
3. DEVELOPMENT OF TOTAL SYSTEM PERFORMANCE ASSESSMENT 

The Yucca Mountain system has been divided into individual parts to make the overall system 
analyses manageable. Each of the individual parts or components represents a major process 
area. The component models that define the process areas are discussed in this section.  
The TSPA-SR model document (CRWMS M&O 2000 [148384]) provides detail as to how the 
model is implemented in the TSPA-SR model, and the PMRs describe the models and their 
associated Analysis Model Reports (AMRs). In the AMRs, the rationale for carrying forward a 
particular component model as opposed to an alternative model is documented. If the model is 
included in the TSPA-SR and described in this section, it has been determined to be the most 
'defensible model of the process. In many cases, the models have been evaluated in the AMR 
and determined to be most important to subsystem performance of the particular process, though 
it's significance to overall performance is not known until it is embedded in the TSPA model.  
Thus, this document does not go into extensive discussion of alternative conceptual models, 
unless the AMR has identified that the TSPA should explicitly evaluate more than one model for 
a particular component of the system. Additional evaluation of alternative conceptual models 
that are consistent with the available data are discussed in the supporting AMRs and summarized 
in the applicable PMRs indentified in Table 3-1.  

The process areas are listed in Table 3-1, along with the corresponding section number in the 
TSPA-SR, and the associated PMR. The disruptive event, volcanism, is discussed in the last 
subsection of this section. In addition to the process areas discussed in this section, the effects of 
human intrusion on potential repository performance is discussed in Section 4.  

Table 3-1. Component Models for Process Areas and Corresponding Documentation 

Process Area TSPA-SR Section PMR Documentation 

UZ Flow 3.2 UZ Flow and Transport 
(CRWMS M&O 2000 [1457741) 

Engineered Barrier System 3.3 Near Field Environment 
Environments (CRWMS M&O 2000 [153178]) 

Waste Package and Drip Shield 3.4 Waste Package Degradation 
Degradation (CRWMS M&O 2000 [138396]) 

Waste Form Degradation 3.5 Waste Form Degradation 
(CRWMS M&O 2000 [138332]) 

Engineered Barrier System 3.6 Engineered Barrier System 
Transport Degradation, Flow, and Transport 

(CRWMS M&O 2000 [145796]) 

UZ Transport 3.7 UZ Flow and Transport 
(CRWMS M&O 2000 [145774]) 

SZ Flow and Transport 3.8 SZ Flow and Transport 
(CRWMS M&O 2000 [145738]) 

Biosphere 3.9 Biosphere 
(CRWMS M&O 2000 [151615]) 

Volcanism 3.10 Disruptive Events 
I _(CRWMS M&O 2000 [141733]) 

NOTE: Some PMRs also contributed to other process areas.  

The various TSPA component models are represented using different computer codes, previously 
described in Section 2. The variations in the codes, in terms of their architecture, require that the
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form of the input and output parameters meet the specific code requirements. For this reason, the 
different models may require somewhat different forms of what would appear to be the same 
input and output parameters. The specific parameters used in the TSPA-SR are given in the 
TSPA-SR model document (CRWMS M&O 2000 [148384]).  

Although the processes will be interrelated in the actual repository system, the assumption is that 
the components could be treated separately if a consistent set of boundary conditions and 
scenarios is rigorously maintained among all the related components.  

This section addresses the major features, processes, and conceptualization of the nine process 
areas as well as the implementation of these components into the performance assessment 
analyses. It also provides the results and interpretations of the analyses associated with the 
component. Section 4 describes how these components were recombined into the total system 
model, and Section 5 discusses the sensitivity of the total-system results to various aspects of 
these components.  

3.1 INTRODUCTION 

As noted in Sections 1.6 and 2.1, the process of developing an integrated analysis of potential 
repository performance requires the construction of an integrated model that includes all relevant 
features, events and processes and their quantitative description within individual component 
models. This integrated set of models is presented in the various sections of Section 3.  

The purpose of this introductory section of Section 3 is to provide the reader with a series of 
roadmaps that illustrate both graphically and in tabular fashion how the individual sets of models 
described throughout the remainder of Section 3 fit within the overall system model used to 
evaluate the system performance.  

It is worthwhile to start the introduction to the component models used in the TSPA-SR with the 
overall performance assessment process. Figure 3.1-1 illustrates the flow of information within 
the TSPA-SR model as well as the process used in the development of the model and the 
resulting analyses using the model. Following the FEPs identification and screening, the 
necessary and sufficient FEPs that need to be included in the TSPA-SR are determined.  
Section 2.2 has identified this process, the results of which are documented in a series of AMRs 
that have been summarized in Appendix B.  

Once the FEPs that are included in the TSPA have been identified, the FEPs are categorized and 
lumped into discrete scenario classes. For the TSPA-SR, two scenario classes have been 
identified, the nominal scenario class and the volcanic scenario class. The volcanic scenario 
class has been subdivided into two event classes, the volcanic eruption event class and the 
igneous intrusion event class. In addition to these scenario classes, the TSPA-SR has evaluated a 
stylized human intrusion scenario, which assumes an inadvertent borehole penetrates the 
potential repository and the waste package and creates a pathway through the UZ.  

For purposes of analysis and presentation of performance assessment results, the model 
components have been divided into those used to evaluate the nominal performance scenario 
class and those used to evaluate the disruptive events performance scenario class. The model 
components developed and implemented to evaluate the robustness of the potential repository
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system performance given a stylized human intrusion event (i.e., a borehole which is assumed to 
penetrate the engineered barriers and provide a "short-circuit" through the UZ natural barrier, are 
treated separately in Section 4.4.1.) The nominal performance scenario class includes those 
component models which describe the anticipated sequence of processes that are expected to 
occur during the lifetime of the potential repository system, i.e., those with a probability of 
occurrence of close to one. The disruptive events performance scenario class includes those 
component models which describe the sequence of events and processes that, if they occur, could 
have a significant consequence to public health, but whose probability of occurrence is very 
small. For purposes of these discussions, high probability events such as seismic activity and 
climatic change, are included in the nominal performance scenario class. The effects of seismic 
events on cladding degradation are described in Section 3.5. Low probability events such as 
volcanism, which has a probability of occurrence of about 0.0002 over the 10,000 year time 
period of regulatory concern, are considered in the disruptive event performance scenario class.  

The proposed DOE regulation 10CFR Part963.17 (64FR67054 [124754]) requires the 
consideration of four potentially disruptive processes or events within the context of the total 
system performance assessment. These four processes and events are (1) volcanism, (2) seismic 
events, (3) nuclear criticality, and (4) inadvertent human intrusion. Each of these is discussed 
below.  

1. Volcanism-Volcanism is directly included in the volcanic event scenario class. The 
key information used in the volcanic effects models is summarized in Section 3.10.  

2. Seismic Events-With the exception of the effects of seismicity on cladding 
degradation, seismic induced effects and consequences have been screened out of the 
TSPA on either probability or consequence criteria (Appendix B).  

3. Nuclear Criticality-A detailed postclosure methodology has been developed, as 
described in detail in the Disposal Criticality Analysis Methodology Topical Report 
(YMP 1998 [104441], Sections 3.1 through 3.7). Evaluations conducted thus far have 
shown that while there are potentially critical configurations that may occur after 
10,000 years, the current waste package designs are expected to meet the remaining 
criteria. Therefore, this process does not require explicit consideration in the 
TSPA-SR model.  

4. Inadvertent Human Intrusion-A stylized human intrusion scenario has been 
constructed consistent with guidance available in the proposed EPA standard and NRC 
regulations. This scenario is described in Section 4.4.  

The nominal scenario class includes all relevant processes that must be integrated to yield an 
assessment of system performance. These processes are shown in schematic form around the 
TSPA model diagram in Figure 3.1-1. For ease of presentation, the principal component models 
of the nominal scenario class have been lumped into the following groups: 

* UZ Flow (Section 3.2) 
* EBS Environments (Section 3.3) 
* Waste Package and Drip Shield Degradation (Section 3.4)
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* Waste Form Degradation (Section 3.5) 
E BBS Transport (Section 3.6) 

* UZ Transport (Section 3.7) 
* SZ Transport (Section 3.8) 
* Biosphere (Section 3.9).  

In addition, the principal component models for the volcanic scenario class are summarized in 
Section 3.10.  

The above component models are integrated in the TSPA-SR model to evaluate the system 
performance of the potential Yucca Mountain repository system. The system performance 
measures of interest in the TSPA-SR are: (1) the individual dose to an average member of the 
critical group or the reasonably maximally exposed individual for all likely scenarios (the 
individual protection standard of proposed 40 CFR Part 197.20 [64 FR 46976 [105065]]), (2) the 
concentration in the groundwater in a representative volume of water at the point of compliance 
for the nominal scenario (the groundwater protection standard of proposed 40 CFR Part 197.35 
[64 FR 46976 [105065]), and (3) the individual dose to an average member of the critical group 
for the assumed human intrusion scenario (proposed 40 CFR Part 197.25 [64 FR 46976 
[105065]]). In addition, because of the anticipated requirement in the Environmental Impact 
Statement for evaluating the peak dose over the time period of geologic stability (proposed 
40 CFR 197.30 [64 FR 46976 [105065]]), analyses of doses beyond the NRC and EPA 
10,000-year period of regulatory concern out to 1,000,000 years have been included in the 
TSPA-SR.  

As a result of the objective to illustrate the confidence in the 10,000-year performance 
projections and the resiliency of the potential repository system at longer times, analyses of 
post-closure performance reported on in this document have routinely been conducted to 
100,000 years. Although the additional uncertainty associated with these longer term projections 
has been noted by the EPA and NRC in their draft regulations, these analyses are useful 
indicators of possible performance for the purposes of evaluating the ability of the Yucca 
Mountain site to reasonably meet the performance objectives identified by these regulatory 
agencies. in addition to these 100,000 year analyses, analyses out to the peak dose during the 
time period of geologic stability (1,000,000 years) have also been conducted.  

Categorizing the individual component models required to develop an integrated description of 
the potential repository system provides a useful means of depicting both how information flows 
in the analysis as well as the discrete building blocks used to construct the system model. Two 
different categorizations have been used in previous Yucca Mountain Project documents, namely 
the attributes of potential repository performance and the process model factors. These same 
categories are used in the present document to provide a common means of correlating the 
individual models, analyses, and data sets with other Yucca Mountain related documents.  

Figure 3.1-2 illustrates the five attributes of the potential Yucca Mountain repository system.  
For graphical presentation, each attribute is assigned a distinct shape and color. Figure 3.1-3 
illustrates the process model factors that correlate with each of the attributes of the potential 
repository system performance. Again, each process model factor has a distinct icon, the shape 
of which corresponds to the shape of the related performance attribute. These icons and shapes
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allow the reader to navigate through the remaining portions of Section 3 with some 
understanding of how that particular component fits into the integrated system model.  
Figures 3.1-4 through 3.1-8 graphically illustrate the relationship between the individual process 
model factors required to develop the TSPA model and the attributes of the potential repository 
system performance, as follows: 

"* Process Model Factors Affecting Water Contacting Waste Package (Figure 3.1-4) 
"* Process Model Factors Affecting Waste Package Lifetime (Figure 3.1-5) 
"* Process Model Factors Affecting Radionuclide Mobilization and Release (Figure 3.1-6) 
"* Process Model Factors Affecting Radionuclide Transport (Figure 3.1-7) 
"* Process Model Factors Affecting Disruptive Events and Processes (Figure 3.1-8).  

In addition to the graphical representation of the interrelationship between the integrated process 
model factors, Table 3.1-1 presents in tabular form each of the process model factors and the key 
AMRs that provide the technical basis for the analyses or models used for the input parameters to 
the TSPA-SR model. This table indicates the source document for the input parameter set to the 
TSPA-SR model. The underlying models, analyses and data (including the data tracking 
numbers) that support these AMRs are indicated in Appendix E. The data tracking numbers 
associated with the output for each run are listed in Appendix G.  

Table 3.1-2 presents a tabular correlation of each of the process model factors included in the 
TSPA-SR with the criteria specified in proposed 10 CFR 963.17 (64 FR 67054 [124754]). This 
table indicates the completeness of the process model factors used in the TSPA-SR model. This 
table also indicates which PMR contains the summary and synthesis of the individual process 
model factor.  

The AMRs indicated in Table 3.1-1 and in Appendix E form the technical foundation for the 
TSPA-SR model. Each of these AMRs has been summarized in a PMR which is 
discipline-based description of the technical basis for the process models supporting the TSPA 
for the Site Recommendation Considerations Report. The PMRs cover the following topics: 

* Integrated Site Model 
* UZ Flow and Transport 
* Near Field Environment 
* EBS Degradation, Flow and Transport 
* Waste Package Degradation 
* Waste Form Degradation 
* SZ Flow and Transport 
* Biosphere 
* Disruptive Events.  

The scope of these PMRs in summarized in Table 3.1-3. This table indicates the sections of 
Section 3 which summarize the salient aspects of the individual model and how they are 
integrated in the TSPA-SR model. Additional details of the integration of the component models 
in the TSPA-SR model are contained in the Total System Performance Assessment (TSPA) 
Model for Site Recommendation (CRWMS M&O 2000 [148384]).
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Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation',0 

0 

0

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

Climate Future Climate Analysis e Climate states 3.2 
(USGS 2000 [136368]) 9 Timing and sequence 

Net Infiltration Analysis of Infiltration Uncertainty * Probabilities for different infiltration scenarios 3.2 
(CRWMS M&O 2000 [1432441) 

UZ Flow Abstraction of Flow Fields for RIP (ID:U0125) * Flow fields for different infiltration scenarios 3.2 
Limiting (CRWMS M&O 2000 [123913]) and climate states 
Water Coupled Effects DOft-Scale Coupled Processes (DST and THC Seepage) Fb 
Contacting on UZ Flow Models (CRWMS M&O 2000 [1420221) Flow fields affected by thermal hydrologic 3.2 

Waste 
Package Abstraction of Drift Seepage * Seepage flux and seepage fraction as a 3.2 

Seepage into (CRWMS M&O 2000 [142004]) function of percolation flux _ 

Emplacement Draft of AMR Abstraction of NFE Drift Thermodynamic 
Drifts Environment and Percolation Flux o Percolation flux: f (multiple locations, waste 3.2 

(CRWMS M&O 2000 [152204]) type, time, climate) 

Coupled Effects Abstraction of Drift Seepage * Seepage flux and seepage fraction as a 3.2 
on Seepage (CRWMS M&O 2000 [142004]) function of percolation flux 

* Percolation flux: f (multiple locations, waste 

Draft of AMR Abstraction of NFE Drift Thermodynamic type, time, climate) 
Environment and Percolation Flux (CRWMS M&O 2000 . Temperature and RH on the drip shield 3.3 

In-Drift Physical [152204]) surface: f (multiple locations, waste type, 
Prolonging and Chemical time, climate) 
Waste Environments 
Package In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000* pH: f (region, time), response surface 

Lifetime P pe l n i R M 0 Chloride: f (region, time) 3.3 [127818]) 
* Mass of microbes 

In-Drift Moisture EBS Radionuclide Transport Abstraction (CRWMS e Seepage flux through the drip shield 3.3 
Distribution M&O 2000 [129284]) * Fraction of drip shield surface that is wet ___

0 

C'D 

0O 

0,, 
0



Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued)

0 

0 

0

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

* Probability of the occurrence of material and 

Analysis of Mechanisms for Eady Waste Package manufacturing defect flaws in drip shield 3.4 
Failure (CRWMS M&O 2000 [147359]) 9 Size of material and manufacturing defect 

Drip Shield flaws in drip shield 
Degradation and • Threshold for general corrosion initiation 

Calculation of General Corrosion Rate of Drip Shield and e General corrosion rate under drip and no-drip 
Waste Package Outer Barrier to Support WAPDEG conditions 3.4 
Analysis (CRWMS M&O 2000 [147641]) * Penetration opening size (or patch size) by 

general corrosion 

Environment on the Surfaces of the Drip Shield and 
Waste Package Outer Banmer (CRWMS M&O 2000 * Threshold for general corrosion initiation 3.4 
[146460]) 

Prolonging. * Drip shield geometry and thickness 
Waste 
Package Drip Shield WAPDEG Analysis of Waste Package and Drip Shield * Drip shield failure time history 
(Continue Degradation and Degradation 85 Number of penetration openings in drip 

Performance CRWMS M&O 2000 [146427]) shield by general corrosion, crevice 

corrosion, SCC, HIC, and other degradation 
modes 

pH - f (region, time), response surface 
In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000 Chloride - f (region, time) 3A4 
[127818]) Mass of microbes 

Average and maximum temperature on waste package 

Moisture, Draft of AMR Abstraction of NFE Drift Thermodynamic surface - f (waste type, region, time, climate) 

Temperature, and Environment and Percolation Flux (CRWMS M&O 2000 Temperature and RH on waste package surface - f 3.4 

Chemistry Effects [152204]) (multiple locations, waste type, time, climate, 
on Waste infiltration) 
Package EBS Radionuclide Transport Abstraction (CRWMS M&O Seepage flux through the drip shield 3.4 

_2000 [129284]) * Fraction of drip shield surface that is wet I _I

l



Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued)

Table 3.1-1.

0 0 

0 C> 

Z 

0o

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

• Waste package geometry 

e Thickness of waste package barriers 

WAPDEG Analysis of Waste Package and Drip Shield a Waste package failure time history 3.4 
Degradation (CRWMS M&O 2000 [146427]) 

o Number of penetration openings in waste 
package by general corrosion, crevice 
corrosion, SCC, and other degradation 
modes 

Prolonging * Kinetics of secondary phase formation in 

Waste Waste Package base metal and weld of waste package outer 

Package Degradation and Aging and Phase Stability of Waste Package Outer barrier 3.4 
Lifetime Performance Barrier (CRWMS M&O 2000 [147639]) o Threshold secondary phase volume fraction 
(Continued) above which corrosion resistance of waste 

package outer barrier is affected 

Environment on the Surfaces of the Drip Shield and o Threshold RH for general corrosion initiation 
Waste Package Outer Barner (CRWMS M&O 2000 under drip (after drip shield failure) and no- 3.4 

[146460]) drip conditions 

o General corrosion rate under drip (after drip 
Calculation of General Corrosion Rate of Drip Shield and shield failure) and no-drip conditions 
Waste Package Outer Barrier to Support WAPDEG 3.4 

Analysis (CRWMS M&O 2000 [147641]) * Penetration opening size (or patch size) by 
general corrosion

0 

CD 

0 0" 

0
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Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System 
Assessment-Site Recommendation (Continued)

Performance

Z 

0

Table 3.1-1.

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

a Crevice corrosion initiation threshold of waste 
package outer barrier 

* Probability (or area) of crevice formation on 
waste package outer barrier 

Abstraction of Models for Pitting and Crevice Corrosion 9 Pit density (under crevice) 
of Dnp Shield and Waste Package Outer Barrier 3.4 
(CRWMS M&O 2000 [147648]) 9 Pit penetration rate (under crevice) 

9 Pit penetration opening size (under crevice) 

9 Effect of phase stability and aging on 
initiation and penetration rate of crevice 
corrosion 

Prolonging * Stress and stress intensity factor profile in 
Waste Waste Package waste package outer barrier 
Package Degradation and 
Lifetime Performance * SCC initiation threshold 
(Continued) 

o SCC crack density 

e SCC crack growth rate 
Abstraction of Models of Stress Corrosion Cracking 
(SCC) of Drip Shield and Waste Package Outer Barrier e Effect of material and manufacturing defects 3.4 
and Hydrogen Induced Corrosion of Drip Shield on SCC initiation and crack growth rate 
(CRWMS M&O 2000 [135773]) 

9 Effect of rockfall damage on SCC initiation 
and crack growth rate 

* SCC crack penetration opening size 

* Effect of phase stability and aging of waste 
package outer barrier on SCC initiation and 
crack growth rate

0 

tJ 

0



Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued)

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

Calculation of Probability and Size of Defect Flaws in • Probability of the occurrence of material and 

Waste Package Closure Welds to Support WAPDEG manufacturing defect flaws 

Analysis * Size of material and manufacturing defect 
(CRWMS M&O 2000 [144551]) flaws 

e Number of packages 

Radionuclide - Zircaloy-clad fuel 
Inventory and - Stainless steel-clad fuel 
Distribution in the Inventory Abstraction (CRWMS M&O 2000 [1363831) 3.5 
Potential * Inventory per package (actual and adjusted 
Repository for ingrowth) 

* Mass fraction 

* pH - f (region, time) 

* Total dissolved carbonate (C032) - f (region, 
time) 

Limiting Rate 

of In-Package In-Package Chemistry Abstraction (CRWMS M&O 2000 * Oxygen fugacity - f (region, time) 3.5 
Radionuclide Environments [129287]) 
Mobilization * Ionic strength - f (region, time) 
and Release 
from the EBS * Fluoride - f (region, time) 

* C02 fugacity 

Cladding Clad Degradation - Summary and Abstraction * Fraction of surface area of Zircaloy-clad 3.5 
Degradation and 
Performance (CRWMS M&O 2000 [147210]) CSNF exposed as a function of time 

CSNF * CSNF intrinsic dissolution rate equation, 
CSNF CSNF Waste Form Degradation: Summary Abstraction similar to VA 3.5 Degradation and 
Performance (CRWMS M&O 2000 [136060]) * Specific surface area 

DSNF DSNF and Other Waste Form Degradation Abstraction e Dissolution rate equation 35 
Degradation and (CRWMS M&O 2000 [144164]) o Specific surface area 

Performance

,f t



(

Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued)

'< 

0 

0

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

Defense HLW Defense High Level Waste Glass Degradation * HLW intrinsic dissolution rate equation 
Degradation and 3.5 
Performance (CRWMS M&O 2000 [143420]) * Specific surface area 
Dissolved Radionuclide Summary of Dissolved Concentration Limits e Concentration limits (solubilities) for all 35 

Concentrations (CRWMS M&O 2000 [143569]) isotopes included in TSPA 

• Types of waste form colloids 

Colloid- Waste Form Colloid-Associated Concentrations Limits: • Concentration of colloids 
Associated Abstraction and Summary 3.5 
Radionuclide (CRWMS M&O 2000 (148214]) a Kd and/or Kc for various colloid types Concentrations (CWSMO20[184] 

* Fraction of inventory that travels as 
Limiting Rate irreversibly attached onto colloids 
of * Porosity of corrosion products: f (time) 
Radionuclide Mobilization In-Package EBS Radionuclide Transport Abstraction * Saturation of corrosion products: f (time) 3.6 and Release Radionuclide 
from the EBS Transport (CRWMS M&O 2000 [129284]) fromthe BS Evaporation: f (temperature, RH, 

(Continued) composition) 

* Invert geometry 

* Porosity of the invert 

* Relative permeability of the invert as a 

EBS (Invert) EBS Radionuclide Transport Abstraction function of the saturation 

Degradation and 3.6 
Performance (CRWMS M&O 2000 [1292841) * Diffusion coefficient 

* Volumetric flux through the invert: f (climate, 
time) 

* Saturation in the invert after thermal pulse: 
f (time)

0 
C"D 

D 
-I

/ /



Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued)

H 

0 
0 
0 
0 
0 

0 
0 

z 
0

(.

