2008a, Section 6.3.2), i.e., upscaling from the finer discretization in the underlying abstractions.
The main purpose of this section is to describe the use of representative thermal-hydrologic histories
(Section 2.4.2.3.2.1) within the percolation subregions at the EBS-submodel level in lieu of using
the comprehensive thermal-hydrologic dataset and discuss what impact, if any, this spatial
discretization has on the results of the EBS releases that feed the unsaturated zone.

The EBS thermal-hydrologic environment submodel implements the thermal-hydrologic
environment in and around an emplacement drift from the multiscale thermal-hydrologic model
abstraction. The multiscale thermal-hydrologic model abstraction results include the spatial
discretization of thermal-hydrologic conditions of the EBS and its components, as well as the
variability of these results due to uncertainties with the percolation flux and the host-rock thermal
conductivity inherited from the site-scale unsaturated zone flow process model. These spatially
discretized inputs to the TSPA are provided by the multiscale thermal-hydrologic model abstraction
at two scales: a fine-scale or comprehensive data set which is appropriate for determining waste
package failure histories due to general or localized corrosion, and a coarse-scale or representative
data set, which is presumed to be sufficient for capturing waste-form mobilization and transport
processes (as demonstrated in this section). The representative thermal-hydrologic data set involves
the discretization of the repository domain into a specified number of subregions (five) based upon
percolation flux. Each subregion’s thermal-hydrologic conditions are characterized by one
representative element of the comprehensive thermal-hydrologic dataset, which is meant to be
representative of the thermal-hydrologic conditions everywhere within that specific percolation
subregion.

As described in Section2.4.2.3.2.1.2, to characterize the wvariability in repository
thermal-hydrologic conditions, the multiscale thermal-hydrologic model subdivides the drifts in the
repository footprint into 3,264 equal area subdomains corresponding to 20-m repository drift
segments (SNL 2008d, Section 6.2.12[a]). For each of the 12 percolation flux/host-rock thermal
conductivity cases (SNL 2008a, Table 6.3.2-3), the multiscale thermal-hydrologic model
abstraction includes the time-dependent thermal-hydrologic variables, temperature, and relative
humidity for six different possible commercial SNF waste packages and two different possible
codisposal waste packages at each of the 3,264 repository subdomains (SNL 2008d, Tables 5.4-1
and 6.3-13, and Section 6.2.17[a]). This comprehensive data set is used for the waste package
degradation and seepage submodels of the TSPA. For other submodels in the GoldSim model file,
related to waste-form mobilization and transport, the use of this comprehensive data set is not
necessary for computing expected dose, as demonstrated below. Therefore, the multiscale
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thermal-hydrologic model also provides an abstraction of the comprehensive thermal-hydrologic
data set by first grouping 3,264 repository subdomains into one of the five repository percolation
subregions (Figure 2.4-3), as described in Section 2.4.2.3.2.1.2 (SNL 2008a, Section 7.3.4.2.2).
Next, the multiscale thermal-hydrologic model determines a representative thermal-hydrologic
history associated with a single commercial SNF waste package and a single codisposal waste
package for each percolation subregion. This representative thermal-hydrologic data is then used as
input to the EBS submodel and propagated throughout the rest of the of the TSPA model. The
thermal-hydrologic variability analysis summarized below demonstrates the appropriateness and
validity of using the representative thermal-hydrologic histories as inputs to the EBS submodels of
the TSPA, as opposed to using the comprehensive data set.

As mentioned in Section 2.4.2.3.2.1.2, the 10th percentile infiltration scenario for the glacial
transition climate is used to define the five percolation subregions for all simulations. Of the 3,264
multiscale thermal-hydrologic model subdomains in the comprehensive data set, there are 163,
817, 1,300, 820, and 164 subdomains in Percolation Subregions 1, 2, 3, 4, and 5, respectively (5%,
25%, 40%, 25%, and 5%), with the following characteristics:

» The subregions are not completely contiguous in space, but are located throughout the
repository

» Each subregion includes both edge and interior repository subdomain locations

» The five selected subregions have a fixed set of repository subdomain locations for all
realizations of the TSPA model, regardless of infiltration and host-rock thermal
conductivity scenario or climate state. However, the percolation flux values calculated for
each percolation subregion will be different depending on the percolation flux/host-rock
thermal conductivity scenario and/or climate state being considered.

To conduct the spatial stability analysis (SNL 2008a, Section 7.3.4), the TSPA model is exercised
over a range of percolation flux percentiles, host-rock thermal conductivities, and percolation
subregions that represent the range of thermal-hydrologic conditions from the driest and hottest to
the wettest and coolest, with appropriate conditions in between. Radionuclide releases from the
EBS for a 1,000,000-year compliance period were used as the benchmark for comparison between
the two types of thermal-hydrologic histories (i.e., representative versus comprehensive) (SNL
2008a, Section 7.3.4.3). Since there is both a diffusive and an advective component to the release
of radionuclides from the EBS, comparisons were made for both the drip shield early failure
(advection-dominated transport) and the waste package early failure (diffusion-dominated
transport) modeling cases. For illustration, only the results of the drip shield early failure modeling
case are shown here.