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

Limiting Rate * Thermally perturbed saturation in the invert: 
of EBS (Invert) f (waste type, region, time, climate) 
Radionuclide Degradation and Draft of AMR Abstraction of NFE Drift Thermodynamic 
Mobilization Performance Environment and Percolation Flux (CRWMS M&O 2000 3.6 

and Release (Continued) [152204]) 
from the EBS 
(Continued) 

Transport parameters 

- Fracture aperture in different units 
- Dispersivity of fractures 

Unsaturated Zone and Saturated Zone Transport - Dispersivity of matrix 
Properties (UO100) (CRWMS M&O 2000 [141440]) 

• Kd for all isotopes included in TSPA 

a Matrix diffusion coefficients: f (isotopes, 

UZ Radionuclide units) 
Transport 0 Flow fields for different infiltration scenarios 
(Advective Abstraction of Flow Fields for RIP (ID:UO125) (CRWMS and climate states (FEHM input files [DTN: 3.7 

Slow Pathways; M&O 2000 [123913]) SN9908T0581699.001 [146900]] for the 
Transport Retardation; particle tracking model) 
away from the Dispersion) 0 FEHM (data tracking number 
EBS SN9908T0581699.001) particle tracking 

Particle Tracking Model and Abstraction of Transport model coupled toaRIP 

Processes (CRWMS M&O 2000 [141418]) model coupled to RIP 

0 Grid nodes for each bin 

* Kc and/or kinetic colloid parameters for Pu, 
UZ Colloid Transport Model (CRWMS M&O 2000 Am, Th etc.  
[122799]) 

* Colloid filtration factor 

Coupled Effects " N/A Effects of coupled processes on UZ 
on UZ Unsaturated Zone and Saturated Zone Transport transport have been screened out (see Appendix B 
Radionuclide Properties (UO100) (CRWMS M&O 2000 [141440]) AnAppendix B) 
_Transport A BCD 

P~
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Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued) 

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 
* Flow fields for SZ flux uncertainty 
9 Transport parameters 

- Effective porosity for all units except the 
volcanic units 

- Dispersivity (longitudinal, horizontal transverse, 
vertical transverse) 

- Boundary definition of the alluvium 
* Kd for all isotopes included in TSPA 

Uncertainty Distribution for Stochastic Parameters 9 Matrix porosity 
(CRWMS M&O 2000 [147972]) o Flowing interval spacing 

SZ Radionuclide * Effective diffusion coefficient slow Transport * Flowing interval 
away from the (Advective Bulk density 3.8 
EBS Pathways; 
EBS d Retardation; * Source region definition 
(Continued) Dispersion) * Horizontal anisotropy 

* Kc and/or kinetic parameters for Pu 
desorption 

e Colloid filtration factor 
* Breakthrough curves: f (radionuclide, region) 

Input and Results of the Base Case Saturated Zone 0 Input parameters for convolution code 
Flow and Transport Model for TSPA (CRWMS M&O 0 Climate change flux multiplication factor 
2000 [139440]) 

* Capture zones and release locations within 
each zone

0 
('D 

0~ -t' 

t',J CO 0



Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System 
Assessment-Site Recommendation (Continued)

Performance

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

Groundwater Usage by the Proposed Fanning 

Wellhead Dilution Community * Annual groundwater use 3.9 

Transport (CRWMS M&O 2000 [144056]) 

away from the Distribution Fitting to the Stochastic BDCF Data 0 Biosphere dose conversion factor 

EBS Biosphere Dose (CRWMS M&O 2000 [1440551) f (radionuclide, irrigation time) 

(Continued) Conversion 
3.9 

Factors Abstraction of BDCF Distributions for Irnigation Periods * Biosphere dose conversion factor 

(CRWMS M&O 2000 [1440541) f (radionuclide, irrigation time) 

Characterize Framework for Igneous Activity at Yucca 
Probability Mountain, Nevada (T 5) Annual probability of igneous intrusion into 3.10 
Volcanic Eruption 

the waste 

_(CRWMS M&O 2000 [141044]) 

0 Input parameters for ASHPLUME (Jarzemba 
et al. 1997 [100987]) 

* Probability that an intrusion into the waste 
will result in one or more eruptive vents 

Characteristics of Igneous Consequence Modeling for TSPA-SR through the waste 3.10 

Volcanic Eruption (CRWMS M&O 2000 [139563]) * Number of vents through the waste for 

Addressing intrusions that result in one or more vents 

Potentially 
through the waste 

Disruptive 0 Wind Direction Factor 
Processes and 
Events Input parameters for ASHPLUME (Jarzemba et al. 1997 

[100987]) 

" Probability that an intrusion into the waste 
will result in one or more eruptive vents 

Effects of Igneous Consequence Modeling for TSPA-SR through the waste 3.10 
Volcanic Eruption (CRWMS M&O 2000 [139563]) 

" Number of vents through the waste for 
intrusions that result in one or more vents 
through the waste 

a Wind Direction Factor

Table 3.1-1.
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Table 3.1-1. Correlation of Process Model Factors with Analysis Model Report Describing Input Parameters to Total System Performance 
Assessment-Site Recommendation (Continued)"-3 

0 
0 

Z 

0

Key 
Attributes of Process Model Section of 

System Factor Analysis Model Report Input Parameters to TSPA-SR TSPA-SR 

* Input parameters for ASHPLUME (Jarzemba 
et al. 1997 [100987]) 

0 Probability that an intrusion into the waste 
Atmospheric will result in one or more eruptive vents 
Transport of Igneous Consequence Modeling for TSPA-SR through the waste 3.10 
Volcanic Eruption (CRWMS M&O 2000 [139563]) 0 Number of vents through the waste for 

intrusions that result in one or more vents 
through the waste 

Addressing a Wind Direction Factor 
Effects of Biosphere Dose Disruptive Event Biosphere Dose Conversion Factor * Biosphere dose conversion factors 
Potentially Conversion for 3.10 
Disruptive Volcanic Eruption Analysis (CRWMS M&O 2000 [143378]) f (radionuclide) 
Processes and Characterize Framework for Igneous Activity at Yucca 
Events Probability of Mountain, Nevada (TOO15) , Annual probability of igneous intrusion into 3.10 
(Continued) Igneous Intrusion the waste (CRWMS M&O 2000 [141044])thwae 

Length and width of dike intersecting drifts 
Characteristics of Igneous Consequence Modeling for TSPA-SR 3.10 
Igneous Intrusion (CRWMS M&O 2000 [139563]) 0 Number of waste packages and drip shields 

degraded by intrusive event 

Effects of Igneous Igneous Consequence Modeling for TSPA-SR 0 Degree of degradation of waste packages, 
drip shields and cladding due to intrusive 3.10 

Intrusion (CRWMS M&O 2000 [139563]) event 

Effects of Seismic Characterize Framework for Seismicity and Structural Deformation at Yucca Mountain, Nevada (CRWMS M&O d Timing of Seismic event significant enough to Appendix B Activity 2000 [142321]) degrade engineered barriers 3.5
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Table 3.1-2. Correlation of Process Model Factors with Proposed 10 CFR Part 963 Criteria

t-I 

t'

Key Attributes of Proposed 10 CFR Proposed 10 CFR Part 963 
System Process Model Factor Part 963 Criteria PMR Site Characteristics Criteria 963.17 (a)(1) 

Climate 963.17(a)(2)(i) Uza (ii) Hydrologic Properties 

Net Infiltration 963.17(a)(2)(ii) UZa (ii) Hydrologic Properties 

(i) Geologic Properties 

UZ Flow 963.17(a)(2)(iii) UZa (ii) Hydrologic Properties 
(iii) Geophysical Properties 

Coupled Effects on UZ Flow 963.17(a)(3)(i) UZa (ii) Hydrologic Properties 

Limiting (iv) Geochemical Properties 

Water Contacting 963.17(a)(2)(iv) (i) Geologic Properties 
Waste Package Seepage into Emplacement Drifts 963.17(a)(3) uza (ii) Hydrologic Properties 

Coupled Effects on Seepage 963.17(a)(2)(iv) (ii) Hydrologic Properties 

Coupled __Effects__on__Seepage_963.17(a)(3) U_ _ (iv) Geochemical Properties 

963.17(a)(3) (i) Geologic Properties 

In-Drift Physical and Chemical Environments 963.17(a)(3)(i) EBSb (ii) Hydrologic Properties 
(iii) Geophysical Properties 963.17(a)(3)(ii) (iv) Geochemical Properties 

In-Drift Moisture Distribution (Moisture on Drip 963.17(a)(4) EBSb (ii) Hydrologic Properties 
Shield and Waste Package) 

Prolonging 963.17(a)(4) N/A; See Relevant Engineering 
Waste Package Drip Shield Degradation and Performance 963.17(a)(4)(i) WPc Characteristics 
Lifetime 

Waste Package Degradation and Performance 963.17(a)(4) WPC N/A 
__________________________________________________963.17(a) (4) (ii) ______ _________________
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Table 3.1-2. Correlation of Process Model Factors with Proposed 10 CFR Part 963 Criteria (Continued)

'* 

0 

0 

0

Key Attributes of Proposed 10 CFR Proposed 10 CFR Part 963 
System Process Model Factor Part 963 Criteria PMR Site Characteristics Criteria 963.17 (a)(1) 

Radionuclide Inventory and Distribution in the 963.17(a)(5) WFd N/A 
Potential Repository 

In-Package Environments 963.17(a)(5) WFd N/A 

Cladding Degradation and Performance 963.17(a)(5)(i) WFd N/A 

CSNF Degradation and Performance 963.17(a)(5) WFd N/A 
963.17(a)(5)(ii) 

Limiting Rate of 963.17(a)(5) WFd N/A 
Radionuclide DSNF Degradation and Performance 963.17(a)(5)(ii) W___N/A 
Mobilization and 96317(a)(5) 
Release from the Defense HLW Degradation and Performance WFd N/A 
EBS 963.17(a)(5)(ii) 

Dissolved Radionuclide Concentrations 963.17(a)(5) WFd N/A 
963.17(a)(5)(ii) 

Colloid-Associated Radionuclide Concentrations 963.17(a)(6)(i) WFd N/A 
In-Package Radionuclide Transport 963.17(a)(6)(ii) WFd N/A 

EBS (Invert) Degradation and Performance 963.17(a)(6) EBSb N/A 
963.17(a)(6)(ii) 

(i) Geologic Properties 
UZ Radionuclide Transport (Advective Pathways, 963.17(a)(6) UZa (ii) Hydrologic Properties 

Retardation, Dispersion) 963.17(a)(6)(i) (ii) Geocheic Properties 
(iv) Geochemical Properties 

Slow Coupled Effects on UZ Radionuclide Transport 963.17(a)(7)(ii) UZa N/A 
Transport Away (i) Geologic Properties 
from the EBS 

SZ Radionuclide Transport (Advective Pathways, 963.17(a)(8) Sze (ii) Hydrologic Properties(iii) Geophysical 
Retardation, Dispersion) 963.17(a)(8)(i) Properties 

I_ I_ _(iv) Geochemical Properties
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Table 3.1-2. Correlation of Process Model Factors with Proposed 10 CFR Part 963 Criteria (Continued) 

Key Attributes of Proposed 10 CFR Proposed 10 CFR Part 963 
System Process Model Factor Part 963 Criteria PMR Site Characteristics Criteria 963.17 (a)(1) 

Wellhead Dilution 963.17(a)(8)(ii) SZe N/A 
Slow 963.17(a)(9) 
Transport away 
from the EBS Biosphere Dose Conversion Factors 963.17(a)(9)(i) BIOt N/A 

963.17(a)(9)(ii) 

Probability of Volcanic Eruption 963.17(b)(1) DEg (i) Geologic Properties 
liii) Geophysical Properties 

Characteristics of Volcanic Eruption 963.17(b)(2) DE0  (iii) Geophysical Properties Low Mean Annual (i)GohsclPoete 

Dose Even Effects of Volcanic Eruption 963.17(b)(3) DE_ N/A 

Considering Effects Atmospheric Transport of Volcanic Eruption DE_ N/A of Potentially 
Disruptive Biosphere Dose Conversion for Volcanic Eruption BIO' N/A 

Processes and (i) Geologic Properties 
Events Probability of Igneous Intrusion DE0  (iii) Geophysical Properties 

Characteristics of Igneous Intrusion DEe (i) Geologic Properties 

(iii) Geophysical Properties 

Effects of Igneous Intrusion 963.17(b)(4) DEe N/A 

NOTES: a UZ = Unsaturated Zone Flow and Transport Model Process Model Report (CRWMS M&O 2000 [145774]) 
b EBS = Engineered Barrier System Degradation, Flow, and Transport Process Model Report (CRWMS M&O 2000 [145796]) 

c WP = Waste Package Degradation Process Model Report (CRWMS M&O 2000 [138396]) 
d WF = Waste Form Degradation Process Model Report (CRWMS M&O 2000 [1383321) 
a SZ = Saturated Zone Flow and Transport Process Model Report (CRWMS M&O 2000 [145738]) 

f BIO = Biosphere Process Model Report (CRWMS M&O 2000 [151615]) 
9 DE = Disruptive Events Process Model Report (CRWMS M&O 2000 [141733]) 
N/A = not applicable 
Proposed 10 CFR Part 963 (64 FR 67054 [124754])
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Table 3.1-3. Correlation of Process Model Reports with Applicable Sections of Total System Performance Assessment-Site Recommendation 

Corresponding 
Process Model Report (PMR) Scope of PMR Section of TSPA SR 

Describes the framework for the geologic properties of the ambient site (e.g., stratigraphy, 
Integrated Site Modela structural characteristics, geohydrologic rock properties, and mineralogy). The PMR describes N/A 

how information about the site has been used to characterize the geologic properties of the site.  

Describes the processes affecting (1) the amount of water entering the UZ above the potential 
ptb repository that could contact wastes in the potential repository and (2) the movement of water 

UZ Flow and Transpor through the UZ below the potential repository and potential transport of radionuclides in that water. 3.2 and 3.7 
The model describes the spatial and temporal distribution of water flow through the UZ and the 
spatial and temporal distribution of water concentrations of released radionuclides in the UZ.  

Describes processes important to limiting the amount of water that could contact waste.  
Processes include the effects of heat from the waste on water flow through the UZ at the 

Near-Field Environmentc emplacement drift wall, seepage, temperature and humidity (thermodynamic environment) near the 3.3 
engineered barriers, and the chemical reactions and products and mechanical interactions in the 
near-field host rock surrounding the emplacement drifts; water chemistry and gas compositions in 
the near-field rock are also described.  

Describes processes that would lead to degradation of the engineered barriers and affect 
EBS Degradation, Flow, and movement of radionuclides through those barriers. This PMR provides information about the 3.3 and 3.6 
Transportd. thermal, hydrologic, and geochemical processes acting on engineered barriers relevant to these 

factors. Water chemistry and gas compositions in the emplacement drifts are also described.  
Waste Package Degradatione Describes processes that could lead to drip shield and waste package degradation (e.g., the 3.4 

corrosion of the waste package materials in the near-field environments).  
Describes the waste characteristics that limit the rate of release of radionuclides. Processes 

Waste Form Degradationf include HLW waste canister degradation, cladding degradation, and waste form dissolution. The 3.5 
PMR describes the manner in which the waste forms will degrade and how such degradation is 
expected to affect the release of radionuclides to the immediate environment.  

Describes the processes that control the movement of water through the SZ below the potential 

SZ Flow and Transportg repository and the distribution of dissolved radionuclides or colloidal particles that might be 3.8 
released from the potential repository and migrate to the SZ. The PMR describes the dilution of 
radionuclide concentrations during migration in the SZ.
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Table 3.1-3. Correlation of Process Model Reports with Applicable Sections of Total System Performance Assessment-Site 
Recommendation (Continued) 

Corresponding 

Process Model Report (PMR) Scope of PMR Section of TSPA SR 

Addresses the characteristics of the biosphere that influence the transport of radionuclides to 
humans. It includes a description of the lifestyle and habits of individuals who could be exposed to 

Biosphereh radioactive material at some time during the postclosure performance period. The PMR describes 3.9 
the reference biosphere, associated pathways, and the characteristics of the critical group, 
including location and behavior representative of current conditions and biosphere transport and 
uptake parameters.  
Summarizes tectonic processes that could disrupt the potential repository system. Other disruptive 
events, including potential human intrusion and effects of nuclear criticality, are discussed 
elsewhere. This PMR focuses on the consequences of volcanic and seismic events that could 
affect the potential repository system. The consequence analyses rely on inputs from the 
probabilistic volcanic hazard analysis and probabilistic seismic hazard analysis to describe the 

Disruptive Events' frequency of disruptive events. Effects of igneous activity on drifts, waste packages, and waste 3.10 
forms are addressed. Modes of radionuclide release resulting from igneous events are also 
characterized. Effects of seismic activity on the EBS and on waste package degradation are 
summarized. The potential effects of volcanic and seismic activity on the hydrologic system are 
discussed.  

NOTES: 8CRWMS M&O 2000 [146988] 
DCRWMS M&O 2000 [145774] 
c CRWMS M&O 2000 [153178] 
dCRWMS M&O 2000 [145796] 
eCRWMS M&O 2000 [138396] 

f CRWMS M&O 2000 [138332] 
1 CRWMS M&O 2000 [1457381 
hCRWMS M&O 2000 [151615] 
iCRWMS M&O 2000 [141733]
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A final means of correlating the process model factors included in the TSPA-SR is indicated in 
Table 3.1-4 where the NRC's KTIs are correlated to the process model factors used in the 
TSPA-SR.  

In summary, this introduction provides a roadmap for the technical discussions which follow in 
the remainder of Section 3. These technical presentations provide insights into the key inputs to 
the TSPA model and provide a foundation for understanding the system and subsystem 
performance results presented in Section 4 and the sensitivity analyses presented in Section 5.  

3.2 UNSATURATED ZONE FLOW 

UZ flow at Yucca Mountain potentially plays an important role in potential repository 
performance. Water seeping into drifts and dripping onto waste packages can accelerate 
radionuclide mobilization and release. In addition, the amount of water flow in fractures from 
the potential repository to the water table is an important factor in determining the transport time 
of radionuclides to the biosphere.  

Four distinct components of unsaturated flow are considered in the TSPA for the Site 
Recommendation: climate, infiltration, mountain-scale flow of water, and seepage into 
repository emplacement drifts. These components include processes at several scales. At the 
global scale is climate, including changes in solar heating caused by changes in the Earth's orbit 
and inclination, and formation of huge ice sheets during glacial periods. There are also 
important regional-scale climate effects, such as the rain shadow caused by the Sierra Nevada 
mountain range and the proximity of the polar jet stream, that make climate variations at Yucca 
Mountain different from the global average. Infiltration and flow through the mountain, or 
mountain-scale flow, are modeled at the scale of the site. The site-scale models include effects 
of surface topography and subsurface hydrogeologic layering. The drift scale is the scale of an 
emplacement drift, approximately 5.5 m (18 ft) in diameter. At the drift scale, the seepage model 
evaluates the interaction of percolating water with an emplacement drift and the amount of water 
that seeps into the drift. Processes at the scale of individual fractures, in particular those 
affecting fracture-matrix coupling, or water flow between fractures and the porous rock matrix, 
are important to both seepage and mountain-scale flow. Fracture-scale processes are not 
modeled explicitly but are represented by parameters in the continuum-flow models. Some of 
the important processes for UZ flow are pictured in Figure 3.2-1.  

As discussed in Sections 1.6.1 and 2.1, an important step in conducting a TSPA is a systematic 
consideration of features, events, and processes (FEPs) that are relevant to the potential 
repository system (natural and engineered). An extensive list of FEPs has been developed for 
Yucca Mountain. The FEPs that are concerned with UZ flow and transport are discussed in 
detail in Features, Events, and Processes in UZ Flow and Transport (CRWMS M&O 2000 
[142945]). That report discusses 81 primary FEPs, including whether or not they are included in 
the TSPA models and, if not, the justification for excluding them (an argument that either the 
probability or the consequence is small). Of the 81 primary UZ flow and transport FEPs, 22 are 
fully included in the TSPA. Four of those are strictly related to radionuclide transport, which 
leaves 18 fully included primary FEPs related to UZ flow. These include such standard 
processes as "global climate change" (Section 3.2.1) and "fracture flow in the UZ" 
(Section 3.2.3).
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Correlation of Process Model Factors with U.S. Nuclear Regulatory Commission Key Technical Issues
H 

(D 

Z 
0• 0J 
0,

Key Attributes of System Process Model Factor NRC Key Technical Issue 

Climate 
Net Infiltration Unsaturated and Saturated Flow under Isothermal 

Conditions 
UZ Flow 

Limiting Coupled Effects on UZ Flow 
Water Contacting Waste Thermal Effects on Flow 
Package Coupled Effects on Seepage 

Seepage into Emplacement Drifts Repository Design and Thermomechanical Effects 
In-Drift Physical and Chemical Environments (Environments on Drip Shield and 
Waste Package) Evolution of the Near-Field Environment 

In-Drift Moisture Distribution (Moisture on Drip Shield and Waste Package) 

Waste Package Lifetime Drip Shield Degradation and Performance 
Waste Package Degradation and Performance 
Radionuclide Inventory and Distribution in Potential repository 
In-Package Environments 
Cladding Degradation and Performance 

Limiting Rate of CSNF Degradation and Performance Container Life and Source Term 
Radionuclide DSNF Degradation and Performance 
Mobilization and Release Defense HLW Degradation and Performance 
from the EBS Dissolved Radionuclide Concentrations 

Colloid-Associated Radionuclide Concentrations 
In-Package Radionuclide Transport 

_EBS (Invert) Degradation and Performance
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Table 3.1-4. Correlation of Process Model Factors with U.S. Nuclear Regulatory Commission Key Technical Issues (Continued)

0= 
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Key Attributes of System Process Model Factor NRC Key Technical Issue 
UZ Radionuclide Transport (Advective Pathways, Retardation, Dispersion) 

Slow Coupled Effects on UZ Radionuclide Transport 
Transport away from the SZ Radionuclide Transport (Advective Pathways, Retardation, Dispersion) Radionuclide Transport 
EBS Wellhead Dilution 

Biosphere Dose Conversion Factors 

Probability of Volcanic Eruption 

Characteristics of Volcanic Eruption 

Effects of Volcanic Eruption 
Low Mean Annual Dose Atmospheric Transport of Volcanic Eruption Even Considering Effects Biosphere Dose Conversion for Volcanic Eruption Igneous Activity 
of Potentially Disruptive 
Processes and Events Probability of Igqneous Intrusion 

Characteristics of Igneous Intrusion 

Effects of Igneous Intrusion 

Effects 6f Seismic Activity Structural Deformation and Seismicity
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In addition to those FEPs fully included, many FEPs are partially included, for example "climate 
modification increases recharge." This FEP is included in the TSPA (Section 3.2.2). However, 
one of the secondary FEPs under this primary FEP relates to the possible formation of new 
perched water bodies below the potential repository because of the increased water flow, and this 
aspect is not included in the TSPA model on the basis of low consequence (CRWMS M&O 2000 
[142945], Section 6.3.4). Lastly, a number of FEPs are excluded entirely from the TSPA, 
including ones relating to erosion and subsidence (CRWMS M&O 2000 [142945], Section 6.4), 
human influences on climate (CRWMS M&O 2000 [142945], Section 6.5), and gas generation 
(CRWMS M&O 2000 [142945], Section 6.6). A complete list of the primary FEPs and their 
status (whether included or excluded) is given in Appendix B.  

The following sections discuss, in turn, climate, infiltration, mountain-scale flow, and seepage 
into drifts. For each one, the important processes and assumptions, the implementation for use in 
TSPA simulations, the treatment of uncertainty and variability, and some results and 
interpretations are given. The relationships of these submodels with each other and with other 
TSPA components are diagrammed in Figure 3.2-2. More detailed information on UZ flow, 
including full description and justification of the models and data as well as potential alternative 
modeling approaches where appropriate, can be found in the Unsaturated Zone Flow and 
Transport Model Process Model Report (CRWMS M&O 2000 [145774]) and the associated 
AMRs.  

3.2.1 Climate 

3.2.1.1 Features, Processes, and Conceptual Model 

Climate refers to the meteorological conditions that characteristically prevail in a particular 
region. Climate conditions at Yucca Mountain must be known to determine the hydrology 
within and around Yucca Mountain. In particular, temperature and precipitation are important 
inputs to the infiltration model.  

The climate in the Yucca Mountain region is presently warm and semiarid. However, past 
climates have exhibited a great deal of variability, alternating between glacial and interglacial 
periods. During glacial climates, glaciers did not reach Yucca Mountain, but temperatures were 
lower and precipitation was higher, resulting in greater effective moisture relative to today.  

In the conceptual model for future climate at Yucca Mountain, the climate is approximated by a 
sequence of discrete climate states (see Figure 3.2-3). The bases for this approach are as follows 
(CRWMS M&O 2000 [145774], Section 3.5.1.2): 

" Climate is cyclical, with an approximate period of 400,000 years, and this pattern is 
expected to continue into the future. (Climate is not purely cyclical, however, but has a 
chaotic component superimposed on the basic cyclical behavior.) 

" The timing of past (and future) climates is related to the precession of the Earth's 
rotational axis (i.e., how the Earth wobbles like a spinning top) and changes in the 
Earth's orbital eccentricity (i.e., deviation of the orbit from circularity).
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" The characteristics of past climates and the sequence of those climates are related. Thus, 
the analysis can focus on a particular climate sequence and need not take the 
conservative approach of using the climates that generate the highest infiltration.  

" Long-term, Earth-based, climate-forcing processes, such as tectonics, have remained 
relatively constant over the past 500,000 years or so and should remain so for the period 
of interest for performance assessment. This is important to climate forecasting because 
such forcing processes can change climate in noncyclic ways, invalidating the other 
bases listed above. The effects of such noncyclic forcing processes make climate 
projections less reliable over longer time periods.  

3.2.1.2 Implementation in the Total System Performance Assessment 

The timing and properties of the climate states were derived primarily from the microfossil 
record of cores drilled at Owens Lake, California (roughly 160 kin, or 100 miles, to the west of 
Yucca Mountain). The timing of past climates is based on estimates of the rate at which 
sediment accumulated in the lake bed over time and comparison with the chronology that has 
been published for calcite deposition at Devils Hole, Nevada (about 50 kin, or 30 miles, 
southeast of Yucca Mountain). The properties of the past climates (e.g., precipitation and 
temperature) are based on detailed examination of the Owens Lake cores, in particular for the 
abundances of various species of ostracode (small freshwater crustaceans) through time. The 
environmental tolerances of ostracode species provide a way to estimate the relative water 
temperature and salinity, thus providing a proxy for climate variations through time (CRWMS 
M&O 2000 [145774], Section 3.5.1.3).  

The 10,000-year regulatory period has been divided into three climate regimes: modem 
(present-day), monsoon, and glacial-transition (Figure 3.2-3). Present-day analogs were chosen 
to represent the future climates; that is, locations that currently have climatic conditions 
analogous to those deduced for the past climates. Note that the climate discussions in the 
Process Model Report (CRWMS M&O 2000 [145774], Section 3.5) and in the associated 
climate AMR (USGS 2000 [136368]) are limited to 10,000 years in the future. Because longer 
periods of time were not analyzed, the TSPA base case simply extends the glacial-transition 
climate when simulating periods longer than 10,000 years.  

The connections between climate and other TSPA model components are shown in Figure 3.2-4.  
The climate-change times are the only climate information used directly by the TSPA model.  
The other information is used indirectly, through its effects on infiltration. Additional climate 
effects are discussed in Section 3.2.3 (climate-induced change in the water table) and 
Section 3.8.1.1 (climate-induced change in saturated-zone percolation flux).  

3.2.1.3 Treatment of Uncertainty and Variability 

Since climate is a large-scale phenomenon, no spatial variability of climate is included in the 
Yucca Mountain TSPA model. Temporal variability is included as a sequence of climate states, 
as described above. To capture uncertainty, upper-bound and lower-bound climate analogs were 
chosen for each climate state, with the upper bound representing wetter conditions and the lower 
bound representing drier conditions.
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The TSPA base case does not include uncertainty in climate durations. However, many 
uncertainties do exist that may affect the timing of the three climate states. These include 
uncertainties in the Owens Lake sediment-accumulation rate, uncertainties in the methods used 
to identify what time period in the past is most like the future period being modeled, the 
existence of a chaotic component of climate, and the possibility that human activity may change 
the cyclical patterns. A quantitative estimate has been made of the first uncertainty (the Owens 
Lake sediment-accumulation rate), leading to a range of 400 to 600 years for the duration of the 
present-day climate and 900 to 1,400 years for the duration of the monsoon climate, with the 
glacial-transition climate extending for the balance of the model period in each case 
(CRWMS M&O 2000 [145774], Section 3.5.1.5). There is no simple or objective way of 
assessing the other uncertainties quantitatively. However, the uncertainty in the time of climate 
change can be neglected in the TSPA because it has little impact on the dose results. In the 
current TSPA model, the waste packages are so robust that there are no failures for over 
10,000 years, which makes climate-change uncertainties of a few hundred years, or even a few 
thousand years, insignificant. In the TSPA for the VA, effects of uncertainty in climate-change 
time were investigated and found to be unimportant (DOE 1998 [100550], Volume 3, 
Section 5.1.1).  

3.2.1.4 Results and Interpretation 

The climate analogs and durations for the TSPA base case are summarized in Table 3.2-1.  
Multiple analog sites were chosen to represent the future-climate bounds in order to minimize the 
influence of local meteorological phenomena (CRWMS M&O 2000 [145774], Section 3.5.1.4).  

Table 3.2-1. Durations and Analog Sites for Climate States 

Representative 
Climate State Duration Meteorological Stations 

Present-Day Climate 600 years Yucca Mountain and vicinity 

Upper Bound: 
Nogales, Arizona 

Monsoon Climate 1,400 years Hobbs, New Mexico 
Lower Bound: 
Yucca Mountain and vicinity 

Upper Bound: 
Spokane, Washington 
Rosalia, Washington 

Glacial-Transition Remainder St. John, Washington 
Climate 

Lower Bound: 
Beowawe, Nevada 
Delta, Utah 

Source: CRWMS M&O 2000 [145774], Table 3.5-1 

As indicated in Figure 3.2-3 and Table 3.2-1, the modeled climate consists of three periods: 
600 years with present-day climate, followed by 1,400 years of a monsoon climate, and then a 
glacial-transition climate for the remainder of the model period. The monsoon climate is 
somewhat warmer than present and with a potential to be significantly wetter; in particular,
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having more summer rain. The glacial-transition climate is cooler than present-day and possibly 
significantly wetter, with relatively cool, dry summers and cool, wet winters (CRWMS 
M&O 2000 [145774], Section 3.5.1.4). Each climate state has a range of possible behaviors, 
represented by bounding analog meteorological sites. Note, however, that the upper-bound 
climate analogs still fall under the definition of semiarid. Results for the range of net infiltration 
for each climate state are given in Section 3.2.2.4.  

3.2.2 Infiltration 

3.2.2.1 Features, Processes, and Conceptual Model 

Net infiltration is the penetration of water through the ground surface to a depth where it can no 
longer be withdrawn by evaporation or transpiration by plants. Infiltration occurs once water has 
entered bedrock or has penetrated below the root zone in soil. The conceptual model used for 
infiltration calculations is based on evidence from field studies at Yucca Mountain, combined 
with established concepts in soil physics and hydrology. The overall framework of the 
conceptual model is provided by the hydrologic cycle, including processes on the surface and 
just below the surface that affect net infiltration. Important infiltration processes are illustrated 
in Figure 3.2-5.  

The main components of net infiltration are precipitation, evapotranspiration (evaporation plus 
transpiration), and surface-water runoff and run-on. These components are incorporated into a 
watershed-scale, volume-balanced model using a snowpack submodel, an evaporation and net 
radiation submodel, one-dimensional (vertical) root-zone infiltration submodels, and a 
two-dimensional surface-water, flow-routing submodel (CRWMS M&O 2000 [145774], 
Section 3.5.2.4). Precipitation rate is provided by the analog meteorological stations discussed in 
Section 3.2.1.4 and is spatially distributed based on an empirical precipitation-elevation 
relationship. Evapotranspiration is the combined process of evaporation and transpiration, which 
is the removal of moisture from soil by plants. The potential evapotranspiration is determined by 
an energy balance and is primarily dependent on net radiation, air temperature, ground heat flux, 
the saturation-specific humidity curve, and wind. Temperature is also spatially distributed for 
the model by using an empirical temperature-elevation relationship. Net infiltration is modeled 
through soil layers of the root zone only. The change in root-zone water content is calculated as 
a daily change in water content, using a simple water-balance approach. The amount of daily net 
infiltration is limited by the bulk saturated hydraulic conductivity of the soil and storm duration.  
Water that exceeds the infiltration capacity of a soil column is routed to lower elevation nodes 
(runoff) for subsequent infiltration (CRWMS M&O 2000 [145774], Section 3.5.2.4).  

Considerable site information is available, including water-content profiles from 98 neutron 
moisture probes on Yucca Mountain from 1984 to 1995 (CRWMS M&O 2000 [145774], 
Section 3.5.2.3) and daily mean discharge for five stream gauges in operation at Yucca Mountain 
during 1994 to 1995 (USGS 2000 [123650], Section 6.8).  

3.2.2.2 Implementation in the Total System Performance Assessment 

Spatially distributed net infiltration rates were determined for each of the three climate states 
using the infiltration process model. The model covers an area of 124 km2 (48 square miles)
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around Yucca Mountain, using a regular grid with 30-m (98-ft) spacing. The inputs to the model 
include daily precipitation and temperature; ground-surface elevation and geometry; parameters 
to describe surface water flow, soil type and depth; and bedrock type (USGS 2000 [123650], 
Section 6.3.3).  

For the upper-bound and lower-bound future climate states, daily precipitation and temperature 
data from the analog meteorological stations (Table 3.2-1) were used directly. For present-day 
climate, data from Yucca Mountain and nearby meteorological stations were used. The 
present-day meteorological data were supplemented with a 100-year stochastic precipitation 
model because most of the records in the Yucca Mountain region go back less than 50 years 
(USGS 2000 [123650], Section 6.9.2).  

In addition to using different meteorologic inputs, future-climate conditions are also represented 
by using different root-zone parameters to account for increases in vegetation density and 
changes in vegetation type for wetter and colder future climates (USGS 2000 [123650], 
Section 6.9.4).  

The connections between infiltration and other TSPA model components are shown in 
Figure 3.2-6. Infiltration is only used by the TSPA model indirectly through its effects on 
mountain-scale flow and thermal hydrology. The probabilities for the three infiltration cases 
(Section 3.2.2.3) are used directly by the TSPA model.  

3.2.2.3 Treatment of Uncertainty and Variability 

In the infiltration model, spatial variability is included by use of a two-dimensional model that 
incorporates the appropriate surface topography and geology. Temporal variability is included 
by using different infiltration simulations for different climate states; precipitation, temperature, 
and vegetation are varied with climate.  

In order to represent infiltration uncertainty in TSPA simulations, three infiltration maps were 
generated for each climate state. They are termed the low-, medium-, and high-infiltration cases.  
For present-day climate, the medium-infiltration case was developed using the best estimates for 
precipitation, temperature, etc.; the high-infiltration case was developed by including 
precipitation data from one of the wetter nearby meteorological stations (on Rainier Mesa); and 
the low-infiltration case was developed by selectively choosing low infiltrations for each spatial 
location from a set of infiltration simulations. For future climates, the low-infiltration cases were 
simulated using the lower-bound climate analogs, the high-infiltration cases were simulated 
using the upper-bound climate analogs, and the medium-infiltration cases were developed from 
the low- and high-infiltration maps by averaging them at each spatial location. Where multiple 
analog sites are indicated in Table 3.2-1, multiple infiltration simulations were performed, and 
the resulting infiltration values were averaged at each spatial location. Note that the 
low-infiltration case for the monsoon climate is defined to be the same as the medium-infiltration 
case for the present-day climate, due to the selection of present-day Yucca Mountain as the 
lower-bound analog for the monsoon climate (USGS 2000 [123650], Section 6.9.3).  

In order to include the three infiltration cases for each climate state into TSPA simulations, it is 
necessary to estimate their relative probability or likelihood. The probabilities were derived by
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means of a detailed analysis of infiltration uncertainty using the Monte Carlo method.  
The uncertainty analysis focused on 12 key input parameters, for which uncertainty distributions 
were developed. The key parameters include precipitation, bedrock and soil hydrologic 
properties, and potential evapotranspiration. The infiltration model was run 100 times, with each 
realization having different sampled values of the 12 key parameters. The glacial-transition 
climate was used for the analysis, because that climate state is in effect most of the time, and it is 
in effect at later times when radionuclide releases are more likely. Probabilities for the three 
infiltration cases were assigned in such a way as to make the log mean and standard deviation of 
the three-point discrete distribution (i.e., the distribution consisting of the three infiltration cases 
with defined probabilities) equal to the log mean and standard deviation of the distribution from 
the Monte Carlo simulation. Log values were used in deriving the weighting factors because the 
distribution has a more normal shape in log space than in linear space (CRWMS M&O 2000 
[145774], Sections 3.5.2.6 and 3.5.3.2).  

3.2.2.4 Results and Interpretation 

Results of the infiltration modeling are summarized in Table 3.2-2. The table shows computed 
average net infiltration over the repository area for the three infiltration cases and three climate 
states. In addition, the final column shows the estimated probabilities for the three infiltration 
cases. The infiltration numbers in Table 3.2-2 are plotted as time histories of repository-average 
net infiltration for the three infiltration cases in Figure 3.2-7. The results show the monsoon 
climate to have higher net infiltration than the present-day climate, which is expected because of 
the predicted higher precipitation rate. In addition, the glacial-transition climate is shown to 
have higher net infiltration than the monsoon climate, except for the low-infiltration case.  
The increase in net infiltration is a result of the colder temperatures, which reduce the amount of 
evapotranspiration. The glacial-transition low-infiltration case has lower infiltration than the 
monsoon low-infiltration case because of a more uniform seasonal distribution of precipitation.  
The average intensity and frequency of precipitation events for this case are not sufficient to 
overcome evapotranspiration from the root zone (USGS 2000 [123650], Section 6.11.3).  

Table 3.2-2. Average Net Infiltrations and Probabilities for the Infiltration Cases 

Present-Day Monsoon Glacial-Transition Probability (All 
Infiltration Case Climate Climate Climate Climate States) 

Low infiltration 0.4 mm/yr 4.7 mm/yr 2.2 mm/yr 17% 
Medium infiltration 4.7 mm/yr 13 mm/yr 20 mm/yr 48% 
High infiltration 12 mm/yr 20 mm/yr 37 mm/yr 35% 

Source: USGS 2000 [123650], Tables 6-10, 6-14, and 6-19; CRWMS M&O 2000 [145774], Section 3.5.3.2 
NOTE: 25.4 mm = 1 in.  

Simulated net infiltration at the surface is shown as the left-hand map in Figure 3.2-8. Shown 
are results for the medium-infiltration case, present-day climate. In order to have consistency 
with the other two flux maps in the figure, the infiltration is illustrated for the domain of the 
site-scale UZ-flow model (Section 3.2.3.2). For the figure, net infiltration has been averaged 
somewhat for use by the UZ-flow model, and the numerical mesh for the UZ-flow model is 
superimposed for reference; the potential repository is located in the middle of the region, where 
there is a relatively uniform rectangular grid. The highest net infiltrations occur along the crest

TDR-WIS-PA-000001 REV 00 ICN 01 3-29 December 2000



of the mountain, where less alluvial cover allows more water to penetrate into the bedrock 
without being evaporated, and in washes, where there is significant runoff and run-on.  