For the runs using a representative thermal-hydrologic data set, the TSPA model is run for a
specified number of “realizations” corresponding to the number of subdomains for a specific
percolation subregion, but with the epistemic and aleatory variables (including infiltration and
host-rock thermal conductivity) fixed to be the same for each realization. However, the same
representative thermal-hydrologic history is used for all realizations. For the drip shield early failure
modeling case, only a single drip shield over a commercial SNF waste package and a single drip
shield over a codisposal waste package are allowed to fail during each realization. For the runs using
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the comprehensive thermal-hydrologic data set, the epistemic and aleatory variables are again fixed,
but the model is looped over the set of thermal-hydrologic histories corresponding to the number of
subdomains in the given percolation subregion (i.e., each realization had a different
thermal-hydrologic history). To reduce the computational time of these runs to a more manageable
quantity, only one of the six thermal-hydrologic histories associated with the six commercial SNF
waste packages at each subdomain (or loop) is used, and only one of the two thermal-hydrologic
histories associated with the two codisposal waste packages at each subdomain (or same loop) is
used. These are chosen randomly.

Note that the curves marked “comprehensive” in Figure 2.4-125 represent the radionuclide release
histories using the full set of thermal-hydrologic curves from all multiscale thermal-hydrologic
model subdomains (i.e., assuming each package in a percolation subregion has a unique
thermal-hydrologic history) (derived from the comprehensive set of thermal-hydrologic histories),
whereas the curves marked “representative” assume that every package in a given subregion has the
same thermal-hydrologic conditions corresponding to the single representative thermal-hydrologic
history for that percolation subregion (but different for commercial SNF versus codisposal). For
each set of thermal-hydrologic variability runs, a comparison of the means of the radionuclide
cumulative releases of *°Tc, '?°I, and 2*°Pu from the EBS is the benchmark to gauge the
appropriateness of using a representative thermal-hydrologic history versus a comprehensive
thermal-hydrologic history with respect to spatial discretization. Figure 2.4-125 shows the EBS
releases for the representative thermal-hydrologic data set compared to the case using the
comprehensive thermal-hydrologic data for the drip shield early failure modeling case, 10th
percentile infiltration scenario, low host-rock thermal conductivity, and Percolation Subregion 3.
After about 1,000 years, the EBS cumulative releases of these radionuclides are very similar for
both the representative and comprehensive thermal-hydrologic data sets. This is typical of other
percolation flux percentile, host-rock thermal conductivity, and percolation subregion cases (SNL
2008a, Section 7.3.4.3.2).

The EBS releases that used the thermal-hydrologic histories from the comprehensive data set
generally begin earlier than the cases that used a representative thermal-hydrologic history.
Figure 2.4-126 compares the commercial SNF waste package temperature histories below 100°C
for the representative and comprehensive thermal-hydrologic data sets. The commercial SNF waste
package temperature histories for the representative thermal-hydrologic data sets are similar to the
means of the commercial SNF waste package temperature histories associated with the
comprehensive thermal-hydrologic data set for each respective percolation flux percentile,
host-rock thermal conductivity, and percolation subregion case. This illustrates that the
representative thermal-hydrologic data set can be used as a surrogate for the comprehensive
thermal-hydrologic data sets with respect to spatial discretization. The upper and lower bound waste
package temperatures from the comprehensive thermal-hydrologic data sets are shown on the
figure. Since the TSPA model requires the waste package temperature to drop below 100°C before
transport from the EBS can be initiated, and since there is some spread between the lower bound and
the mean commercial SNF waste package temperatures from the comprehensive
thermal-hydrologic data set, the EBS releases from these cases start earlier than those that used the
representative thermal-hydrologic data.

FEHM Particle Tracking Stability—In the TSPA model, radionuclide transport through the
unsaturated zone is simulated using the FEHM (Zyvoloski et al. 1997) residence time transfer
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function particle tracking technique, as described in Particle Tracking Model and Abstraction of
Transport Processes (SNL 2008e, Section 6.4 and Appendix C). To have confidence in the results
generated by the particle tracking model, it is important to examine the stability of the TSPA
model results relative to the number of particles being used. For particle tracking models, the
accuracy of the model is a function of the number of particles used to represent the source
releases; the greater the number of particles, the greater the degree of accuracy. As the number of
particles increases, a level will be reached where results stabilize and there will be little change in
results associated with increasing the number of particles. In the TSPA model, the input for the
maximum number of particles allowed in the TSPA model is 900,000 per species. To test the
stability of the results in reference to the number of particles used in the TSPA model, two
supplemental simulations were performed with 500,000 and 750,000 particles being the maximum
allowed. The input to FEHM is the maximum number of particles allowed. The number of
particles actually used by a specific species during a simulation is limited because FEHM is
designed to hold back particles for any species that has mass introduced to the system from
ingrowth in addition to the mass released from the unsaturated zone.