3.2.3 Mountain-Scale Flow 

3.2.3.1 Features, Processes, and Conceptual Model 

UZ flow refers to the percolation of groundwater through rocks above the water table. UZ flow 
varies with the rock strata through which the water flows. As depicted in Figure 3.2-9, the UZ in 
Yucca Mountain is composed of alternating layers of welded and nonwelded tuffs. The terms 
welded and nonwelded refer to the degree of consolidation of the rock when it was formed from 
volcanic ash millions of years ago. Welded tuff is hard, dense rock but is typically very 
fractured. The welded-tuff rock matrix is relatively impermeable, but the total permeability is 
high because of the fractures. Nonwelded tuff is softer and typically less fractured. Its matrix 
permeability is much higher than that of welded tuff matrix, but its total permeability is typically 
lower. A special case is zeolitic nonwelded tuff, which was altered during the original cooling in 
such a way that its matrix permeability is very low (similar to the matrix permeability of welded 
tuff). Zeolitic tuff may also have little fracturing, so that its total permeability is very low.  
Perched-water zones (localized saturated regions above the water table) have been observed on 
the zeolitic tuff in several boreholes, well below the potential repository location (CRWMS 
M&O 2000 [145774], Section 3.3.8).  

Fractures play an important role in UZ flow. This role is especially important when considering 
radionuclide transport from a nuclear-waste repository. Flow in fractures is typically much faster 
than flow in the porous matrix, potentially leading to fast transport to the water table. The 
rock-matrix flow capacity for the welded tuff (typically on the order of 1 mm/yr, or 0.04 in./yr, 
depending on the hydrogeologic unit and the infiltration case) is less than most estimates of 
average infiltration (see Table 3.2-2), implying that much of the flow is moving through 
fractures, especially for the wetter climate states. Field observations and modeling results 
indicate limited interaction between fracture and matrix flows in the welded tuff (CRWMS 
M&O 2000 [145774], Section 3.3.4).  

The mountain-scale UZ flow model uses a dual-permeability conceptual flow model that 
captures the effects of fast flow paths and allows for weak fracture-matrix coupling. Flow is 
modeled in two interacting continua (fracture and matrix), with each continuum assigned its own 
spatially variable hydrologic properties, such as permeability and porosity. In general, the 
fractures are modeled as a highly permeable continuum having low porosity, while the matrix is 
modeled as a much less permeable continuum having higher porosity. Fracture-matrix 
interaction is represented with an active-fracture model, in which only a portion of the fractures 
is actively flowing under unsaturated conditions (CRWMS M&O 2000 [145774], Section 3.3.4).  
Major faults are included in the model explicitly. In fault zones, fracture density and 
permeability are higher than in the rest of the model, which enables them to act as preferential 
flow paths in parts of the model.  

The data used to develop the mountain-scale calibrated flow fields for the UZ come from 
surface-based drillholes and from the Exploratory Studies Facility (ESF), which is an 8-km-long 
(5-mile-long) tunnel through Yucca Mountain. These data include rock-matrix saturations, water
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potentials (the ability for rock to hold water), temperatures, perched-water locations and 
amounts, chemical composition and isotopic abundances of groundwater and mineral deposits, 
air permeability and air-pressure measurements, rock types, fault locations and offsets, fracture 
density, and matrix permeability and saturation/desaturation parameters. More detailed 
information on data and the calibration procedure can be found in Unsaturated Zone Flow and 
Transport Model Process Model Report (CRWMS M&O 2000 [145774], Section 3.6).  

Wetter conditions in the past suggest that more groundwater flowed beneath Yucca Mountain 
than flows under modem conditions. Several studies have shown that the water table has risen at 
most 115 m (380 ft) in the past (CRWMS M&O 2000 [123913], Section 6.2). For monsoon and 
glacial-transition climates in the TSPA simulations, the water table is conservatively set to an 
elevation of 850 m (2790 ft) above sea level, which is approximately 120 m (390 ft) higher than 
the present-day water table under the potential repository (CRWMS M&O 2000 [145774], 
Section 3.7.5.2). Note that the potential repository is planned to be over 300 m (980 ft) above 
the present water table, so the potential repository would still be well above the water table, even 
with a rise of 120 m (390 ft).  

The mountain-scale UZ flow model is a steady-state, isothermal model. Thermal effects can be 
neglected because flow is strongly perturbed by heat only near the emplacement drifts and at 
early times (CRWMS M&O 2000 [145774], Sections 1.2.3, 3.3.12, 3.10, 3.12). There is 
additional discussion of thermal effects on flow in Section 3.3.3, though the emphasis there is on 
flow near the emplacement drifts. Short-term episodic transients can be neglected because of the 
buffering effect of the Paintbrush nonwelded hydrogeologic unit above the potential repository 
(CRWMS M&O 2000 [145774], Sections 1.2.3, 3.3.6, 3.3.7, 3.7.3.1). Long-term transients due 
to climate change are expected to be important to calculations of potential-repository 
performance, and those are included in the TSPA by approximating mountain-scale UZ flow 
with a sequence of steady states. With this approximation, the UZ flow fields can be calculated 
with the steady-state model and then the UZ transport model can simply switch from one flow 
field to another at climate-change times (Section 3.7.2).  

3.2.3.2 Implementation in the Total System Performance Assessment 

The three-dimensional, site-scale flow model for the UZ (CRWMS M&O 2000 [145774], 
Section 3.7) was used in calculating mountain-scale UZ flow for this TSPA. Three-dimensional 
modeling is needed primarily because of flow characteristics below the potential repository, 
where significant lateral flow is believed to occur as a result of low-permeability zeolitic layers 
and perched water. The model uses the dual-permeability conceptual model, as discussed in 
Section 3.2.3.1. The direct use of the three-dimensional, mountain-scale flow model eliminates 
the need to test simplified abstractions against more complex process models. The models were 
tested directly against site data as part of the calibration procedure (CRWMS M&O 2000 
[145774], Sections 3.6 to 3.8). The following paragraphs summarize the most important features 
of the mountain-scale UZ flow model.  

The mountain-scale flow model is based on site data that include core measurements of porosity, 
permeability, saturation, and moisture potential; perched-water observations; fracture-frequency 
data from the ESF; air-pressure monitoring and air-permeability tests; and geochemical data.  
These data were used to estimate hydrologic parameters through direct calculations and
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calibration methods (CRWMS M&O 2000 [145774], Section 3.6). In addition, a geologic
framework model was used to define the proper stratigraphy for the UZ flow model (CRWMS 
M&O 2000 [145774], Section 3.2; CRWMS M&O 2000 [146988]).  

The numerical discretization of the mountain-scale flow model is illustrated in Figure 3.2-10.  
Figure 3.2-10a shows an east-west cross section through the integrated site model. The cross 
section has been chosen to intersect three drill holes, named SD-6, SD-12, and UZ#16. The 
stratigraphy and important hydrogeologic properties are known at the locations of the drill holes; 
at other locations, they are inferred. The stratigraphic division into hydrogeologic units is 
shown, including offsets for four major faults. The nomenclature for identifying hydrogeologic 
units will not be explained here, but it can be found in Unsaturated Zone Flow and Transport 
Model Process Model Report (CRWMS M&O 2000 [145774], Section 3.2.2). Of particular 
interest are the host units for the potential repository, which are the Topopah Spring middle 
nonlithophysal (Tptpmn), lower lithophysal (Tptpll), and lower nonlithophysal (Tptpln) units. A 
higher-level division into TCw (Tiva Canyon welded), PTn (Paintbrush nonwelded), TSw 
(Topopah Spring welded), and CHn (Calico Hills nonwelded) is indicated at the right of the cross 
section. These divisions are important hydrologically, with the welded units having primarily 
fracture flow, as discussed in Section 3.2.3.1, and the nonwelded units having primarily matrix 
flow. Figure 3.2-10b shows the same cross section as it is represented in the mountain-scale 
flow model. In the model, the stratigraphy is discretized and simplified to a certain extent (e.g., 
by making the Ghost Dance fault vertical rather than slightly inclined). The second cross section 
shows the designators used for the hydrogeologic units within the UZ flow model (e.g., the 
repository host units are tsw34 [middle nonlithophysal], tsw35 [lower lithophysal], and tsw36 
[lower nonlithophysal]). Figure 3.2-1Oc shows the model discretization as seen from above.  

UZ flow calibration was done only for the present-day climate, because there is not sufficient 
information about paleohydrology to be able to calibrate flow for monsoon and glacial-transition 
climates. Thus, the flow for future climates is simulated using the same calibrated hydrologic 
properties and only changing the infiltration boundary condition at the surface. The three 
calibrated property sets (low-infiltration, medium-infiltration, and high-infiltration) times three 
climate states lead to a total of nine mountain-scale UZ flow fields in the TSPA.  

The connections between mountain-scale UZ flow and other TSPA model components are 
shown in Figure 3.2-11. The nine UZ flow fields are used directly by the TSPA model in 
simulating UZ radionuclide transport. In addition, UZ hydrologic properties and stratigraphy are 
used by the seepage, thermal hydrology, and UZ transport models.  

3.2.3.3 Treatment of Uncertainty and Variability 

In the UZ flow model, spatial variability is included by use of a three-dimensional model that 
incorporates the appropriate geometry, geology, and hydrostratigraphy. Temporal variability is 
included by using different UZ flow simulations for different climate states. The primary change 
in going from one climate to another is in the use of a different infiltration map for the upper 
boundary condition. In addition, the water table elevation is higher for future climates.  

The uncertainty regarding the appropriate level of net infiltration, discussed in Section 3.2.2.3, 
was carried forward through the mountain-scale flow model. Sensitivity analyses have shown
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that infiltration is the quantity that has the greatest impact on UZ flow and transport and that 
other uncertainties have little impact on repository performance (e.g., DOE 1998 [100550], 
Volume 3, Section 5.1.3). Although there is a considerable amount of data for calibrating the 
mountain-scale flow model, the hydrologic properties are not fully constrained, and it is possible 
to develop calibrated mountain-scale flow models for all three infiltration cases (CRWMS 
M&O 2000 [145774], Section 3.6). Additional calibrated models were developed with a 
different treatment of the flow in the vicinity of the perched water between the potential 
repository level and the water table (CRWMS M&O 2000 [145774], Section 3.7.3.3). However, 
the alternative perched-water treatment did not lead to greatly different radionuclide transport 
times from the potential repository to the water table; consequently, only the more conservative 
of the two perched-water models (perched-water model #1) was used for TSPA simulations 
(CRWMS M&O 2000 [145774], Section 3.7.5.3).  

3.2.3.4 Results and Interpretation 

Nine flow fields are used, and the average infiltrations in Table 3.2-2 also represent the average 
flux over the repository at the top boundary of the flow model. As discussed below, the 
percolation flux at the potential repository is similar to the infiltration imposed at the surface, but 
the percolation flux at the water table is distributed quite differently because of significant lateral 
diversion between the potential repository and the water table. The probabilities for the three 
infiltration cases apply also to the UZ flow fields derived from those infiltration cases. Because 
the flow fields represent a large quantity of three-dimensional information, they are not easily 
summarized. In addition to the short discussion in the remainder of this section, additional 
description and visualization of the flow fields can be found in Section 3.7.4 of this report 
(UZ transport), Unsaturated Zone Flow and Transport Model Process Model Report (CRWMS 
M&O 2000 [145774], Section 3.7); UZ Flow Models and Submodels (CRWMS M&O 2000 
[122797], Sections 6.6 to 6.7); and Analysis of Base-Case Particle Tracking Results of the Base
Case Flow Fields (CRWMS M&O 2000 [134732], Section 6.2).  

Figure 3.2-8 shows how the mountain-scale flow changes as it moves downward through the 
mountain. The figure shows the net infiltration flux that enters the top of the model at the 
ground surface (left), the percolation flux at the potential repository level (center), and the 
percolation flux that leaves the bottom of the model at the water table (right). The case pictured 
is medium infiltration for present-day climate. The model numerical mesh is superimposed for 
reference; the potential repository is located in the middle of the region, where there is a 
relatively uniform rectangular grid.  

Comparison of the three flux maps in Figure 3.2-8 shows that the simulated distribution of 
percolation flux at the potential repository level is similar to the distribution of net infiltration at 
the surface, but the distribution of percolation flux at the water table is quite different from the 
other two, indicating significant nonvertical flow between the potential repository and the water 
table. The high-infiltration band along the crest of the mountain in the left-hand map is 
somewhat spread out by the time it arrives at the potential repository (center map), and a portion 
of the flow has been diverted down the Solitario Canyon fault. (For location of the Solitario 
Canyon fault, see Figure 3.2-10c.) Similarly, there is significant flow down the other faults as 
well. At the water table (right-hand map), much of the water is flowing down the faults, more so 
in the north than in the south. The fraction of total flow that is in the faults over the entire model
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domain increases from 4 percent at the ground surface to 15 percent at the potential repository 
level to 35 percent at the water table (CRWMS M&O 2000 [145774], Table 3.7-3). The 
diversion of water into flow down faults is much less strong in the southern half of the model 
domain. There, the fraction of flow in faults increases from 4 percent at the ground surface to 
20 percent at the potential repository level and then decreases slightly to 16 percent at the water 
table (CRWMS M&O 2000 [145774], Table 3.7-3). The difference in behavior between the 
northern and southern parts of the model domain occurs because the Calico Hills nonwelded tuff 
is largely zeolitized in the north, resulting in a low-permeability zone and extensive perched 
water, which causes strong lateral diversion to more permeable fault zones in the simulation 
(CRWMS M&O 2000 [145774], Figure 3.7-9).  

3.2.4 Seepage into Drifts 

3.2.4.1 Features, Processes, and Conceptual Model 

Seepage is the movement of liquid water into emplacement drifts. The basic conceptual model 
for seepage is that openings in unsaturated media act as capillary barriers and divert water 
around them (Figure 3.2-12). This capillary barrier effect has been tested in the ESF by niche 
(a side tunnel off the main tunnel) tests, in which water is injected above a niche. Results from 
the tests indicate that most of the water does not seep into an opening less than 1 m (3 ft) below 
the water-release point (CRWMS M&O 2000 [145774], Sections 2.2.2.2.1, 3.9.4). In addition, 
no naturally occurring and continuous seeps have been observed so far in the ESF, although the 
lack of seeps may be partially caused by drying from tunnel ventilation. (A damp feature, with 
no dripping, was observed immediately after dry excavation of Niche 3566; CRWMS M&O 
2000 [145774], Section 2.2.2.2.1).  

For seepage to occur in the conceptual model, the fractures at the drift wall must be locally 
saturated. Drift walls can become locally saturated either by disturbance to the flow field caused 
by the drift opening or by heterogeneity in the permeability field that creates channeled flow and 
local ponding. Of the two causes, the heterogeneity effect is more important. Drift-scale flow 
calculations made with uniform hydrologic properties suggest that seepage will not occur at 
expected percolation fluxes. However, calculations that include heterogeneity do predict 
seepage, with the amount depending on the hydrologic properties and the incoming percolation 
flux (Birkholzer et al. 1999 [105170], Sections 3 and 4). In the seepage conceptual model, there 
is a percolation flux, called the seepage threshold, below which there is no seepage (that is, all 
flow is diverted around the drift opening). Another way to state the effect of heterogeneity is 
that the seepage threshold is lower when the hydrologic properties are heterogeneous than when 
they are uniform.  

Other important factors affecting drift seepage include flow channeling on larger scales (possible 
focusing of flow above drifts), fracture permeability and capillarity, drift geometry and its 
degradation over time, the excavation-disturbed zone around the drifts, and the thermal 
perturbation caused by emplacement of waste (CRWMS M&O 2000 [145774], Sections 3.9.1 
and 3.9.3). Capillarity refers to the tendency of a liquid to be held in a pore space or fracture by 
virtue of its surface tension and adhesion to the solid surface. Capillarity is represented by a 
model parameter called a (the fracture air-entry parameter), which is proportional to the 

effective fracture aperture. Capillary forces are weaker when the cx parameter is larger, which
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means that water can seep into a drift more easily when a is larger. The excavation-disturbed 
zone refers to the region around an excavation where fracture properties are changed from their 
pre-excavation values. Generally, fractures open up somewhat in the excavation-disturbed zone, 
and the rock may be broken to create new fractures as well. One result is that fracture 
permeability is increased significantly in this zone.  

As with the modeling of mountain-scale flow, the dual-permeability model would be preferred 
for modeling seepage at the drift scale. However, to simplify the drift-scale calculations, effects 
of the rock matrix were not considered, and flow was calculated using a model for only the 
fracture continuum. This simplification is conservative compared to the dual-permeability 
model, because the effect of including the matrix would be to decrease the fracture flow and 
reduce the amount of seepage. (The large capillary suction in matrix pores prevents matrix flow 
from seeping into drift openings.) 

Short-term episodic infiltration transients can be neglected because of the buffering effect of the 
Paintbrush nonwelded hydrogeologic unit above the potential repository (CRWMS M&O 2000 
[145774], Sections 1.2.3, 3.3.6, 3.3.7, 3.7.3.1). However, near-drift transients caused by 
potential-repository heating, and long-term transients due to climate change, are included in the 
seepage abstraction for TSPA by taking percolation flux above the drifts from the thermal 
hydrology model as the input, rather than simply using the percolation flux from the mountain
scale flow model. No credit is taken for seepage reduction due to evaporation and imbibition of 
water percolating through the hot, dry near-field rock during the thermal pulse. There is 
additional discussion of thermal effects on seepage in Section 3.3.3. The seepage abstraction 
also includes effects of drift degradation and flow channeling.  

3.2.4.2 Implementation in the Total System Performance Assessment 

Modeling of seepage into drifts was done in three steps (see Figure 3.2-13): 

1. Conceptual models were tested against data from the niche seepage tests, and 
calibrated properties were derived for one of the niches (CRWMS M&O 2000 
[145774], Section 3.9.4). Fracture permeability is measured by means of air-injection 
tests, but the capillary parameter cc cannot be measured directly. Calibrating the three
dimensional, heterogeneous seepage process model against seepage tests produced a 
value for the fracture ax parameter that implicitly includes discrete-fracture effects and 
effects of the excavation-disturbed zone around the niche. (Note that the niche used 
for calibration was in the Topopah Spring middle nonlithophysal hydrogeologic unit, 
whereas most of the potential repository is to be in the lower lithophysal unit. Also, 
the niche was excavated with a road header, whereas the emplacement drifts are to be 
excavated by tunnel boring machine. The effect of these differences on the results, if 
any, has not been evaluated as yet.) 

2. Because of uncertainty and spatial variability in percolation flux and fracture 
hydrologic parameters, the seepage process model was run for a wide range of 
parameter inputs (CRWMS M&O 2000 [145774], Section 3.9.5). Also, several other 
effects were evaluated, including changes in drift shape due to rockfall and possible 
correlation between fracture permeability and cc parameter.
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3. A probabilistic seepage abstraction model was developed using the results of the 
simulations from step 2, including adjustments to account for drift degradation, 
possible preferential paths provided by degraded rock bolts, possible correlation 
between fracture permeability and c parameter, and channeling of flow above the 
drifts (CRWMS M&O 2000 [145774], Section 3.9.6).  

The purpose of the seepage abstraction model is to provide estimates of the amount of seepage 
that might interact with a waste package. Thus, the modeling in steps 2 and 3 focused on a drift 
segment of length equal to the average waste-package length plus the spacing between waste 
packages, making the segment length 5.1 m + 0.1 m = 5.2 m (16.7 ft + 0.3 ft = 17 ft). The drifts 
are 5.5 m (18 ft) in diameter. (See Section 1.7 for additional description of the potential 
repository design.) In the simulations, the amount of seepage reported included all water that 
entered the drift, regardless of whether it seeped in at the top, bottom, or side. The seep flow rate 
is defined to be the rate of water flow into a drift segment. In TSPA simulations, the seep flow 
rate is treated as a sampled random variable that is both spatially variable and uncertain.  

The connections between seepage into drifts and other TSPA model components are shown in 
Figure 3.2-14. The uncertainty distributions described in Section 3.2.4.3 are used directly by the 
TSPA model to generate seepage histories. Seepage information is passed by the TSPA model to 
the other model components as required.  

3.2.4.3 Treatment of Uncertainty and Variability 

Within the TSPA model, seepage is parameterized by four quantities: the seepage fraction 
(fraction of waste-package locations that have seepage), the mean seep flow rate for locations 
with seepage, the standard deviation of seep flow rate for locations with seepage, and a 
flow-focusing factor that represents effects of flow channeling (because only a subset of 
fractures are actively flowing). Uncertainty distributions have been developed for these four 
quantities, and values are sampled from the uncertainty distributions for each realization 
(Table 3.2-3).  

Table 3.2-3. Uncertainty Distributions Used to Represent Seepage 

Parameter Distribution Type 
Seepage fraction (fraction of locations with Triangular. Minimum, most likely, and maximum are 
seepage), fs functions of percolation flux (see Figure 3.2-15 in 

Section 3.2.4.4) 
Mean seep flow rate for locations with seepage, pQs Triangular. Minimum, most likely, and maximum are 

functions of percolation flux (see Figure 3.2-15 in 
Section 3.2.4.4) 

Standard deviation of seep flow rate for locations with Triangular. Minimum, most likely, and maximum are 
seepage, cQs functions of percolation flux 

Log-uniform: 

Flow-focusing factor, F 1 to 47 for low-infiltration case 
1 to 22 for medium-infiltration case 
1 to 9.7 for high-infiltration case 

Source: CRWMS M&O 2000 [145774], Sections 3.9.6.3 and 3.9.6.4
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In step 3 above, it was concluded that computed seepage primarily depends on the input 
percolation flux and on the ratio of the geometric mean of the heterogeneous permeability field 
to the fracture (x parameter. Using available data, distributions to represent spatial variability 
and uncertainty were developed for that ratio. These distributions were combined with the 
seepage-model results to obtain spatial-variability and uncertainty distributions for seepage as a 
function of percolation flux (CRWMS M&O 2000 [145774], Section 3.9.6.4). Distributions of 
the degree of flow focusing above the drifts were determined based on estimates of spacing of 
actively flowing fractures in the mountain-scale flow model (CRWMS M&O 2000 [145774], 
Section 3.9.6.3). As indicated in Table 3.2-3, the seepage fraction and seep flow rate 
distributions are functions of percolation flux; the flow-focusing factor is a constant for a given 
TSPA realization, but varies for the different infiltration cases.  

Seepage is highly variable in space because of both variability in percolation flux and 
heterogeneity in fracture hydrologic properties. Within each TSPA realization, seep flow rate is 
distributed according to the quantities in Table 3.2-3. To explain, first consider a simpler 
situation in which percolation dependence and the flow-focusing factor are neglected. In this 
situation, the spatial distribution of seep flow rate, Q•, is described by the seepage fraction fi, 
mean seep flow rate .Qs, and standard deviation of seep flow rate aQs. The seepage fraction, fi, 
gives the fraction of locations that have nonzero seepage. Locations with nonzero seepage have 
a local seepage threshold that is lower than the local percolation flux. For the locations with 
seepage, Q, is sampled from a distribution with mean gt, and standard deviation aQs. A beta 
probability distribution is used because a lower bound of zero can be specified (a normal 
distribution would not be appropriate because it would include negative flow rates). A beta 
distribution also requires an upper bound, so an arbitrary large upper bound is specified.  
The upper bound does not significantly affect the sampling as long as it is well above the 
sampled values.  

The extension to the situation with fi, g&, and GQs as functions of percolation flux is 
straightforward, requiring only that the values appropriate to the local percolation flux be used at 
each spatial location. The flow-focusing factor F is included by multiplying the percolation flux 
at a location by F and then determining fi, J•tL, and aQs, based on that higher flux. The results 
must then be adjusted because a higher, focused, percolation flux in one location implies lower 
flux somewhere else in order to conserve water mass. Flow focusing generally implies lower 
seepage fractions and higher seep flow rates, with the total amount of seepage higher than it 
would have been without focusing (CRWMS M&O 2000 [142004], Section 6.3.3.2.1). Details 
of the sampling method can be found in Total System Performance Assessment (TSPA) Modelfor 
Site Recommendation (CRWMS M&O 2000 [148384], Section 6.3.1.3).  

As mentioned in Section 3.2.4.1, the percolation flux for input to the seepage abstraction model 
is taken from the thermal hydrology model in order to approximate thermal perturbations to 
seepage (as noted in that section, seepage during the thermal period is over predicted because no 
credit is taken for seepage reduction due to evaporation and imbibition of water percolating 
through the hot, dry near-field rock). For the TSPA simulations, thermally perturbed percolation 
histories are available at 610 repository locations (Section 3.3.3). However, engineered-system 
calculations within the TSPA model are based on 30 environment groups (Section 3.3.2).  
Quantities such as temperature and relative humidity are averaged over those groups for use by 
most of the engineered-system models. (The exceptions are waste-package and drip-shield
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degradation, which use information from the 610 locations directly.) Because of the nonlinear 
relationship between seepage and percolation flux, seepage histories are generated for all the 
locations in each environment group and then averaged for use by the other models, rather than 
averaging the percolation flux and calculating seepage from the averaged percolation history.  

3.2.4.4 Results and Interpretation 

Figure 3.2-15 shows some results of the seepage modeling. The top graph illustrates the 
distribution of seepage fraction, or fraction of waste-package locations with seepage (f,).  
The bottom graph illustrates the distribution of mean seep flow rate for locations with seepage, 
which is the average rate of water flow into the drift at locations with seeps (p&s). Each graph 
shows the three quantities that define the triangular uncertainty distribution. At a given 
percolation flux, there is a minimum value, a most likely value, and a maximum value.  
The minimum and maximum values define the base of the triangle, and the most likely value 
defines the location of the peak of the triangle. The graph for standard deviation of seep flow 
rate (cas) is not shown because it is quite similar to the graph for mean seep flow rate.  
The standard deviations of seep flow rate are nearly as large as the mean in most cases and even 
larger than the mean in a few cases. These large standard deviations result from the large 
differences in seepage from one set of process-model simulations to another and indicate a large 
spatial variability of seepage. Values of GQs (and the other quantities) are tabulated in 
Unsaturated Zone Flow and Transport Model Process Model Report (CRWMS M&O 2000 
[145774], Table 3.9-2).  

3.2.5 An Alternative Long-Term Climate Definition 

The base-case climate model has no climate changes after 2000 years (Section 3.2.1). For the 
long time period necessary for determination of the peak dose, it is more appropriate to use a 
climate model that includes full-glacial climates and interglacial climates in addition to the 
average climate. For this reason, an extended climate model for times up to 1 million years was 
developed (CRWMS M&O 2000 [153038]). This more detailed climate is used only in 
Section 4.1.3 of this report. It is based on paleoclimate data in the same way as the 10,000-year 
climate model is (see Section 3.2.1). The extended climate is summarized in Tables 3.2-4 and 
3.2-5, which show the climate sequence and climate analogs, respectively. Some explanation 
and discussion follows.  

Table 3.2-4. Climate Sequence from 10,000 to 1 Million Years

Climate State Begin Time (years) End Time (years) 

Intermediate/Monsoon 10,000 38,000 

Glacial, Stage 8/10 38,000 49,000 

Intermediate 49,000 65,000 

Interglacial 65,000 77,000 

Intermediate/Monsoon 77,000 106,000 

Glacial, Stage 8/10 106,000 120,000 

Intermediate 120,000 137,000
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Table 3.2-4. Climate Sequence from 10,000 
(Continued)

to 1 Million Years

Climate State Begin Time (years) End Time (years) 
Interglacial 137,000 148,000 
Intermediate/Monsoon 148,000 200,000 
Glacial, Stage 6/16 200,000 213,000 
Intermediate 213,000 229,000 
Interglacial 229"000 241,000 
Intermediate/Monsoon 241,000 291,000 
Glacial, Stage 4 291,000 329,000 
Intermediate 329,000 345,000 
Interglacial 345,000 355,000 
Intermediate/Monsoon 355,000 401,000 
Glacial, Stage 8/10 401,000 409,000 
Intermediate 409,000 422,000 
Interglacial 422,000 432,000 
Intermediate/Monsoon 432,000 471,000 
Glacial, Stage 8/10 471,000 482,000 
Intermediate 482,000 497,000 
Interglacial 497,000 507,000 
Intermediate/Monsoon ,507,000 555,000 
Glacial, Stage 6/16 555,000 595,000 
Intermediate 595,000 611,000 
Interglacial 611,000 622,000 
Intermediate/Monsoon 622,000 672,000 
Glacial, Stage 4 672,000 688,000 
Intermediate 688,000 704,000 
Interglacial 704,000 715,000 
Intermediate/Monsoon 715,000 761,000 
Glacial, Stage 8/10 761,000 788,000 
Intermediate 788,000 801,000 
Interglacial 801,000 811,000 
Intermediate/Monsoon 811,000 854,000 
Glacial, Stage 8/10 854,000 864,000 
Intermediate 864,000 877,000 
Interglacial 877,000 887,000 
Intermediate/Monsoon 887,000 934,000 
Glacial, Stage 6/16 934,000 957,000 
Intermediate 957,000 970,000 
Interglacial 970,000 981,000 
Intermediate/Monsoon 981,000 1,000,000 

Source: CRWMS M&O 2000 [153038], Table 6-6
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Table 3.2-5. Analog Sites for Extended-Climate States 

Representative 
Climate State Meteorological Stations Substitutions 

Interglacial Climate Yucca Mountain and vicinity 

(same as Present-Day) 

Upper Bound: 

Spokane, Washington 

Intermediate Climate Rosalia, Washington 

(same as Glacial- St. John, Washington 
Transition) Lower Bound: 

Beowawe, Nevada 

Delta, Utah 

Oscillations between Intermediate Climate is used 
Intermediate/Monsoon Intermediate and Monsoon as a substitute for 
Climate climate states Intermediate/Monsoon 

Upper Bound: Lake Yellowstone, Wyoming is 
Chewelah, Washington used as a substitute for 

Chewelah, Washington 

Glacial Climate, Lower Bound: 

Stage 8/10 Spokane, Washington 

Rosalia, Washington 

St. John, Washington 
Upper Bound: 

Lake Yellowstone, Wyoming 
Glacial Climate, Lower Bound: 
Stage 6/16 

Browning, Montana 
Simpson, Montana 

Upper Bound: Lake Yellowstone, Wyoming is 

Browning, Montana combined with Browning and 
Simpson, Montana for this 

Glacial Climate, Simpson, Montana case 
Stage 4 

Lower Bound: Simpson, Montana is used as 

Elko, Nevada a substitute for Elko, Nevada 

Source: Analogs in column 2 from CRWMS M&O 2000 [153038 ], Table 6-3 ; substitutions 
in column 3 are approximations made for this analysis

Six climate states are specified for the post-i 0,000-year climate sequence: interglacial, 
monsoon, intermediate, and three different full-glacial climates. The present-day climate is an 
interglacial climate, and present-day climate is used as an analog for future interglacial climates 
as well. The intermediate climate is the same as the glacial-transition climate (CRWMS M&O 
2000 [153038], Section 6.1). Preceding each glacial state in the climate sequence is a period 
called intermediate/monsoon, when the climate is alternating between those two states (CRWMS 
M&O 2000 [153038], Table 6-6). For TSPA simulations, the climate sequence was simplified 
by lumping together the alternating intermediate and monsoon climates into a single intermediate 
climate state. This approximation is acceptable for TSPA because monsoon climate is estimated 
to occur for less than 7 percent of the intermediate/monsoon climate state (CRWMS M&O 2000 
[153038], Section 7).
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Past climates are described with a terminology that refers to different climate periods as stages 
(which are based on oxygen isotope ratios from marine carbonate records). The current 
interglacial period is stage 1, the most recent glacial period was stage 2, the interglacial period 
before that was stage 3, and so on. In developing the post-10,000-year climate sequence, stages 
1-3 were combined because that provides a better fit to the Devils Hole and Owens Lake data 
(CRWMS M&O 2000 [153038], Section 6.4.5). The future-climate sequence was developed by 
observing that the stage 11 interglacial period was similar to the stage 1 interglacial period or the 
combination stages 1-3 period. Thus, the expectation is that the next glacial period in our future 
will be like stage 10, the glacial period after that like stage 8, etc. (CRWMS M&O 2000 
[153038], Section 6). Glacial stages 8 and 10 were similar, so the same analogs are specified for 
them in the climate sequence; similarly, stages 6 and 16 were similar (CRWMS M&O 2000 
[153038], Section 6.3).  

As indicated in Table 3.2-5, three substitutions were made in the full-glacial analogs for TSPA 
simulations: Lake Yellowstone, Wyoming, was used to represent the stage-8/10 upper-bound 
climate instead of Chewelah, Washington; Simpson, Montana, was used to represent the stage-4 
lower-bound climate instead of Elko, Nevada; and Lake Yellowstone, Wyoming was combined 
with Browning and Simpson, Montana for the stage-4 upper-bound climate. The first two 
substitutions were made because infiltration results were not available for the Chewelah and 
Elko climate analogs. The substitutions are conservative in that the substituted sites all have 
greater effective moisture (some combination of lower average annual temperature and greater 
average annual precipitation) than the originally specified sites: Simpson has mean annual 
precipitation higher than Elko and mean annual temperature lower than Elko (CRWMS M&O 
2000 [153038], Table 6-3), both of which tend to increase net infiltration. Lake Yellowstone has 
mean annual precipitation slightly lower than Chewelah, but has significantly lower mean annual 
temperature, which should result in greater net infiltration for the Lake Yellowstone analog. The 
third substitution was made so that the stage-4 glacial period would be colder and wetter than the 
intermediate climate in the TSPA model. The third substitution is also clearly conservative 
because Lake Yellowstone is much wetter than Browning and Simpson.  

Net infiltration maps were generated for the additional climate analogs using the same method as 
described in Section 3.2.2. The results are summarized in Table 3.2-6, which shows the 
repository-average net infiltration for the glacial-climate cases.  

Table 3.2-6. Average Net Infiltrations for the Glacial Infiltration Cases

Glacial Climate, Glacial Climate, Glacial Climate, 
Infiltration Case Stage 8M10 Stage 6/16 Stage 4 

Low infiltration 37 mm/yr 28 mm/yr 17 mm/yr 

Medium infiltration 71 mm/yr8  71 mm/yra 28 mm/yrb 

High infiltration 110 mm/yr 110 mm/yr 71 mm/yr 

Source: CRWMS M&O 2000 [153002], file OIS16-results2.doc 

NOTES: 25.4 mm = 1 in.  
aAverage of high and low cases for glacial climate, stage 6/16 

bLow case for glacial climate, stage 6/16
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One aspect of the method described in Section 3.2.2 was simplified for this analysis. For 
monsoon and glacial-transition climates, the medium-infiltration case was generated by 
averaging the low- and high-infiltration cases at each location in the infiltration maps (see 
Section 3.2.2.3). The same approach was followed for glacial climate, stage 6/16. However, in 
order to reduce the number of new UZ-flow simulations needed, the medium-infiltration cases 
for glacial climate stages 8/10 and 4 were replaced by cases already available. For stage 8/10, 
the medium-infiltration case for stage 6/16 was used, and for stage 4, the low-infiltration case for 
stage 6/16 was used.  

The extended climate model is illustrated in Figure 3.2-16, which shows repository-average net 
infiltration over time up to 1 million years for the three infiltration cases. The first 10,000 years 
in this figure are the same as Figure 3.2-7. The part of the figure after 10,000 years combines the 
climate sequence in Table 3.2-4 with the average infiltrations in Tables 3.2-2 and 3.2-6.  

Mountain-scale UZ flow fields were generated for four new cases for this extended climate 
analysis: glacial-climate, stage-6/16, low-infiltration case, glacial-climate, stage-6/16, medium
infiltration case, glacial-climate, stage-6/16, high-infiltration case, and glacial-climate, stage 4, 
low-infiltration case. All other cases are represented either by these or by a glacial-transition 
case that was already available. For calculation of UZ transport within the TSPA simulation, the 
UZ flow fields are used in sequence, with the sequence defined by Tables 3.2-1 and 3.2-4.  

New thermal hydrology results were not generated for the extended climate analysis. The 
extended climate sequence does not diverge from the base-case climate sequence until 38,000 
years, by which time temperatures are near ambient, so changes in thermal hydrology from the 
base case would be very small. However, the additional climate changes are important to 
seepage and, as mentioned in Section 3.2.4.2, in the TSPA nominal base case, percolation flux 
above the drifts is taken from the thermal hydrology model for input to the seepage abstraction 
within the TSPA model. Since the climate changes after 38,000 years are not included in the 
thermal hydrology, it is necessary to use a different percolation input to the seepage abstraction 
at later times. This is done by treating the spatial distribution of infiltration for each climate state 
and infiltration case as a probability distribution, from which values are sampled for input to the 
seepage abstraction. The sampling is correlated with the percolation values for the glacial
transition climate so that a given location remains either wet or dry over time. As with the base 
case, this procedure is done separately for the five infiltration bins described in Section 3.3.2.  
Note that the infiltration bins are still based on glacial-transition climate since it is in effect most 
of the time (intermediate climate is the same as glacial-transition).  

3.3 ENGINEERED BARRIER SYSTEM ENVIRONMENTS 

EBS environments refer to the thermodynamic and chemical environments within the 
emplacement drifts. These environments form the background on which the engineered 
components of the potential repository evolve. The environmental characteristics discussed in 
this section include degradation of the drift itself (including rockfall into the drifts), temperature, 
RH, liquid saturation, pH, and liquid and gas composition at various locations within the drifts.  
Thermal effects on flow and chemistry outside the drifts are also discussed, as they affect the 
amount and composition of water and gas entering the drifts.
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The EBS environments are important to the potential repository performance to the extent that 
they help determine degradation rates of the engineered barrier components, quantities and 
species of mobilized radionuclides, and transport of radionuclides and fluids through the drift 
into the UZ. The principal performance-related engineered barrier components that initially 
prevent water contact with waste forms and determine fluid transport paths are the drip shield 
and the waste package. Waste form degradation determines quantities and species of mobilized 
radionuclides. The EBS chemical environments also affect radionuclide solubility, colloid 
loading with radionuclides, and colloid stability, all of which affect the mobile radionuclide 
source term for transport. Fluid transport paths and rates, coupled with the source term, 
determine radionuclide release rates to the UZ. Environmental effects on waste-package and 
drip-shield degradation are discussed in Section 3.4; environmental effects on waste-form 
degradation and radionuclide mobilization are discussed in Section 3.5; and environmental 
effects on fluid and radionuclide transport are discussed in Section 3.6.  

The following sections discuss drift degradation, grouping of waste packages within the TSPA 
model, thermal hydrology, and in-drift chemistry. These aspects of the EBS environments are 
discussed in terms of submodels that serve as bases for quantitative evaluations and predictions.  
The relationships of the EBS environmental submodels with each other and with other TSPA 
components are diagrammed in Figure 3.3-1.  

3.3.1 Drift Degradation 

This section describes the deterioration of the rock mass surrounding the potential repository 
emplacement drifts. Deterioration occurs by failure of fractures that bound blocks of rock at the 
drift walls and falling of those blocks into the drift. The description of deterioration is given in 
terms of a key block analysis (CRWMS M&O 2000 [151635]), which is a tool used for the 
following purposes: 

"* Provide a statistical description of block sizes formed by fractures around the 

emplacement drifts 

"* Estimate changes in drift profiles due to fallen blocks of rock 

"* Provide an estimate of the time required for significant drift deterioration to occur.  

Drift degradation has the potential to affect drip shield integrity and thermal-hydrologic 
environments in drifts. The results of the drift degradation model and analysis were used to 
assess those effects, and they were found to have negligible impact for TSPA calculations.  
Results and an interpretation are given in Section 3.3.1.4.  

3.3.1.1 Features, Processes, and Conceptual Model Related to Drift Degradation 

Key blocks are formed at the surrounding rock mass of an excavation by the intersection of three 
or more planes of structural discontinuities, as shown in Figure 3.3-2, (taken from 
CRWMS M&O 2000 [151635], Figure 1). Key blocks can become dislodged (termed block 
failure) and fall because of seismic thermal effects and time-dependent effects. Those features 
and processes constitute the conceptual model for drift degradation. Quantification of drift
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degradation by block failures and falls is the output of a key block analysis 
(CRWMS M&O 2000 [151635]). Abstracted results from that analysis are given in 
Section 3.3.1.4.  

The conceptual model and analysis are supported by the following field observations of these 
features, which are documented in Drift Degradation Analysis (CRWMS M&O 2000 [151635], 
Section 6.2). Sources of mapping information, including observation stations, are also described 
in Drift Degradation Analysis (CRWMS M&O 2000 [151635], Section 4.1). Key blocks in the 
5-m diameter cross drift are first evident in the crown at about Station 10+50 in the Topopah 
Spring Tuff crystal-poor middle nonlithophysal zone (Tptpmn) unit. Most of the key blocks in 
this region are of minor size and, typically, fall immediately after excavation, prior to ground 
support installation. Key blocks are possible in this area because of the increased presence of the 
plane of weakness (i.e., a vapor-phase parting) in the near-horizontal orientation that intersects 
with two opposing near-vertical joint planes. Fallout from these key blocks during excavation is 
typical of the rock in the middle nonlithophysal zone (Tptpmn) of the TSw2 thermal-mechanical 
unit. The largest resultant void is about 0.5 m3 at approximately Station 11+55. No unstable key 
blocks were observed in the field. For a modeled drift azimuth of 45 degrees, which corresponds 
most closely with the Cross Drift azimuth of 49 degrees (CRWMS M&O 1998 [113521], p. 10), 
75 percent of the blocks simulated were less than 0.27 cubic meters, and 90 percent of the blocks 
simulated were less than 1.15 cubic meters (CRWMS M&O 2000 [151635], Table 12). The 
maximum block observed in the Cross Drift is captured within this range. Modeled blocks occur 
most frequently in the Tptmn unit (CRWMS M&O 2000 [151635], Table 15), which agrees with 
field observations.  