To evaluate the particle tracking model’s stability, with reference to the number of particles used in
the TSPA model, stability testing was performed using Version 5.000 of the TSPA model (SNL
2008a, Section 7.3.5). This study considered the 10,000-year drip shield early failure, the
1,000,000-year igneous intrusion, and the 10,000-year seismic ground motion modeling cases. The
drip shield early failure modeling case results used a single aleatory realization comprised of
percolation subregion 3 waste packages and commercial SNF fuel type. The igneous simulations
used a single aleatory realization with an event time of 250 years. The seismic ground motion
modeling case simulations used a single aleatory realization comprised of a 10~® damage fraction
and an event time of 200 years. For each chosen case, the results for five epistemic realizations were
examined closely to evaluate the effect of reducing the number of particles used in the simulations.
Single realizations were examined because the averaging process used to compute mean dose would
likely hide the differences. As described below, analytical results using 500,000 and 750,000 for the
maximum number of particles were graphically compared to the TSPA model (900,000 particles)
results to assess the sensitivity of the model to the maximum number of particles.

All parameters, except for the maximum number of particles allowed (900,000; 750,000; or
500,000) and, where applicable, the FEHM input parameter defining the number of particles
assigned per mole, were the same for each set of simulations. In general, for the unsaturated zone
submodel particle tracking analysis, particles are assigned on a per time step basis. An exception has
been made for the igneous and early failure scenarios where *°Tc and !?°I particles are assigned on
a particle per mole basis. This allows for a more accurate depiction of the spike-like portion of their
EBS releases to the unsaturated zone. This technique more accurately simulates the portions of the
release that are large contributors to dose. The major radionuclides considered in this analysis were
PTe, 233U, 234U, 2"Np, and total >>’Pu (combined reversible and slow and fast irreversible colloids).
The above species cover a range of transport behavior and are large contributors to dose.

Figures showing results of the particle tracking stability test can be found in (SNL 2008a,
Section 7.3.5). This stability test indicates that the use of 900,000 particles in the TSPA model
analyses provides a stable result with respect to the number of particles used in all three of the
modeling cases (drip shield early failure modeling case, igneous intrusion modeling case, and
seismic ground motion modeling case). Reducing the maximum number of particles to 750,000 or
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500,000 is shown to have little effect on the total mean annual dose results. Likewise, maximum
dose results showed that the reductions in the maximum number of particles used to represent the
EBS releases had little influence on the TSPA model results. A more detailed comparison of annual
doses for representative radionuclide species and unsaturated zone mass flux releases showed that
slight differences in particle tracking results associated with the reductions to the number of
particles representing source releases (and ingrowth contributions) represent differences in the
refinement of source terms to the saturated zone. This difference in the source terms is dampened
by the time mass has been transported 18 km.

2.4.2.3.2.2.3 Uncertainty Characterization Reviews

An NRC requirement for repository performance assessment is to include an appropriate treatment
of parameter uncertainty and variability (proposed 10 CFR 63.114(a)(2)). Specific details on how
the NRC determines conformance with this requirement are given in NUREG-1804,
Section 2.2.1.3. To address this requirement, a systematic review of uncertainty and variability
characterizations of key TSPA parameters was conducted (SNL 2008a, Section 7.4). Particular
emphasis was placed on consistency, defensibility, and traceability of the uncertainty
representations, and these were modified as necessary.

Reviews were performed to scrutinize the uncertainty characterizations of key TSPA input
parameters and their associated abstractions. Probability distributions for several key parameters
were subsequently modified or independently derived to improve their treatment of uncertainty and
variability. The technical reviews focused on: (1) confirming that the parameter representations
reflect the major sources of uncertainty and/or variability, (2) verifying that the probability
distributions were derived using sound statistical methods and interpretations, and (3) ensuring
model parameter representations (i.e., probability distributions) are reasonable and defensible, as
opposed to depicting extreme variations (10 CFR 63.304(4)) that could potentially introduce risk
dilution.

The multidisciplinary review team of scientists and engineers included expertise in probability
and statistics, uncertainty analysis, TSPA modeling, and knowledge of the regulatory guidance
regarding consistent treatment of uncertainty and variability. In addition, selected YMP subject
matter experts provided support on as needed basis and facilitated the reviews of data, parameters,
and model abstractions. The general work scope of the parameter uncertainty review team
included:

* Familiarizing YMP subject matter experts with methodologies for analyzing data
uncertainties and variabilities, as well as use of statistical techniques to derive probability
distributions (i.e., probability density functions and cumulative density functions)

» Performing independent statistical analyses and interpretations of laboratory and field
data

» Checking the appropriateness of probability distributions chosen to fit data and ensuring
consistency with respect to the quantity of available data
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* Deriving probability distributions using advanced statistical techniques, including
subjective methods such as Bayesian updating