The approach to this probabilistic key block drift degradation analysis, provided in Drift 
Degradation Analysis (CRWMS M&O 2000 [151635], Section 6.3), involves the following: 

"* Analyze blocks, and their associated joints, that have fallen in the field 

"* Collect and assess joint geometrical data and joint frictional properties data from the 
ESF main loop and Enhanced Characterization of the Repository Block Cross Drift 
(CRWMS M&O 2000 [151635], Section 3.2) to develop the joint modeling inputs for 
DRKBA software (CRWMS M&O 2000 [149991]) 

" Analyze the joint data to assess the potential formation of key blocks using DRKBA, 
including the maximum block size 

"* Analyze the seismic and thermal effects on joint and block movement 

"* Analyze the DRKBA block-size distribution data for each of the four lithologic unit 
within the potential repository host horizon 

"* Determine the number and average volume of rockfall per unit length of drift for various 
levels of seismic hazard
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* Evaluate postclosure frequency of block failure for 10,000 years

* Analyze the drift profile, showing the progressive movement of joints and blocks, with 
time.  

3.3.1.2 Integration of Drift Degradation within Total System Performance Assessment 

Effects of drift degradation (rockfall) on drip shield breaching and thermal hydrology effects 
were identified as having potential impact on TSPA calculations and were evaluated. Evaluation 
results are given in Section 3.3.1.4.  

3.3.1.3 Treatment of Uncertainty 

The representativeness of the DRKBA rock fall model is affected by how well the fracture data 
inputs describe the actual fracture conditions at the emplacement drift horizon. The natural 
variability of fractures within a rock mass always represents uncertainty in the design of 
structures in rock. The uncertainty of fracture geometry (i.e., the orientation, spacing, and trace 
length of fractures) anticipated at the emplacement drift horizon has been diminished with the 
construction and subsequent detailed fracture mapping of the approximately 10 km of tunnels 
that comprise the ESF. Two approaches were used to collect fracture data in the ESF: full
periphery geologic mapping and detailed line surveys. The full-periphery geologic mapping 
presents a full-periphery map of the tunnel walls as encountered in the subsurface excavation.  
The detailed line survey presents a detailed inventory of fractures and associated attributes that 
intersect the survey line along the tunnel wall. The vast amount of fracture data collected from 
the north-south-trending Main Drift and the east-west-trending Cross Drift provide a very good 
representation of the range of fractures anticipated at the emplacement drift horizon.  

The degree of fracture characterization at Yucca Mountain far exceeds that done in typical 
tunneling projects throughout the world. Typically, tunneling projects will rely on a series of 
boreholes to characterize fractures anticipated at the tunnel horizon. Because of the limited 
exposure of the rock mass when using borehole information, the uncertainty associated with 
predictions from fracture geometry data for typical tunneling projects can be considerably greater 
than that in the DRKBA rock fall model for the Yucca Mountain Project. The fracture mapping 
of the tunnels in the ESF provides a high degree of confidence that the full range of fracture 
characteristics anticipated at the emplacement drift horizon has been sampled. Because the full
periphery geologic mappings depict an unrolled view of the full periphery of the subsurface 
excavation, they represent a true volume sampling of the rock mass. This range of fracture 
variability from tunnel mapping has been captured in the DRKBA rock fall model through 
multiple Monte Carlo simulations of the rock mass, thus providing a realistic representation of 
the fractured rock mass at the emplacement drift horizon.  

To assess the uncertainties associated with the seismic component of the DRKBA rock fall 
model, alternative analytical methods involving the dynamic functions of the distinct element 
code UDEC (CRWMS M&O 2000 [151635], Section 6.3.1) were used to verify the approach.  
Furthermore, the seismic component of the DRKBA rock fall model is validated by comparing 
the results of the model (CRWMS M&O 2000 [151635]) to case histories of various 
underground structures subjected to earthquakes. The seismic effect on both the size and number
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of blocks in the DRKBA rock fall model is relatively minor, which is consistent with the case 
histories.  

Another source of uncertainty in the DRKBA rock fall model is the effect of thermal loading on 
block development. Due to the lateral confinement of the rock, the predicted thermal stress is 
highest in the horizontal direction. The high horizontal thermal stress will likely provide a 
locking effect for the blocks formed by the predominant vertical joint sets during the heating 
period, thus potentially reducing the size and number of blocks developed. However, this 
locking effect has been conservatively ignored in the DRKBA rock fall model. The DRKBA 
approach assumes that time-dependent and thermal degradation occurs mainly due to the 
reduction of joint cohesion. Joint cohesion exists due to the asperities along the joint surface.  
These asperities may shear off with time and they may shear off due to the increase shear stress 
caused by the thermal effect. To account for uncertainties associated with the thermal and time
dependent effects on rock fall, a conservative reduction of the joint cohesive strength has been 
included in the model. Shear strength experiments using core from the emplacement drift 
horizon resulted in a cohesion value of 0.86 MPa with a standard error of ±0.81 Mpa (CRWMS 
M&O 2000 [151635], Section 7). Due to this wide error range in laboratory values, the joint 
cohesion in the DRKBA rock fall model was conservatively initialized as 0.1 MPa. Over a 
period of 10,000 years, joint cohesion was further reduced to 0.01 MPa.  

3.3.1.4 Abstracted Results and Interpretation 

Predictions of key blocks forming at the performance confirmation drifts and emplacement drifts 
located in the four lithologic units were calculated. The results are presented for both a static key 
block assessment and a quasi-static key block assessment to account for seismic, thermal, and 
time effects on key blocks. The method used for the quasi-static analysis to simulate the seismic 
effect is described in Drift Degradation Analysis (CRWMS M&O 2000 [151635], Section 6.3.4).  
Three levels of earthquake, representing a 1,000-year event (Level 1), a 5,000-year event 
(Level 2), and a 10,000-year event (Level 3), are considered. The License Application Design 
Selection drift orientation, with an azimuth of 1050, is the designated orientation for the quasi
static analysis.  

In the DRKBA analysis, random joint patterns are generated, with joint centers positioned in 
three-dimensional space, considering each joint set in sequence for each Monte Carlo simulation.  
The forming of key blocks is, therefore, different in each Monte Carlo simulation. Test runs 
were conducted to determine an adequate number of Monte Carlo simulations for the analyses, 
as described in Attachment IV of the reference AMR. Based on the test-run results, 
200 Monte Carlo simulations are adequate for the Tptpmn unit and 400 Monte Carlo simulations 
are adequate for the rest of the units.  

Predicted numbers and average volumes of key blocks per unit length (km) along emplacement 
drift with seismic consideration are given in Tables 3.3-1 and Table 3.3-2, respectively (taken 
from CRWMS M&O 2000 [151635], Tables 20 and 21). Small seismic-effects on numbers and 
volumes of key blocks are shown.
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Table 3.3-1. Predicted Number of Key Blocks per Unit Length along Emplacement Drift, with 
Seismic Consideration 

Static Plus Seismic (km"') 
Lithologic Unit Static (km-') Level I Level 2 Level 3 

Tptpul 15 15 17 17 
Tptpmn 37 38 40 40 
Tptpll 3 3 3 3 
Tptpln 3 3 5 5 

Source: CRWMS M&O 2000 [151635], Table 20 

Table 3.3-2. Predicted Average Volume of Key Blocks per Unit Length along Emplacement Drift, with 
Seismic Consideration 

Static Plus Seismic (m31km) 

Lithologic Unit Static (m31km) Level I Level 2 Level 3 
Tptpul 4.9 5.0 9.5 12.1 

Tptpmn 18 25.9 32.3 .32.3 
Tptpll 0.8 0.8 0.8 0.8 
Tptpln 3.0 5.5 14.4 14.4 

Source: CRWMS M&O 2000 [151635], Table 21 

Block volumes corresponding to various levels of predicted cumulative frequency of occurrence 
are also given in Drift Degradation Analysis (CRWMS M&O 2000 [151635], Section 6.4.1.1).  

An analysis was done using an approach that accounts for the time-dependent and thermal effect 
on joint cohesion degradation. The development and justification of this approach is described 
in Drift Degradation Analysis (CRWMS M&O 2000 [151635], Section 6.3.5 and 
Attachment VI). Four different times are selected for the analysis: 0 years (static condition), 
200 years, 2,000 years, and 10,000 years. The reduction of joint cohesion was calculated, 
ranging from an initial value of 0.1 Mpa to 0.02 Mpa at year 200 and 0.01 Mpa at years 2,000 
and 10,000. Note that the reduction of joint cohesion is predicted to be very small in the period 
between years 2,000 and 10,000.  

The predicted number of key blocks per kilometer of drift for the License Application Design 
Selection orientation is listed in Table 3.3-3. Only minor increases of key blocks are predicted 
between year 200 and year 2,000. No change is predicted from year 2,000 to year 10,000. The 
predicted average volume of rockfall per unit length of drift is listed in Table 3.3-4.  

Table 3.3-3. Predicted Number of Key Blocks per Unit Length along Emplacement Drift, with 
Time-Dependent and Thermal Consideration 

Lithologic Unit Static (kmn1) Year 200 (km"1) Year 2,000 (km"1) Year 10,000 (km"') 

Tptpul 15 14 15 15 
Tptpmn 37 37 39 39 

Tptpll 3 4 4 4 
Tptpln 3 4 5 5 

Source: CRWMS M&O 2000 [151635], Figure 23
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Table 3.3-4. Predicted Average Volume of Fallen Key Blocks (predicted average volume of rock fall) per 
Unit Length along Emplacement Drift, with Time-Dependent and Thermal Consideration 

Year 10,000 
Lithologic Unit Static (m31km) Year 200 (m3 1km) Year 2,000 (m31km) (m3 1km) 

Tptpul 4.9 5.1 8.8 8.8 

Tptpmn 18 15.8 19.0 19.0 

Tptpil 0.8 0.8 0.9 0.9 

Tptpln 3.0 3.4 8.4 8.4 

Source: CRWMS M&O 2000 [151635], Figure 24 

The results indicate that time-dependent and thermal effects have a minor impact on rockfall.  

Degraded, worst-case drift cross-section profiles were also predicted, and results are given in 
Drift Degradation Analysis (CRWMS M&O 2000 [151635], Section 6.4.3). Most of the 
emplacement drift openings were not affected by rockfall. The highest percentage of drift 
affected by rockfall was 16 percent in the Tptpmn unit. The Tptpmn unit also produced the 
largest volume of key blocks per kilometer.  

More detailed block volume results are provided in the Supporting Rock Fall Calculation for 
Drift Degradation: Drift Reorientation with No Backfill (CRWMS M&O 2000 [149639], 
Section 6.4).  

Effects of the above drift degradation (rockfall) results on drip shield breaching and thermal 
hydrologic effects were assessed and found to be negligible for TSPA calculations.  
The potential for cracking of a drip shield because of the impact of a rock on it was assessed and 
found to be negligible (CRWMS M&O 2000 [147396]). Rocks as large as 52 metric tons were 
considered.  

The transient, dynamic response of the DS to impact from a large rock block has been evaluated 
with a detailed finite-element model (CRWMS M&O 2000 [149574]). These analyses 
considered blocks weighing 2 MT, 4 MT, 6 MT, 8 MT, and 52 MT and also considered 
on-center and off-center rock falls. The drip shield does not fail catastrophically for either the 
on-center or the off-center impacts (CRWMS M&O 2000 [149574], Figures 111-7 and 111-15).  
In fact, it is seen to retain its basic "mail box" shape. However, there is some permanent 
deformation. For example, the permanent displacement of the crown of the drip shield is 
approximately 70 mm for a 6 MT block and 80 mm for a 52 MT block. (CRWMS M&O 2000 
[149574], Figures III-10 and 111-16).  

The finite-element analyses are conservative, particularly near the ends of the drip shield, 
because the overlap between adjacent drip shields are ignored. The overlap will tend to reduce 
the permanent displacement of the crown locally, providing added stability for a part of the drip 
shield that is critical as a flow barrier. The degree of conservatism in ignoring the overlap has 
not been quantified.  

A second effect from rock fall has also been considered in these analyses. The permanent 
deformation from the rock fall generates stress concentrations and damaged regions with a 
potential for SCC. The number of potential cracks per drip shield has been predicted from the
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detailed stress fields in the finite-element calculations (CRWMS M&O 2000 [149574], 
Table 6-1). In theory, these cracks can form advective pathways for liquid flow that can bypass 
the drip shield. In practice, a dense passive corrosion oxide film is expected to fill any through
wall SCCs in Titanium Grade 7 that form after a rock fall (CRWMS M&O 2000 [151949], Item 
No. 4). In addition, evaporation of J-13 water slowly flowing through such a crack will lead to 
rapid scaling by calcite deposition. The ingrowth of corrosion products and the calcite 
deposition are expect to result in a very tightly plugged crack that cannot pass a significant 
advective flux through the drip shield (CRWMS M&O 2000 [151949]).  

The drip shield will continue to function properly provided that the deflection of the crown does 
not cause a continuous fluid pathway to form between adjacent drip shields. The permanent 
vertical displacements from rock fall are small relative to the overlap between adjacent drip 
shields, 595 mm (see Attachment I). In addition, the basic shape of the drip shield is essentially 
unchanged for the impact of even the largest blocks. It is therefore unlikely that a rock fall will 
damage the drip shield to the point that it will not function as a flow barrier.  

The effect of rock fall on the as-emplaced drip shield has therefore been screened out from the 
TSPA-SR. In the as-emplaced condition, there appears to be an adequate margin of safety to 
ensure that the deflection of the crown does not cause a continuous fluid pathway to form and 
that SCCs will not provide significant advective pathways through the drip shield. The effect of 
rock fall has also been screened out as the drip shield degrades, pending more complete analyses 
of drip shield response.  

The effect of rock fall on thermal hydrology is likely to be negligible, because the calculated 
volume of fallen rock is small (about 0.1 percent) compared with the unoccupied drift volume of 
16,650 cubic meters per kilometer of emplacement drift (drift volume outside of the drip shield 
and above the invert). The values of in-drift geometry and dimensional data used to calculate the 
unoccupied drift volume were taken from Figure 2 and Table 2 in Tabulated 1n-Drift Geometric 
and Thermal Properties Used in Drift-Scale Models for TSPA-SR (CRWMS M&O 2000 
[151014]).  

3.3.2 Environmental Groups 

Within the TSPA model, most engineered-system calculations are performed for a limited 
number of waste package locations. In the model, each of these locations is representative of a 
group of waste packages with similar environmental characteristics. Radionuclide releases, for 
example, are calculated for a representative waste package and then scaled up by the number of 
failed waste packages in the group. (Note that the waste packages in a group do not all fail at the 
same time, because additional variability is included in the waste package degradation 
calculation.) 

For the VA, waste package groups were based on physical location (six potential repository 
subregions), waste type (CSNF, codisposal waste, or DSNF), and seepage (always exposed to 
seepage, exposed to seepage during the wettest two climates, exposed to seepage only during the 
wettest climate, or never exposed to seepage) (CRWMS M&O 1998 [100371], Section 11.2.1.3).  
For the SR, the waste package groups are based on infiltration rather than physical location, 
because radionuclide dissolution and release depend more directly on infiltration than on the
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location within the potential repository. The other two discriminators are similar to before, 
though with fewer subdivisions.  

Infiltration Bins-Potential repository locations are grouped according to the infiltration at the 
surface above each location during the glacial-transition climate. Five infiltration bins are 
defined: 0 to 3 mm/yr (0 to 0.1 in./yr), 3 to 10 mm/yr (0.1 to 0.4 in./yr), 10 to 20 mm/yr (0.4 to 
0.8 in./yr), 20 to 60 mm/yr (0.8 to 2.4 in./yr), and 60+ mm/yr (2.4+ in./yr). Glacial-transition 
infiltration is used because the glacial-transition climate is in effect most of the time during a 
TSPA simulation, and it is in effect during later times when radionuclide releases are more 
likely. In principle, it would be preferable to use local percolation flux as the discriminator 
rather than surface infiltration, but the difference between the two is not large (see Figure 3.2-8).  
The division of the potential repository into the five bins for each of the three infiltration cases 
(Section 3.2.2) is shown in Figure 3.3-3. The potential repository footprint in this figure is 
somewhat simplified and is not quite the same as in the final Site Recommendation design.  
Waste packages in low-infiltration realizations are all in the first two bins (i.e., between 0 and 
10 mm/yr, or 0 and 0.4 in./yr), waste packages in medium-infiltration realizations are mostly in 
the third and fourth bins (but with some in the other bins as well), and waste packages in 
high-infiltration realizations are mostly in the fourth and fifth bins (but with some in the second 
and third bins). Additional details can be found in the Draft of AMR Abstraction of NFE Drift 
Thermodynamic Environment and Percolation Flux (CRWMS M&O 2000 [152204], 
Section 6.2) and Total System Performance Assessment (TSPA) Model for Site Recommendation 
(CRWMS M&O 2000 [148384], Section 6.3.1.3). Infiltration (or percolation flux) affects the 
local temperature, RH, seepage, chemistry, and radionuclide transport.  

Waste Type-Waste packages are divided into two types: commercial spent nuclear fuel and 
codisposal waste. Codisposal waste consists of a combination of vitrified HLW and DSNF in a 
waste package. In addition to having different radionuclide inventories, the waste type affects 
the local temperature, RH, seepage, and chemistry, because codisposal waste packages tend to be 
somewhat cooler than CSNF packages.  

Seepage State-Waste package locations are grouped according to whether they have seepage at 
all times, some of the time, or none of the time. (When there is no seepage at a particular 
location and time, it can be said that the local percolation flux is below the local seepage 
threshold.) The seepage state affects the seepage flux, chemistry, and in-drift radionuclide 
transport. In principle, seepage should affect the temperature and RH as well, but that 
back-coupling was neglected in the TSPA model because it is significant only at very early 
times.  

Five infiltration bins times two waste types times three seepage states leads to 30 environmental 
groups that are used to describe conditions for radionuclide mobilization, release, and in-drift 
transport (Sections 3.5 and 3.6). Spatial variability is incorporated into those models by means 
of the environmental groups. These 30 groups are adequate to capture the most important 
aspects of variability within the potential repository-variability in the amount of in-drift water 
flow and in the type of waste, with the variability in thermal hydrologic and chemical 
environments in the TSPA model included consistently.
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3.3.3 Thermal Hydrologic Environments and Seepage Chemistry

The thermal hydrologic environments consist primarily of the temperature and RH at various 
locations within the emplacement drifts. In addition, the in-drift chemistry models require 
information about gas and liquid composition and flow rates, and much of that information 
comes from the thermal hydrology models.  

The following sections discuss the important processes and assumptions, the implementation for 
use in TSPA simulations, how uncertainty and variability are treated in TSPA simulations, and 
some results and interpretations. Additional information on Yucca Mountain thermal hydrology 
and the in-drift environments, including full description and justification of the models and data, 
can be found in three Process Model Reports and associated Analysis Model Reports: 
Near-Field Environment Process Model Report (CRWMS M&O 2000 [153178]), Engineered 
Barrier System Degradation, Flow, and Transport Process Model Report (CRWMS M&O 2000 
[145796]), and Unsaturated Zone Flow and Transport Model Process Model Report 

(CRWMS M&O 2000 [145774]).  

3.3.3.1 Features, Processes, and Conceptual Model 

The potential Yucca Mountain repository will hold radioactive wastes that emit a large amount 
of heat from radioactive decay. This heat will cause a significant disturbance in the potential 
repository environment for thousands of years after waste emplacement. The radioactive decay 
heat causes temperatures to rise and the subsequent vaporization of in situ liquid water, transport 
of water vapor away from the heat source, condensation of water vapor in cooler regions, and 
condensate flow driven by gravity and capillary forces. Thermal gradients affect gas and liquid 
flow in the rock matrix and in fractures, and flow between the fractures and the rock matrix.  

After waste emplacement, heat will flow from the potential repository by conduction through the 
rock and by advection, which means by movement with the gas and water. Through these 
processes, there will be movement of water vapor, liquid water (both ambient percolating water 
and heat-mobilized condensate), and heat. Heating will result in elevated temperatures and 
drying in both the surrounding host rock and 'regions well away from the potential repository.  
The progression of thermal hydrologic processes through time is pictured in Figure 3.3-4.  
Thermally driven mechanical and chemical processes can also potentially cause permanent 
changes to the fluid-flow characteristics of the rock (e.g., by changing permeability and 
porosity).  

Features, events, and processes (FEPs) regarding thermal hydrology are summarized in Near 
Field Environment Process Model Report (CRWMS M&O 2000 [153178], Section 2.5 and 
Appendix C) and discussed in detail in Features, Events, and Processes in Thermal Hydrology 
and Coupled Processes (CRWMS M&O 2000 [142895]). Additional information on in-drift 
FEPs is in Engineered Barrier System Degradation, Flow, and Transport Process Model Report 
(CRWMS M&O 2000 [145796], Sections 1.5.1 and 2.4). Additional information on thermal 
effects on seepage and far-field flow and transport is in Unsaturated Zone Flow and Transport 
Model Process Model Report (CRWMS M&O 2000 [145774], Section 1.2.3). Many of the FEPs 
are standard processes that are fully included in the TSPA model, such as "repository dry out due 
to waste heat" and "resaturation of the repository." Other FEPs are not included in the TSPA
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model (i.e., they are excluded), typically on the basis of low consequence to the expected dose 
(e.g., "changes in fluid saturations in the excavation disturbed zone;" [CRWMS M&O 2000 
[142895], Section 6.2.15). A complete list of primary FEPs and their status (whether included or 
excluded) is given in Appendix B.  

3.3.3.1.1 Thermal Processes at Multiple Scales 

While thermally driven processes are most intense within, and in the immediate vicinity of, the 
emplacement drifts, larger-scale processes must be considered as well, because they affect the 
drift environments. Thermal processes at the drift scale (a few meters to tens of meters, or 
several feet to several tens of feet) include conduction and advection, plus radiant heat transfer 
when the drifts are open (not backfilled). To these are added all the processes associated with 
liquid and gas flow. Some of the important thermal hydrologic processes are illustrated in 
Figure 3.3-5. Additional important considerations at the mountain scale (hundreds of meters to 
thousands of meters, or several hundred feet to several thousand feet) include the surface 
topography (thickness of the overburden is a factor in how quickly a location cools off), 
stratigraphy of the UZ (thermal and hydrologic properties can be quite different across 
stratigraphic units), spatial variations in infiltration (higher infiltration leads to lower temperature 
and higher RH), and faster cooling of the potential repository edge as compared with its center.  

Consistent with the mountain-scale UZ flow model, the thermal hydrology models use the 
dual-permeability conceptual flow model, in which flow is modeled as being through two 
interacting continua, with each continuum being assigned its own spatially variable hydrologic 
properties, such as permeability and porosity. In general, the fractures are modeled as a highly 
permeable continuum having low porosity, and the matrix is modeled as a much less permeable 
continuum having higher porosity. Fracture-matrix interaction is represented with an 
active-fracture model, in which only a portion of the fractures is actively flowing under 
unsaturated conditions (CRWMS M&O 2000 [149862], Section 6.3; CRWMS M&O 2000 
[145774], Section 3.3.4).  

Hydrologic and thermal properties vary among hydrogeologic units, but are uniform within each 
unit in the thermal hydrology models. As discussed in Section 3.2.4.1, seepage into drifts does 
not occur in models with uniform hydrologic properties. As a result, seepage does not occur in 
the thermal hydrology models. If seepage were included, RH would be higher and temperature 
would be lower at locations where seepage occurs. However, as shown in Section 4.1.2, there is 
no seepage at almost 90 percent of waste-package locations in the TSPA model. And at the 
small fraction of locations with seepage, the effect on RH and temperature would be significant 
only at very early times.  

Climate change is included by changing the infiltration boundary condition at prescribed times.  
The climate is initially the present-day climate, switching to the monsoon climate at 600 years 
and to the glacial-transition climate at 2,000 years (Section 3.2.1). Climate-induced rise of the 
water table is not included in the thermal hydrology models, because the water table location is 
not expected to have a significant impact on the computed in-drift environments.
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In addition to the sources of hydrologic data mentioned in Section 3.2, information on thermal 
properties and processes has come from laboratory tests and from a series of in situ thermal tests 
in the ESF at Yucca Mountain (CRWMS M&O 2000 [153178], Section 3.6).  

3.3.3.1.2 Chemical and Mechanical Coupled Processes 

Coupled processes refer to the coupled effects of temperature, hydrology, mechanics, and 
chemistry. When heated, the rock around the emplacement drifts will expand. This thermal 
expansion will cause fractures to open and close, which, in turn, will change the permeability and 
porosity of the rock and affect movement of gas and liquid. These changes will last only while 
the rock is heated. In addition, the thermal stresses can potentially cause rock blocks to move 
(shear displacements) and new fractures to form, which, again, can affect permeability, porosity, 
and fluid flow. Unlike the simple thermal-expansion effects, these changes to the rock 
hydrologic properties can be permanent. All of these effects are called thermal-hydrologic
mechanical coupled processes. Heating also can cause chemical changes in the host rock, such 
as mineral dissolution in some regions and mineral precipitation elsewhere. Mineral dissolution 
and precipitation can potentially alter the hydrologic properties of the rock (including fractures) 
permanently, which would in turn alter fluid flow. These effects are referred to as thermal
hydrologic-chemical (THC) coupled processes. The types of fracture changes that can be caused 
by coupled processes are illustrated in Figure 3.3-6.  

Changes in fracture permeability around an emplacement drift because of thermal-mechanical 
effects have been calculated (CRWMS M&O 2000 [153178], Section 3.5). The effects are 
primarily within about two drift diameters (11 m, or 36 ft) of the drifts. Since the drift spacing is 
much larger than that (81 in), effects on large-scale flow and transport are not expected to be 
significant. Thermal mechanical effects on drift-scale flow (in particular, on seepage into drifts 
and radionuclide transport out of the drifts) are neglected in TSPA simulations as well. These 
effects are thought to be of little importance (CRWMS M&O 2000 [142895], Section 5.2.3).  
Further evaluation of thermal mechanical effects is ongoing at present. Additional discussion of 
thermal mechanical effects is given in Features, Events, and Processes in Thermal Hydrology 
and Coupled Processes (CRWMS M&O 2000 [142895], Sections 6.2.21 to 6.2.22) and Features, 
Events, and Processes in UZ Flow and Transport (CRWMS M&O 2000 [142945], 
Sections 6.8.14 and 6.8.15).  

A fully coupled THC model has been developed in order to evaluate the changes in hydrologic 
properties caused by mineral dissolution and precipitation, and also to provide information on the 
thermally driven evolution of the water chemistry and gas composition in the near-field host rock 
over time (CRWMS M&O 2000 [153178], Section 3.3; CRWMS M&O 2000 [145774], 
Section 3.10). In addition to the thermal and hydrologic processes discussed in the previous 
section, transport of aqueous and gaseous species, mineralogical characteristics and changes, and 
aqueous and gaseous chemistry must also be considered. Two versions of the THC model were 
developed-one with all the species and minerals listed in Table 3.3-5 and a simplified version 
that includes fewer minerals and species. Use of two sets of minerals allows some evaluation of 
the sensitivity to the mineral assemblage (CRWMS M&O 2000 [153178], Section 3.3.2.4). The 
most important gaseous species (and the only one tracked in the model aside from water vapor) 
is carbon dioxide, which is closely linked to the pH of the water. Exsolution and transport of 
CO2 out of the boiling zone results in a local increase in pH, and there is a corresponding
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decrease in pH in the condensation zone into which the vapor enriched in CO2 is transported 
(CRWMS M&O 2000 [153178], Section 3.3.1.2). A number of aqueous species and mineral 
solids must be considered. Table 3.3-5 lists the dominant aqueous species and major mineral 
phases found in fractures and the matrix in the Topopah Spring welded hydrogeologic units, plus 
some others that are likely to occur under thermally perturbed conditions (CRWMS M&O 2000 
[153178], Section 3.3.2.4).  

Table 3.3-5. Species and Minerals in the Thermal-Hydrologic-Chemical Model 

Aqueous Species Gaseous Species Minerals 
Both models: Both models: Both models: 

H+ CO 2  Calcite Amorphous Silica 

Ca+2  H2 0 Tridymite Gypsum 

Na÷ a-Cristobalite Glass 

H2 0 Quartz 

Si0 2  Complex model only: 

CI- Hematite K-Smectite 

HC03- Fluorite Illite 

So4-2 Goethite Kaolinite 

Complex model only: Albite Sepiolite 

Mg+2  Microcline Stellerite 

K÷ Anorthite Heulandite 

A102- Ca-Smectite Mordenite 

HFeO 2  Mg-Smectite Clinoptilolite 

F Na-Smectite 

Source: CRWMS M&O 2000 [142022], Tables 7 and 8 

Changes in hydrologic properties are incorporated by keeping track of the volume changes 
resulting from mineral precipitation and dissolution. Fracture permeability changes are 
calculated from the porosity changes by using the cubic law, which approximates the fractures as 
parallel planes of uniform aperture. Matrix permeability changes are estimated using an 
established formula called the Carman-Kozeny relation (CRWMS M&O 2000 [153178], 
Section 3.3.2.6). In addition, the capillary pressure is adjusted to account for the modified 
aperture and pore sizes. The computed changes in fracture porosity are very small, amounting to 
less than one percent change everywhere in the model domain (CRWMS M&O 2000 [153178], 
Section 3.3.3.5). Thus, changes in hydrologic properties because of thermal-hydrologic
chemical processes are neglected in TSPA simulations (see also CRWMS M&O 2000 [142895], 
Section 6.2.23; CRWMS M&O 2000 [142945], Section 6.8.16). Note that the computed relative 
change in fracture porosity is dependent on the starting value (i.e., the fracture porosity under 
current conditions) of approximately 1 percent, which was based on data from gas tracer tests 
(CRWMS M&O 2000 [145774], Section 3.6.3.2). Also, the analysis assumes that fracture
porosity changes are uniformly distributed along fracture surfaces. The model cannot assess fine 
structure changes (e.g., those that reflect variation in asperities). If mineral deposition is 
localized in smaller openings, it may have greater impact on permeability; this possibly is still 
being evaluated (CRWMS M&O 2000 [153178], Section 3.3.3.5).
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Information on ambient water and gas chemistry at Yucca Mountain has come from samples 
taken from surface-based drill holes and the ESF (CRWMS M&O 2000 [153178], 
Section 3.3.2.4; CRWMS M&O 2000 [145774], Section 3.8). Information on the evolution of 
water and gas chemistry under thermal conditions has been obtained from the thermal tests in the 
ESF and was used to calibrate the THC model (CRWMS M&O 2000 [153178], Section 3.6).  

3.3.3.2 Implementation in the Total System Performance Assessment 

The in-drift thermal hydrologic environments for TSPA simulations were computed using the 
multiscale thermal hydrology model (CRWMS M&O 2000 [145796], Section 3.1.4; 
CRWMS M&O 2000 [149862]). This model provided temperature, RH, liquid saturation and 
flow rate, and liquid evaporation rate at several in-drift locations. In addition, the multiscale 
model and the drift-scale THC model (CRWMS M&O 2000 [153178], Section 3.3; 
CRWMS M&O 2000 [145774], Section 3.10) were used to provide information about thermal 
effects on seepage. The information provided by thermal hydrology to other TSPA model 
components, and inputs from other TSPA components to thermal hydrology, are summarized in 
Figure 3.3-7.  

The following sections describe the reference design as it relates to thermal hydrology, the 
multiscale thermal hydrology model, and the drift-scale thermal-hydrologic-chemical model and 
how both models are used to provide seepage volume and composition for use by the chemical 
environments models and other engineered-system models.  

3.3.3.2.1 Potential Repository and Waste Package Design 

Thermal hydrologic models require specific subsurface design and waste package design 
information. This information includes waste package geometry and decay-heat outputs, 
emplacement drift geometry and layout configuration, and waste stream information, including 
total thermal loading.  

The reference design for the Site Recommendation is summarized in Section 1.7. The 
specifications relevant to this section are as follows (see also CRWMS M&O 2000 [145796], 
Section 2.5): 

"* The capacity of the potential repository is 70,000 metric tons of uranium (MTU), 
consisting of 63,000 MTU of CSNF and 7,000 MTU of vitrified HLW and DSNF.  

" The areal mass loading is approximately 60 MTU/acre. The emplacement area 
encompasses 1,050 acres (4.25 km2). (Note that only the CSNF is counted in the mass 
loading of 60 MTU/acre.) 

" The emplacement drifts are to be ventilated for 50 years before closure. The ventilation 
rate is selected to remove 70 percent of the heat output before closure. The TSPA 
calculations assume that each waste package receives 50 years of ventilation. The 
potential repository would have longer ventilation durations for the initial drifts than the 
final drifts since emplacement takes longer than closure.
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"* Waste packages are placed in the emplacement drifts in a line-load configuration, with a 
spacing between waste packages of approximately 10 cm.  

"* The diameter of a waste emplacement drift is 5.5 m. Emplacement drifts are arranged 
with a uniform spacing of 81 m between their centerlines.  

"* Waste package heat output at emplacement is not to exceed 11.8 kW. The average age 
of the CSNF is assumed to be 26 years.  

"* The invert (the floor of the emplacement drifts) is composed of crushed tuff ballast in a 
carbon-steel-beam framework. The base-case design does not include backfill, though 
backfill emplaced at 50 years is considered as an alternative design (Section 4.6).  

3.3.3.2.2 The Multiscale Thermal Hydrology Model 

Drift-scale modeling must include coupling of drift-scale processes with mountain-scale 
processes to properly account for effects such as faster cooling of waste packages near the edge 
of the potential repository, as compared to waste packages near the potential repository center.  
A multiscale modeling and abstraction method was developed to couple drift-scale processes 
with mountain-scale processes. This method uses a series of four mountain-scale and drift-scale 
submodels to abstract the thermal hydrologic quantities throughout the potential repository area 
(Figure 3.3-8). The four submodels are described briefly in the following paragraphs. For more 
details, see Multiscale Thermohydrologic Model (CRWMS M&O 2000 [149862]).  

Line-Averaged-Heat-Source, Drift-Scale, Thermal-Hydrologic Submodel-The line
averaged-heat-source, drift-scale, thermal-hydrologic (LDTH) submodel is a two-dimensional 
drift-scale model that computes temperature, as well as all desired moisture-related quantities 
(RH, liquid saturation, liquid flow rate or flux, and liquid evaporation rate) at several locations 
within and near the drift. This submodel effectively represents average thermal hydrologic 
behavior at any specific location within the potential repository, taking into account the 
location-specific thermal and hydrologic properties, boundary conditions, and percolation flux.  
Heat and fluid flow are modeled as dual-permeability, with the active fracture model for fracture 
flow (Section 3.3.3.1.1). Radiant heat transfer within open drifts is also modeled. This 
submodel addresses key issues related to modeling of fracture and matrix interactions for fluid 
and heat flow. It also addresses the issue of the appropriate scale of fracture properties and 
thermal hydrologic processes by using hydrologic properties developed for drift-scale flow by 
inversion models. Consistency with the mountain-scale UZ flow model ensures that hydrologic 
conditions are properly accounted for, including spatial variability of infiltration and changes of 
infiltration with climate.  

Smeared-Heat-Source, Mountain-Scale, Thermal-Conduction and Smeared-Heat-Source, 
Drift-Scale, Thermal-Conduction Submodels-Both the smeared-heat-source, mountain-scale, 
thermal-conduction (SMT) submodel and the source, drift-scale, thermal-conduction (SDT) 
submodel consider conduction heat transfer only. They are used to establish temperature 
relationships and to account for the influence of potential repository edges, topography, and 
mountain-scale variability in hydrogeologic layering. The SMT submodel is a three-dimensional 
model that includes the appropriate stratigraphy, topography, and potential repository location
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and shape. The SDT submodel is a one-dimensional model. These two submodels address key 
issues related to the differences between the potential repository center and edge locations by 
coupling the drift-scale submodels with the mountain-scale submodel. The coupling uses the 
average temperatures of the potential repository host rock obtained from the SMT submodel, 
corrected for hydrology using a relationship derived from the LDTH and SDT submodels.  
The resulting modified temperatures inherently include the potential repository edge effects, 
because they originated from a full mountain-scale model. The temperature prediction also 
includes the effects of the system fluid components through the temperature relationship between 
the two drift-scale submodels. This results in an abstracted average drift-wall temperature that 
approximates the effects of the most important thermal hydrologic processes. A similar 
procedure is followed to abstract temperature at other locations (e.g., at the drip shield, waste 
package, and invert). The moisture-related quantities are abstracted by considering various 
correlations with each other and with temperature (see CRWMS M&O 2000 [149862], 
Section 6.6, for details).  

Discrete-Heat-Source, Drift-Scale, Thermal-Conduction Submodel-The abstracted average 
quantities are further modified using waste-package-specific temperatures computed by the 
discrete-heat-source, drift-scale, thermal-conduction (DDT) submodel. This submodel provides 
information on the package-to-package heat-output variability along the drift. The DDT 
submodel includes only conductive heat transfer, plus radiant heat transfer within open drifts.  
This submodel is a three-dimensional model of a drift segment containing representative waste 
packages of varying heat outputs: six waste packages plus two halves (the half waste packages 
are on symmetry boundaries). The model drift segment contains waste package types and heat 
outputs representative of the overall potential repository. It consists of three 21-assembly 
pressurized-water-reactor CSNF packages, two 44-assembly BWR CSNF packages, one and a 
half codisposal waste packages, and half of a DSNF package (not co-disposal with HLW). For 
TSPA simulations, the DSNF was lumped together with the co-disposal waste, so the thermal 
hydrology results for that last half-package were not used in the TSPA. (See Section 3.5 for 
more information on waste types and their treatment in the TSPA.) 

The multiscale thermal hydrology model involves calculations at a number of potential 
repository locations. A set of calculations for a given case involves only one computer run using 
the SMT submodel and only one computer run using the DDT submodel. However, the LDTH 
submodel and the SDT submodel are run for 31 locations within the potential repository and for 
five different areal mass loadings (to represent edge effects). The results of these 155 submodel 
runs are interpolated over the potential repository area and as a function of local heating 
conditions to provide a continuous distribution of the thermal hydrologic variables throughout 
the potential repository area. In order to model the preclosure ventilation period, the number of 
model runs is doubled, but the additional set of runs is for a shorter time period (see CRWMS 
M&O 2000 [149862], Section 6.6.1). Ventilation is modeled by simply reducing the waste 
package heat output by 70 percent for 50 years. Ventilation is also expected to dry out the drifts 
and the surrounding rock because dry air from the surface would be circulated through the drifts.  
However, this drying is neglected in the TSPA models, which is conservative in the sense that 
more moisture is left in the model. The abstracted temperature, RH, and other quantities are 
developed for an array of 610 potential repository locations (by interpolation among the 
31 LDTH and SDT locations) and two waste types (CSNF and codisposal waste). The 
610 locations are plotted in Figure 3.3-3.
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Because resource demands for the TSPA model increase considerably as the number of 
environmental groups modeled within the TSPA increases, waste packages are lumped together 
into 30 groups for purposes of the release and EBS transport calculations (Section 3.3.2).  
The same thermal hydrology results are used for all three seepage states (seepage at all times, 
some of the time, or none of the time) in the TSPA model, so the thermal hydrology results are 
combined into only ten distinct groups: five infiltration bins times two waste types. However, 
because of the importance of the variability in waste package failure time, the full suite of 
1,220 sets of results (610 locations times two waste types) are passed to the waste package and 
drip shield degradation models. The thermal hydrologic information passed to the various EBS 
models is summarized in Figure 3.3-7. (It is noted in the figure which quantities are provided as 
bin averages. Where bin averaging is not noted, the full set of spatial locations is used.) 

The procedures used for averaging the various thermal hydrologic quantities over the infiltration 
bins are described in detail in Abstraction of NFE Drift Thermodynamic Environment and 
Percolation Flux (CRWMS M&O 2000 [152204]). There is one instance where the thermal 
hydrology abstraction does not simply average information from the multiscale model-the 
evaporation rate of water at the top of the drip shield. As discussed in Section 3.3.4.5.1, one of 
the parameters used by the chemical environments abstraction is the ratio of water evaporation 
rate to water flow rate (Re"). The multiscale thermal hydrology model can calculate these 
quantities only in a porous medium. When backfill is present (an alternative design), the 
evaporation rate and flow rate at the top of the drip shield can be provided, but with no backfill 
(the reference design), they must be estimated by other means. In that case, the liquid flow rate 
at the drip shield is taken from the seepage abstraction (Section 3.2.4), and the evaporation rate 
provided is a bounding estimate of how much water could be evaporated by the waste-package 
heat output at any given time (CRWMS M&O 2000 [152204], Section 6.3.10).  

3.3.3.2.3 Coupled Effects on Seepage 

The thermal perturbation caused by the heat output from the waste packages will affect seepage 
into emplacement drifts, in terms of both the amount of seepage and the chemical composition of 
the seeping water. The thermal hydrologic history of the potential repository can be divided into 
three stages: the early heating period, the heating period, and the cooling period (see 
Figure 3.3-4).  

During the early heating period, drainage of thermally mobilized water leads to relatively high 
water fluxes above the drifts, some of which may seep into the drifts and lead to a brief period of 
relatively high seepage. During the heating period, most potential repository locations have 
temperatures above boiling and reduced saturation for some distance into the host rock. During 
this period, seepage may be suppressed; however, the seepage abstraction model does not take 
credit for this effect. Finally, there is the return to ambient temperatures during the cooling 
period, which takes tens of thousands of years. However, the thermal perturbation to flow 
around the drift is usually small after a few hundred years. Overlaid on this progression is the 
sequence of climate states (Section 3.2.1), so that flow and seepage do not return to their 
present-day conditions, but, rather, to wetter, glacial-transition conditions. Also, potentially 
overlaid on this progression are changes to hydrologic properties in the surrounding rock caused 
by coupled processes. Note, however, that such hydrologic-property changes are neglected in 
current TSPA simulations (Section 3.3.3.1.2).
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These thermal effects on the amount of seepage are taken into account by using thermally 
perturbed percolation flux above the drifts from the multiscale thermal hydrology model as the 
input to the seepage abstraction model (Section 3.2.4.1). The percolation flux 5 m above the 
drifts was chosen as the quantity to use in calculating seepage. Five meters is far enough away 
from the drifts that the flow there is not significantly perturbed by the drift capillary barrier 
effect, and also far enough away that it is not usually within the boiling dry-out zone. Because of 
the latter, water seeps into the drifts throughout the heating period in the TSPA model (without a 
dry-out period). During the heating period, seepage could be reduced by evaporation or 
imbibition of water in the hot, dry rock in the 5 m (16 ft) above the drift. However because of 
the uncertainty associated with how much flow might potentially penetrate through a thin boiling 
zone (see, e.g., Phillips 1996 [152005]), such reduction in seepage was prevented in the TSPA 
model by not allowing the seep flow rate at any location to go below its initial value (i.e., the 
value calculated for present-day conditions).  