* Ensuring parameter values are representative of component model scale (i.e., upscaling
data from small-scale samples and tests to the physical scale of the model)

« Examining subjective probability distributions to ensure that informal professional
judgments were reasonable and consistent

The uncertainty characterization reviews examined in detail the uncertainty and variability
characterizations for key TSPA input parameters (SNL 2008a, Tables 7.4-1 through 7.4-3). While
the reviews primarily focused on scrutinizing the technical basis, they also included consistency
aspects of the NRC review method for data uncertainty described in NUREG-1804, Section 2.2.1.3
for the 14 abstraction topics. In addition, the supporting documentation was reviewed and critiqued
with respect to clarity and transparency. Specific review findings and actions for specific TSPA
parameters are documented in Total System Performance Assessment Model/Analysis for the
License Application (SNL 2008a, Section 7.4.5). The results of the reviews, and resulting actions,
are incorporated in the model abstractions described in Section 2.3.

24.23.2.24 Surrogate Waste-Form Analyses

During the last four decades, the United Sates government (including the DOE and its predecessor
agencies, as well as the U.S. Navy) has generated several hundred varieties of spent fuel from
weapons production, nuclear propulsion, and research missions. See Sections 1.5.1.3 and 1.5.1.4
for additional detail on the various DOE SNF types. A method described by Fillmore (1998,
Section 2) allows the grouping of these varieties of DOE SNF. The DOE SNF types are grouped into
11 categories based on fuel matrix parameters (DOE 2000, Section 8). The number of DOE SNF
categories helps streamline repository analyses of the spent fuels. Table 2.4-10 lists the DOE SNF
categories and a representative fuel in the category that best fits the characteristics of the category
(DOE 2000).

As discussed below, the TSPA replaces the 11 categories of DOE SNF with two surrogate waste
forms, one for naval SNF and one for the other 10 categories (SNL 2008a, Section 7.5). The purpose
of the surrogate waste-form analyses described here is to show the appropriateness of (1) the
surrogate representation of a waste package of naval SNF (Category 1 DOE SNF) by a waste
package of commercial SNF and (2) the surrogate representation of DOE SNF (whose inventory in
the TSPA model is a weighted average of Categories 2 through 11) in the TSPA model.

Naval SNF Analysis—For naval SNF, analyses were performed to validate the use of commercial
SNF as a surrogate for naval SNF in the TSPA model (SNL 2008a, Table 7.5-5). Probabilistic
analyses were conducted for the drip shield early failure and igneous intrusion modeling cases.
The results of failure for a single waste package of commercial SNF were compared with the
failure of a single waste package of naval SNF. Quantitative comparison of naval SNF and
commercial SNF inventories for the major radionuclide contributors to dose were made for the
other modeling cases (volcanic eruption, human intrusion, and seismic ground motion).

2.4-230



Yucca Mountain Repository SAR DOE/RW-0573, Rev. 0

Naval SNF is placed in its own category because: (1) the design of naval SNF is significantly
different from the other DOE SNF designs (Categories 2 through 11); (2) the structure of naval SNF
will remain virtually intact well beyond 10,000 years, for the nominal and early failure scenario
classes, impacting repository performance much later than DOE SNF designs; and (3) the design of
naval SNF is classified. To justify using a surrogate for naval SNF in the TSPA, naval SNF is
analyzed using source terms (i.e., rates of release of the various radionuclides) provided by the
Naval Nuclear Propulsion Program Technical Support Document, Section 2.3.7, in special cases of
the TSPA analyses developed for the drip shield early failure and igneous intrusion modeling cases.

For these analyses, the naval SNF source term provided by the Naval Nuclear Propulsion Program
is modeled in a failed commercial SNF waste package, and these radionuclide releases are then
subject to all of the transport processes that are applied to degraded commercial SNF
(e.g., solubility, sorption, and chemistry along the transport pathway from the EBS to the RMEI) in
the TSPA model.

For the drip shield early failure modeling case, a single drip shield is failed at emplacement, and the
waste package underneath this drip shield is also modeled to be failed at emplacement (a
conservative representation of possibly favorable conditions for localized corrosion of Alloy 22).
Two simulations were run: one for a single commercial SNF waste package, and one for a single
waste package, where the naval source term replaced the commercial SNF source term. The
simulations were run for 10,000 years and used a unified sampling of epistemic and aleatory
uncertainty over 300 model realizations. Unified sampling means that the waste package is located
randomly in any percolation subregion and any seeping environment for any of the 300 realizations.
The results, in terms of a mean annual dose over the unified sampling of epistemic and aleatory
uncertainty, are shown on Figure 2.4-127. The results show that over a 10,000-year period, the dose
associated with the naval source term is less than that of the commercial SNF source term. At 10,000
years, the mean annual dose from a failed waste package with a naval source term is about two
orders of magnitude lower than the mean annual dose for a failed commercial SNF waste package,
justifying the use of a commercial SNF waste package as a surrogate for a naval waste package.

A similar analysis to validate the use of a commercial SNF waste package as a surrogate for naval
waste package was conducted using the igneous intrusion modeling case (SNL 2008a,
Section 7.5.3.3). For the commercial SNF and naval source term stylized analysis, the time of the
igneous intrusion was forced to occur at a specified time step, and a single waste package was failed.
The simulations were run for 10,000 years and used a sampling of epistemic uncertainty over 300
model realizations. The results, in terms of a mean annual dose, are shown on Figure 2.4-128. As
with the drip shield early failure modeling case, the results for the igneous intrusion modeling case
show that over a 10,000-year period, the dose associated with the naval source term is less than that
of the commercial SNF source term, again justifying the use of a commercial SNF waste package
as a surrogate for a naval waste package.

The analyses reflect: (1) the structure of naval SNF (Naval Nuclear Propulsion Program Technical
Support Document, Section 2.3.7); (2) slower dissolution of naval SNF (Naval Nuclear Propulsion
Program Technical Support Document, Section 2.3.7); and (3) smaller radionuclide inventories of
naval SNF as compared to commercial SNF on a per waste package basis (SNL 2008a,
Section 7.5.3.1). The analyses confirm that the dose resulting from a waste package of naval SNF
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is lower than the dose resulting from a waste package of Zircaloy-clad commercial SNF for the early
failure and igneous intrusion modeling cases (SNL 2008a, Sections 7.5.3.2 and 7.5.3.3).

The disposition of commercial SNF as a surrogate for naval SNF for other TSPA modeling cases
is done by demonstrating that the naval SNF inventory of the radionuclides that are the major
contributors to the mean annual dose is less than the commercial SNF inventory on a per package
basis. These analyses include:

* The radionuclides that contribute most to dose in the seismic scenario class, seismic
vibratory ground motion modeling case (SNL 2008a, Section 7.5.3.7)

* The radionuclides that contribute most to dose in the igneous scenario class, volcanic
eruption modeling case (SNL 2008a, Section 7.5.3.4)

» The radionuclides that contribute most to dose in the human intrusion modeling case
(SNL 2008a, Section 7.5.3.5)

The justification for the nominal modeling case is based on the absence of waste package failures
for the first 10,000 years (SNL 2008a, Section 7.5.3.6). Also, the disposition of commercial SNF as
a surrogate for naval SNF has been analyzed for the radionuclides that contribute most to dose for
one million years after repository closure (SNL 2008a, Section 7.5.3.1), and this analysis shows
lower activities for the naval SNF inventory on a per package basis for the key radionuclides.

Based on the above analyses, the 417 naval waste packages in the modeled repository are
conservatively represented as 417 commercial SNF waste packages in the total 8,213 waste
packages of commercial SNF (SNL 2007t, Table 7-3[a]).

The above analyses are also applicable to the groundwater protection standards at 10 CFR 63.331,
which consider the 10,000-year maximum mean activity concentrations for radium (**Ra and
228Ra) and the alpha emitters (including *2°Ra but excluding radon and uranium isotopes), and the
10,000-year maximum mean annual dose for the beta and photon emitters. In particular, the activity
released on a per package basis as a function of time for 2*Ra and ??®Ra is lower for the
nominal/early failure naval SNF inventory (Naval Nuclear Propulsion Program Technical Support
Document, Section 2.3.7) compared to the commercial SNF inventory, as are the activities of their
parent actinide isotopes (namely, **U and 2*°Th for 22°Ra, and 23U and 2*’Th for 2*Ra). The
activity released as a function of time for the alpha, beta, and photon emitters associated with the
nominal/early failure naval SNF inventory are also lower when compared to the commercial SNF
inventory. Since the activity curves of the radionuclides considered in the groundwater protection
standard for the nominal/early failure naval SNF inventory are bounded by the commercial SNF
inventory, and taking into account the structure and slower dissolution of the naval SNF,
commercial SNF is an appropriate surrogate for naval SNF with respect to the groundwater
protection standards.

DOE SNF Analysis for Categories 2 through 11—The TSPA model represents Categories 2
through 11 of the DOE SNF using a surrogate fuel dissolution model (BSC 2004f, Sections 6.1.12
and 8.1). In particular, the abstraction represents each of the DOE SNF categories with an
instantaneous degradation and dissolution model, based on wuranium metal dissolution
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(i.e., N Reactor or Category 7 DOE SNF). Therefore, in the analysis of DOE SNF in the TSPA, all
of the radionuclides are available for release immediately after waste package failure. The TSPA
model uses the surrogate inventory for the DOE SNF that is documented in /nitial Radionuclide
Inventories (SNL 2007t, Table 7-1[a]) and Waste Stream Composition and Thermal Decay
Histories for LA.

The validation analyses summarized here confirm that using uranium metal fuel with instantaneous
dissolution (SNL 2008a, Section 7.5) is an appropriate surrogate to represent Categories 2
through 11 of DOE SNF. The analyses were conducted by using the TSPA model to simulate the
performance of each of the individual DOE SNF categories, using a less conservative dissolution
model (SNL 2008a, Table 7.5-4) for each, and then comparing the results to the performance of the
surrogate fuel. The data used to model each of the individual fuel categories are from Additional
DOE Spent Nuclear Fuel Information in Support of TSPA Analysis (Loo et al. 2004, Sections 6
and 7).

To investigate the relative performance of the other 10 categories of DOE SNF versus the surrogate,
the drip shield early failure modeling case was chosen. This case failed one waste package and drip
shield at time zero and thus removed the variability of the engineered barrier. This analysis tested
whether the surrogate waste form gives dose curves comparable to the sum of the doses from the
individual DOE SNF types weighted by the fraction of waste packages of each type. A degradation
rate for each fuel category was developed and applied to the TSPA model to compare the results of
individual categories of DOE SNF to the DOE SNF surrogate spent fuel (Loo et al. 2004, Section 6).
The degradation rate is the product of a dissolution rate times a fuel surface area.

The TSPA model file, v5.000_GS 9.60.100.gsm, was modified to have no commercial SNF or
high-level waste glass inventory, so that differences in dose due to DOE SNF were not masked by
the commercial SNF and HLW releases. To simplify the calculation and to focus on the variability
due to DOE SNF dissolution, only the largest percolation subregion, Subregion 3, was modeled.
The seeping case was chosen because the doses from packages with dripping are higher. The
epistemic uncertainty was unmodified and the resulting analysis used 300 realizations for
1,000,000 years.

A series of TSPA analyses were then conducted, based on the expected performance of each of the
DOE SNF categories, to provide confidence that the surrogate fuel used in the TSPA model is a
reasonable representation of all of the DOE SNF that will be emplaced in the repository
(SNL 2008a, Section 7.5). The analyses included (1) the comparison of the dose from the surrogate
fuel with the weighted sum of the doses from the DOE SNF categories (which is the only one
presented here, since it is the most important one from a risk perspective—Figure 2.4-129), (2) the
comparison of the surrogate fuel with each DOE SNF fuel category, and (3) the evaluation of
impacts from uncertain parameters (e.g., degradation mechanisms, surface areas, number of waste
packages, radionuclide inventory, free inventory, and bounding radionuclide inventory). The results
in Figure 2.4-129, which are discussed in more detail below, are mean dose for both the 10,000-year
time period and the post-10,000-year time period. Since the median is lower in magnitude than the
mean, this comparison of the means is suitable for both time periods.

The dose from each category is expected to differ from the surrogate because of differences in the
(1) degradation rate of the matrix, (2) fraction of bound inventory, and (3) inventory of key
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radionuclides per package. Some categories will yield lower doses and some will yield higher doses,
but the weighted sum of the dose from all categories will be similar to the dose from the surrogate.
It was the purpose of this analysis to confirm that the dose from the surrogate adequately represents
the weighted sum of the dose from all categories.

The degradation rate of the matrix for the surrogate was set to instantaneous, so early dose from the
surrogate that is controlled by degradation rate will bound or be equal to the dose from the various
categories. The effect of degradation rate is only expected to be seen for the categories with slow
degradation rates. Figure 2.4-130 shows the degradation rates of the categories, and only
Categories 4 and 6 have rates slow enough to impact releases from the waste package at early times
(i.e., these two categories are expected to have lower doses during early times before all the fuel has
degraded).

Figure 2.4-129 shows a comparison of a single waste package of DOE SNF surrogate with the
weighted sum of the annual dose from DOE SNF Categories 2 through 11. The weighted-sum
annual dose lines up well with the surrogate curve and has about the same maximum dose. (The
weighting of the annual dose in each category is based on the number of waste packages in the
category (SNL 2008a, Table 7.5-3).) The analyses of the individual Categories 2 through 11
(SNL 2008a, Section 7.5.4) show that the DOE SNF surrogate is a reasonable representation of all
categories except Category 2 (plutonium/uranium alloy), Category 6 (uranium/thorium oxide), and
Category 7 (uranium metal) where significant differences occur due to higher-per-package
inventories of key dose contributors (1*C, *Tc, and 234U for Category 2, 233U for Category 6, >>’Np,
226Ra, and 23°Th for Category 7). However, Category 2 DOE SNF only accounts for about 0.5% of
the total waste packages of DOE SNF, Category 6 DOE SNF fills only 1.6% of the waste packages,
and Category 7 DOE SNF fills 6.6% of the waste packages. When the weighted sum (based on the
number of waste packages) is taken of all the individual DOE SNF categories, the resulting
weighted-sum dose curve compares well with the DOE SNF surrogate. The weighted-sum dose
curve is dominated by the contribution from the Category 7 fuel at early and late times, and by the
contribution from the Category 6 fuel from about 2,500 to 268,000 years. The mean dose of the
surrogate bounds that of the weighted sum from about 40,000 years to about 400,000 years. The
maximum mean dose from the surrogate has the same magnitude as the weighted sum, but occurs
later in the simulation.

The DOE SNF surrogate radionuclide inventory is based on Source Term Estimates for DOE Spent
Nuclear Fuels (DOE 2003). These inventories were updated in Revision 1 of Source Term Estimates
for DOE Spent Nuclear Fuels (DOE 2004). The DOE SNF surrogate based on updated Revision 1
inventories is also plotted on Figure 2.4-129 for comparison.

2.4.2.3.2.3 Post-Development Model Validation Activities for the TSPA Code

As described in Section 2.4.2.3.2, confidence in the results of the TSPA model is in part based on
satisfying the two categories of model validation activities: (1)those conducted during
development of the model; and (2) those conducted after development of the model. This section
summarizes the post-development activities, which are listed in Table 2.4-8. The major categories
of post-development activities are corroboration of abstraction results with the underlying validated
process models, corroboration of the TSPA model results with auxiliary analyses, corroboration of
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the TSPA model results with relevant man-made and natural analogues, and incorporation of the
comments and recommendations from independent technical reviews.

2.4.2.3.2.3.1 Corroboration of Abstraction Results with the Underlying Validated
Process Models

One of the post-development validation criteria described in Section 7.0 of the TSPA model report
(SNL 2008a) is “corroboration of abstraction model results to the results of the validated
mathematical model or process model from which the abstraction model was derived” (SNL 20081).
For the TSPA model, there is no single abstraction model and no single process level model. Rather,
the TSPA model is an integration and coupling of a set of abstraction models, and in some cases,
process models themselves. Thus, using this criterion to help validate the TSPA model consists of
examining its use in the underlying reports that provide abstractions to the TSPA model. In
particular, the abstractions and their underlying process models are validated during their individual
development and post-development validation phases. These validation activities and their results
are documented in the corresponding reports for each model. As a means of validating the
abstractions, their results were corroborated with their underlying process models.

Section 2.3 summarizes the evidence for validation of the model abstractions against the underlying
process models. In addition, many of these validation activities are summarized in Total System
Performance Assessment Model/Analysis for the License Application (SNL 2008a, Section 7.6 and
Table 7.6-1).

2.4.2.3.2.3.2 Auxiliary Analyses

Another of the post-development validation criteria described in Section 7.0 of the TSPA model
report (SNL 2008a) is “corroboration with results of auxiliary analyses used to provide additional
confidence in the system model results” (SNL 2008i). This is one of a more extensive set of
post-development confidence-building activities undertaken for the TSPA model and consists of
four major types of analyses (SNL 2008a, Section 7.7), which are: single-realization deterministic
analyses; comparison of the TSPA model results with a Simplified TSPA analysis produced using
an independently developed code to represent repository performance; comparison of the TSPA
model results with the performance assessment independently performed by EPRI using its
Integrated Multiple Assumptions and Release (IMARC) code; and a PMA, in which some of the key
conservative assumptions in submodels comprising the TSPA model are relaxed to demonstrate that
the overall effect of using a set of conservative assumptions is an overestimate of mean total dose.
Management and Technical Support Peak Dose Sensitivity Analysis (DOE 2005) presents a
precedent for the Simplified TSPA analysis in a non-qualified peak-dose sensitivity analysis using
a simplified performance assessment model analogous to but not as rigorous as earlier versions of
the TSPA model.

2.4.2.3.2.3.2.1 Single-Realization Deterministic Analyses

Analyses of single realizations provide an insight into the coupling of various submodel processes
within the TSPA model by investigating the interactions and cause-effect relationships between
various model components, which in turn provide an enhanced understanding of the performance
of the system as a “sum of its parts” (SNL 2008a, Section 7.7.1). A comprehensive explanation
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detailing how the transport of key radionuclides is effected by the coupling of various components
of the EBS, wunsaturated =zone, and saturated zone domains, under varying
thermal-chemical-hydrologic-mechanical conditions, provides confidence that the various
submodel processes are working as expected. Another important benefit of single-realization
analyses is model verification and error-checking in the sense that any implementation errors are
usually brought to light by their unexpected effects on release or dose histories, or on any other type
of model metric, such as radionuclide concentrations.

Six different single-realization analyses were chosen for single realization analyses (SNL 2008a,
Section 7.7.1[a]) to cover the range of waste package failure mechanisms considered in the TSPA
and to highlight the various processes affecting and controlling the radionuclide releases under
various thermal and chemical conditions. The six cases are (1) the waste package early failure
modeling case, (2) the drip shield early failure modeling case, (3) the igneous intrusion modeling
case, (4) the seismic ground motion modeling case for the 1,000,000-year period, (5) the nominal
modeling case, and (6) the seismic ground motion modeling case for the 10,000-year period.
Example results of three individual analyses (the nominal modeling case, the seismic ground
motion modeling case for the 10,000-year period, and the seismic ground motion modeling case for
the 1,000,000-year period) have already been presented in detail in Section 2.4.2.2.3 to satisfy the
NUREG-1804, Section 2.2.1.4.1.3, Acceptance Criterion 2(3), related to demonstrating
consistency and reasonableness of “repository performance and the performance of individual
components or subsystems.”

As summarized in Section 2.4.2.2.3, within each transport model domain, the interaction of various
submodels (and their abstractions) under a given set of physical-chemical conditions is described in
detail, providing confidence that the submodels are coupled as intended and their behavior can be
explained in a logical manner leading to the resulting annual dose curve. Besides explaining the
interaction of submodels, the transport behavior of major dose contributing radionuclides is also
described and highlighted in the various modeling cases. For example, the waste package early
failure and drip shield early failure modeling cases highlight the controls on transport at early times
when the repository is hot, and show the effect of climate changes while the drip shields are still
intact. In contrast, the igneous intrusion modeling case and seismic ground motion modeling case
for 1,000,000-year period show the effects of various processes occurring late in time and when the
drip shields are breached. In all cases, early releases following waste package failure are dominated
by nonsorbing- and nonsolubility-limited radionuclides such as **Tc and '?’I, while the late time
releases are dominated by longer-lived, solubility-limited radionuclides that undergo sorption
processes, such as 2*?Pu, 2’Np, and 23°Pu.

2.4.2.3.2.3.2.2 Comparison with the Simplified TSPA Analysis

An analysis has been developed to evaluate repository performance utilizing simplified
representations of the mathematical equations that describe many of the degradation, release, and
transport processes occurring in the natural and engineered barriers. This analysis, called the
Simplified TSPA analysis, is being used as one of the auxiliary analyses to build confidence and
corroborate the TSPA model (SNL 2008a, Section 7.7.2). The Simplified TSPA analysis was
developed as a stand-alone computer program written in FORTRAN 90 and compiled/linked using
Compaq Visual Fortran™.
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The Simplified TSPA analysis is a higher-level abstraction than the TSPA model. In general, it
includes the same FEPs that are considered in the TSPA, but the manner in which they are modeled
is simpler. This simplification primarily involves removing a considerable amount of detail
included in the TSPA related to spatial and temporal variability and treating the repository system
with a more “average” representation. In addition, process-level modeling results are further
abstracted for inclusion in the Simplified TSPA analysis and some processes are omitted, such as
colloid-facilitated transport of radionuclides. The Simplified TSPA analysis is a reasonable
simplified representation of the repository system because it is based on the same process- and
abstraction-level modeling captured in the analyses and model reports that support the TSPA model.
Thus, its technical bases are identical to those of the TSPA model. However, the Simplified TSPA
analysis is different than the TSPA model both in its structure and computational method. Details
of the simplified conceptual models and their implementation are provided in Total System
Performance Assessment Model/Analysis for the License Application (SNL 2008a, Appendix L). A
summary of the key differences between the TSPA model and the Simplified TSPA analysis is given
in Total System Performance Assessment Model/Analysis for the License Application (SNL 2008a,
Table 7.7.2-1).

The greatest degree of simplification is in the modeling of radionuclide transport within the
unsaturated zone and saturated zone. A one-dimensional semi-analytic model of groundwater
transport with radionuclide decay was developed using average properties for each hydrologic unit
in the unsaturated zone and saturated zone. The unsaturated zone is represented by two regions and
three layers. The layers represent geologic units below the repository and the regions represent the
area of the repository that is and is not underlain by zeolitic rock. Average hydrologic properties are
determined from the calibrated property sets contained in Calibrated Unsaturated Zone Properties
(SNL 20071). The saturated zone is divided into three segments: (1) fractured-volcanic rock from
underneath the repository to 5 km down gradient; (2) fractured-volcanic rock from 5 km to 13 km
down gradient to the alluvium contact; and (3) alluvium to the 18 km compliance location
(Section 2.3.9.2.4.1). Radionuclides exiting the unsaturated zone enter the first segment. This
simplified approach provides a reasonable representation of the general behavior of the
breakthrough curve, rather than the detailed behavior of groundwater flow and radionuclide
transport within the unsaturated zone and saturated zone.

A more complex, but still simplified, analysis was developed to model radionuclide transport within
the EBS. The relative complexity of this portion of the Simplified TSPA analysis, compared to the
unsaturated zone and saturated zone models, is necessary to calculate a reasonable estimate of the
rate that radionuclides are released from the EBS. This portion of the analysis includes submodels
that calculate the rate and manner that the waste packages degrade, the rate that the waste forms
degrade, and rate that radionuclides are transported through the engineered barriers. Both general
corrosion and stress corrosion cracking processes are considered in the waste package degradation
submodel. G