Thermal hydrologic processes also cause changes in the chemistry of water outside the 
drifts and seeping into the drifts. The drift-scale THC model (CRWMS M&O 2000 [153178], 
Section 3.3; CRWMS M&O 2000 [145774], Section 3.10) is used to provide thermally perturbed 
water chemistry of seepage, which is used as a boundary condition for calculation of in-drift 
chemical environments (Section 3.3.4). This model computes flow of liquid and gas; transport 
of heat, C0 2, and numerous aqueous species (see Table 3.3-5); as well as the important chemical 
reactions between gaseous and aqueous species and solid minerals. Because the THC model has 
homogeneous hydrologic properties in the host rock around the drift, water does not seep into the 
drift in the model simulations. Thus, the chemistry of water in fractures just outside the drift is 
used to represent the chemistry of seeping water. During the period when the model has a dry
out zone around the drift, the seepage water chemistry is taken from the zone of highest liquid 
saturation (in fractures) above the dry-out region, which is assumed to be representative of the 
water that could possibly flow rapidly through fractures to the drift during the boiling period 
(CRWMS M&O 2000 [153178], Section 3.4.2.1).  

The THC model does not account for spatial variability. It is a two-dimensional chimney model 
with symmetry boundary conditions, so it is most representative of the center of the potential 
repository, where conditions are more symmetric than they are at the edge of the potential 
repository. The results of this model are used in TSPA simulations to represent the water and 
gas composition that enters the emplacement drifts. The same compositions are used for all 
locations in the potential repository. It should be noted that the THC model computations were 
performed for an earlier version of the potential repository design. The main differences are that 
in the earlier design, the emplacement drifts were backfilled with quartz sand at closure and only 
50 percent of the heat was removed by ventilation during the 50-year preclosure period. The 
addition of backfill has a large effect inside the drift, but only a minor effect on conditions 
outside the drift. Thus, the THC results with backfill are not expected to be significantly 
different from the results that would be obtained for the reference design.  

3.3.3.3 Treatment of Uncertainty and Variability 

The treatment of spatial and temporal variability in the thermal hydrologic environments for 
TSPA simulations was described, along with the rest of the implementation, in Section 3.3.3.2.  
A brief summary of the treatment of uncertainty and variability is that the in-drift thermal
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hydrologic quantities are computed for two waste types and 610 spatial locations around the 
potential repository. The waste package and drip shield models make use of that spatial 
information, but the other EBS models use information that is averaged over five infiltration bins 
(plus the two waste types). This averaging leaves the thermal hydrologic quantities with some 
spatial variability, primarily related to the variability of infiltration. The percolation flux above 
the drifts, which is used for calculating seepage, is also computed for two waste types and 
610 spatial locations, but the seepage results are averaged over 30 environmental groups for use 
by the EBS models. The incoming water and gas chemistry is only computed for one 
representative spatial location, so it has no spatial variability in the TSPA. Both thermal models 
include temporal variability caused by several factors: the variability of waste package heat 
output over time, the active ventilation of emplacement drifts for the 50-year preclosure period, 
and the changes in climate at 600 years and 2,000 years, plus all the processes that govern the 
movement of fluids and heat (and chemical species).  

The major uncertainties for thermal hydrology have to do with water and gas flow, and the 
thermal hydrologic calculations use the same uncertain parameters as the mountain-scale UZ 
flow (Section 3.2.3.3). Thus, the only uncertainty explicitly included in the TSPA is the 
uncertainty in infiltration rate, represented by the use of three infiltration cases: low, medium, 
and high.  

3.3.3.4 Results and Interpretation 

3.3.3.4.1 The Multiscale Thermal Hydrology Model 

The amount of information generated by the multiscale thermal hydrology model is too great to 
show here. A few results are shown for illustration. Many more plots of results are available in 
Multiscale Thermohydrologic Model (CRWMS M&O 2000 [149862]) and Abstraction of NFE 
Drift Thermodynamic Environment and Percolation Flux (CRWMS M&O 2000 [152204]).  

Figure 3.3-9 shows the computed average CSNF waste package temperature for the five 
infiltration bins in the medium-infiltration case. The large temperature increase occurs at the 
potential repository closure (50 years after emplacement), when the ventilation is turned off.  
During cool down, waste packages near the potential repository edge cool faster than waste 
packages in the center of the potential repository. The waste packages in the 0 to 3 and 
60+ mm/yr (0 to 0.1 and 2.4+ in./yr) infiltration bins cool faster than the others, because all 
locations in those bins happen to be at the edges of the potential repository (see Figure 3.3-3).  
The differences among the infiltration bins is greatest during the early cooling period.  
By 10,000 years, they have little difference in temperature. The temperatures return to 
approximately ambient within 100,000 years. The results for codisposal waste packages are 
quite similar to those for CSNF packages; co-disposal waste temperatures are slightly lower than 
for CSNF packages because codisposal waste heat output is lower (CRWMS M&O 2000 
[152204], Section 6.3.2).  

Figure 3.3-10 shows the computed average CSNF waste package RH for the five infiltration bins 
in the medium-infiltration case. RH goes down sharply when the temperature rises after 
ventilation is turned off. Note, however, that the preclosure RH is artificially high in 
Figure 3.3-10, because removal of moisture by ventilation is not included in the model. As with
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the temperature results, the differences among the infiltration bins is greatest during the early 
cooling period. By 10,000 years, the bin-averaged relative humidities are above 90 percent and 
all within about 2 percent of each other; and by 100,000 years, they are essentially back to 
ambient (nearly 100 percent RH). Corresponding to their lower temperatures, the co-disposal 
waste package relative humidities are somewhat higher than the CSNF waste package relative 
humidities (CRWMS M&O 2000 [152204], Section 6.3.3).  

Figure 3.3-11 shows the computed average percolation flux 5 m above the emplacement drifts 
for the five infiltration bins in the medium-infiltration case. As expected, the percolation flux is 
higher for the higher-infiltration bins. The climate changes are clearly visible at 600 years and 
2,000 years. All five curves have a large spike at about 70 years, from the drainage of thermally 
mobilized water. The increased percolation flux can be expected to lead to a pulse of seepage 
into the drifts at that time. For most bins, the percolation flux in the figure does not decrease 
below the initial percolation flux, indicating that the boiling front usually does not reach to 
5 m above the drifts.  

3.3.3.4.2 The Drift-Scale Thermal-Hydrologic-Chemical Model 

The results of the THC model that are of interest here are those that provide the water and gas 
chemistry for seepage into drifts. As discussed in Section 3.3.3.2.3, the water chemistry is taken 
from the fracture continuum of the model immediately above the drift. If the fractures at that 
location are dry at a given time, the water chemistry from the location above it with the highest 
liquid saturation is used. Gas composition is always taken from the location immediately above 
the drift.  

The results of the THC model were simplified for input into the TSPA model. The simulation 
time was divided into four periods: preclosure (0 to 50 years), boiling (50 to 1,000 years), 
transitional cool down (1,000 to 2,000 years), and extended cool down (2,000+ years). For each 
period, representative values for CO2 and the major aqueous species were taken from the THC 
model (CRWMS M&O 2000 [153178], Section 3.4.2.1). The resulting abstraction of the 
chemistry of fluids entering emplacement drifts is given in Table 3.3-6.  

As indicated in Table 3.3-6, concentrations of most aqueous species were taken from the 
simplified THC model (see Table 3.3-5 and accompanying discussion). Species that were not 
included in the simplified model were taken from the complex THC model. The use of the 
simplified THC model results for the abstraction is based on the fact that it reproduces more 
accurately the observed changes to water and gas compositions in the drift-scale heater test 
(CRWMS M&O 2000 [153178], Sections 3.3.5, 3.4.2.1). Note that the additional constituents 
taken from the results of the more complex chemical system are, in general, trace constituents, 
compared to those taken from the simplified chemical system.
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Table 3.3-6. Abstraction of Gas and Water Chemistry Entering Drifts

HFeO 2, molal 1.lx10-' _ 7.A 

F, molal 5.0x10--5 2._ 

Source: CRWMS M&O 2000 [153178], Table 3-11

3.3.4 Chemical Environments

The source term for transport of radionuclides from the potential repository in UZ and SZ water 
flow is radionuclide flux from inside the drifts to the UZ of the host rock. The radionuclide flux 
is influenced by in-drift EBS chemical environments and quantified with aqueous-phase 
transport models. EBS chemical environments and aqueous-phase transport occur within and at 
the walls of potential repository drifts where waste packages are to be emplaced. They are 
influenced by the seepage rate of water into the drifts, the seepage water composition, in-drift 
thermal and hydrologic conditions, and rock fall due to drift degradation. The seepage rate 
presented in Section 3.2 includes the influences of climate, infiltration rate of water into the 
mountain, and mountain-scale flow processes. Information on the seepage water composition 
and in-drift thermal and hydrologic conditions is given in Section 3.3.2 and Section 3.3.3. Rock 
fall due to drift degradation is treated in Section 3.3.1. Transport of radionuclides to the UZ 
from within the drifts, treated in Section 3.6, is the source term for radionuclide transport in UZ 
water flow. The UZ water flow model is treated in Section 3.2, and UZ transport is treated in 
Section 3.7.  

This section describes the changing composition of gas, water, colloids, and solids within the 
emplacement drifts under the perturbed conditions of the repository. The chemical environments 
model serves as the vehicle for that description. It integrates and relates processes and results 
from several submodels that provide detailed results and interpretations.  

All processes that were recognized to have potential influence on the chemical environments are 
described. However, not all of them were implemented quantitatively in the TSPA calculations,
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because some were found to have negligible effects on the calculated results. Implementation in 
the TSPA is discussed in Section 3.3.4.3.  

The major composition changes are caused by the thermal loading of the system and the 
emplacement of large masses of materials that can react with water and gas in the system.  
Because the system will heat and then cool it will continually change. Thermal perturbation will 
affect the composition and movement of gas and water through the unsaturated system (UZ as 
described in Sections 3.2 and 3.3.3). These fluids of altered composition may enter the drifts and 
react with the materials emplaced during repository construction. Most of these emplaced 
materials will be very different in chemical composition from the host rock. In the drifts, 
reactions with emplaced materials such as metals and cement may alter water and gas 
compositions before they react with the waste package and the waste forms, and along the flow 
paths for radionuclide transport to the UZ. The emplaced materials may also provide additional 
sources of colloids that can transport radionuclides.  

A view of general EBS design features, initial water movement, and potential rockfall within the 
emplacement drifts is given in Figure 3.3-12. Waste forms are contained in metal waste 
packages. These packages lie on pallets that rest on a flat invert composed of crushed host rock 
and metal beams. A titanium alloy drip shield, resting on the invert, covers the waste package.  
Drip shields are intended to divert entering water from contact with waste packages. Eventually, 
some drip shields may degrade and develop gaps. If it is breached, a drip shield only partially 
shields the waste packages from seepage water. Waste packages may be breached by corrosion 
leading to degradation of waste forms and release of radionuclides to the invert and the UZ of the 
host rock. Flow and transport paths are discussed further in Section 3.3.4.1. See Section 3.6 for 
a description of breaching and water flow through the drip shield.  

The most direct way the EBS chemical environments may impact long-term performance is by 
changing the EBS components that inhibit the supply and limit the release rate of radionuclides 
to the near-field rock (to the UZ for radionuclide transport, see Sections 3.6 and 3.7). Chemical 
changes to the in-drift environment may affect the amounts and types of mobile radionuclides 
and the properties of the solids through which they are transported. The EBS chemical 
environments are sets of composition conditions under which the waste package corrodes, the 
waste forms degrade, the radionuclides are mobilized from the waste form, and the radionuclides 
migrate through the engineered barriers. In addition to these primary effects within the EBS, 
perturbed fluids generated in the EBS chemical environments could react with the host rock.  
Such alteration may change the flow pathways in the near-field rock and change conditions for 
UZ transport.  

Several processes and interactions among in-drift gas, water, and EBS components potentially 
affect the in-drift chemical environments that are relevant to performance assessment.  
The chemical environments model integrates and relates several submodels with abstractions, 
described in Section 3.3.4.5, that provide results and interpretations for the following processes 
and interactions: 

"* Water and cement interactions 
"* Gas and water interactions 
"* Evaporation of water and condensation of water vapor
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* Salts precipitation and salts dissolution 
* Microbial activity and effects 
* Corrosion and degradation of EBS components 
* Water and invert interactions 
* Water and colloids interactions.  

The thermal hydrologic environments that influence the chemical environments in the drifts and 
provide inputs to the chemical environments models are described in Thermal Hydrologic 
Environments, Section 3.3.3. Those thermal hydrologic environments are abstracted from two 
sets of models, the thermal hydrology models that affect the in-drift thermodynamic 
environment, and models of the THC processes that affect water chemistry and gas-phase 
composition adjacent to the drift wall in the near field host rock. THC processes are described in 
Section 3.2 and Section 3.3.3.4.2. Inputs from the thermal hydrologic environments models to 
the chemical environments models are as follows: 

* Incoming water composition 
* Incoming water flow rate 
* Incoming gas composition 
* Temperatures in-drifts 
* RH values in drifts 
* Water evaporation rates in drifts.  

Flow and transport paths among the EBS components define the locations and sequences for 
these processes, interactions, and the required thermal hydrologic inputs. These flow and 
transport paths are described briefly below. A detailed description is given in Section 3.6, EBS 
Transport.  

3.3.4.1 Flow and Transport Paths and Sequences among Engineered Barrier System 
Components with Summaries of Associated Chemical Processes that Were 
Considered 

The important potential flow and transport pathways among EBS components are shown with 
arrows in Figure 3.3-13, adapted from Section 3.6. The locations identified in Figure 3.3-13 are 
where the considered in-drift processes and interactions may occur. Those locations are where 
water compositions may change (to concentrated brines in some instances) due to evaporation, 
precipitation, redissolution, mixing, dilution, reactions with ambient gases, interactions with 
colloids, microbial activity, and other chemical reactions such as corrosion and interactions with 
EBS materials. In addition, barriers are breached, radionuclides are mobilized, radionuclide 
species are formed, and water streams are diverted and may mix at some of those locations.  

The following sequence of events and processes may occur along the pathways and at locations 
that have been described. The events, processes, and sequences that actually occur at a particular 
location can be different from those occurring at other locations. For example, some packages 
may be breached, but never contacted by water seepage. For them, diffusion rather than 
advection is the dominant transport mechanism.
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When conditions for seepage allow it, seepage water may enter the drift by gravity (by dripping).  
The water composition may have been chemically altered by reactions with cementitious grout 
around ground support components and with gases in the host rock. Water drips through the air 
gap above the drip shield where further reactions with in-drift gases can occur. The air gap is in 
Location 1. The surface of the drip shield, Location 2, is where water is diverted and where 
water evaporation, salt precipitation, brine formation, and drip shield breaching may occur.  
As long as it is intact, the drip shield diverts water fluxes to the invert and UZ. If the drip shield 
is breached, seepage water can pass through breaches in the drip shield and contact the surface of 
the waste package at Location 3, where it is diverted to the invert until the waste package is 
breached. That portion of water that passes through breaches in the waste package will contact 
the waste forms at Location 4. Water may also condense on waste forms at Location 4. Water 
advection (and diffusion when advection does not dominate) transport radionuclide-containing 
species from waste forms inside the waste package into and through the invert at Location 5.  
Three transport paths may pass through the invert to the UZ of the host rock. They come directly 
from the waste form, from diversion by the drip shield, and from diversion by the waste package.  
A fourth transport path, flow of some seepage down the drift wall to the invert or dripping 
directly on part of the invert outside the drip shield, is conservatively ignored in the model by 
assuming that all seepage drips onto the drip shield.  

3.3.4.2 Integrating Conceptual Model for Features and Processes that Were Considered 
in Determining Engineered Barrier System Chemical Environments 

The EBS chemical environments model described here is an integrating conceptual model of 
in-drift features and processes that were considered for predicting EBS chemical environments in 
the TSPA calculations. To that end, it integrates and relates concepts and results from several 
submodel abstractions that provide detailed results and interpretations. All of the features and 
processes are not of equal importance. Analyses may show that some of them have little impact 
on performance. A conceptual picture of the EBS Chemical Environments Model with inputs 
from TH environments is shown in Figure 3.3-14.  

The following subsections describe the considered features and processes in a logical sequence, 
with cited references to relevant chemical environments sub-models, analyses, and abstractions.  
Locations refer to the locations in Figure 3.3-13. The EBS process model is given in Engineered 
Barrier System: Physical and Chemical Environment Model (CRWMS M&O 2000 [135097]).  
Summaries of results, interpretations, abstractions, and conclusions about the relative 
significance of the features and processes are presented in Section 3.3.4.5.  

3.3.4.2.1 Temperature Increases, Then Decreases, and Water with Altered 
Composition Approaches and Enters Drifts (Location 1 in Figure 3.3-13) 

When conditions for seepage allow it, water begins to seep into the drifts from the host rock.  
The conditions for seepage into the drifts is influenced by the thermal perturbation as determined 
by the abstracted seepage model described in Section 3.3.3. Several properties and processes in 
the host rock may influence the composition of water approaching the drift. They are 
temperature, mineral content, evaporation, precipitation, dissolution, condensation of water 
vapor, and gas phase composition. Those processes in the host rock are described in 
Sections 3.3.1, 3.3.2, and 3.3.3. Reactions of cement grout and metallic ground control
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components with water and gases may also alter the composition of the approaching water.  
After water enters, reactions with in-drift gases may alter its composition at any location in the 
drift. Gas phase composition may be influenced by corrosion and other interactions among 
in-drift materials (CRWMS M&O 1999 [125130]; CRWMS M&O 2000 [129281]; CRWMS 
M&O 2000 [129278]; CRWMS M&O 2000 [127818]).  

3.3.4.2.2 Salts May Precipitate on the Drip Shield and Brine May Be Formed as 
the Drip Shield Diverts Water from the Waste Package (Location 2 in 
Figure 3.3-13) 

Salts may precipitate on the drip shield due to evaporation of water faster than it can be replaced 
by seepage. Later, after some cooling occurs, water brines form by redissolution of those salts.  
Water brines may also form without seepage by reaction of condensed water or water vapor with 
dust, and their compositions are dependent on equilibration with carbon dioxide and solubilities 
of nitrate salts and bounding solubility values. Knowledge of water compositions on the drip 
shield is required to predict drip shield corrosion (CRWMS M&O 2000 [127818]).  

3.3.4.2.3 Gaps May Form in Drip Shields Allowing Seepage Water to Contact the 
Waste Packages (Locations 2 and 3) 

Gaps may form in the drip shields due to mechanical displacements of the invert or corrosion.  
Some water may pass through those gaps and contact the waste packages. (See Section 3.6 for a 
description of breaching and water flow through the drip shield.) Some or all of the water that 
reaches the waste packages may evaporate, as described in Section 3.3.3, and salts may 
precipitate on the waste packages. If the rate of water inflow exceeds the evaporation rate, the 
waste packages may divert some of the water directly to the invert (CRWMS M&O 2000 
[127818]).  

3.3.4.2.4 After Drift Temperatures Decrease, Water Vapor May React with 
Deliquescent Salts To Produce Brines (Locations 1 to 3 and 5) 

As in-drift temperatures decrease and RH increases, water vapor may condense around and 
hydrate previously precipitated deliquescent salts on the drip shields, on the waste packages, and 
possibly in the invert. The result is formation of brines at those locations. Water vapor also may 
condense on deliquescent dust that could be present on waste packages, creating brine films 
(CRWMS M&O 2000 [127818]).  

3.3.4.2.5 Reflux of Water May Occur inside the Drip Shields (under Location 3) 

Water vapor may evaporate from the invert and condense under the drip shield. However, there 
are calculated results (CRWMS M&O 2000 [131150], Section 6.5) showing at some conditions, 
the RH beneath the drip shield did not reach the value of 100 percent required for condensation.  
It may be shown later that condensation leading to reflux can be discounted. If reflux does 
occur, some of the condensate may drip onto the waste package and back into the invert. Thus, 
some brine may be created where salts have precipitated on the waste package, and brine 
compositions in the invert may be changed by the refluxing water. See Section 3.6 for treatment 
of possible water reflux under the drip shield.
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3.3.4.2.6 Drip Shields and Waste Packages May Corrode (Locations 2 and 3) 

The major potential corrosive processes are stress corrosion cracking in the welded lids of the 
waste package and general corrosion for both the drip shield and waste package. Section 3.4 
describes degradation of the waste package and the drip shield. The composition of brine in 
contact with the waste package would be altered by reaction with metals (corrosion) (CRWMS 
M&O 1999 [125130]).  

3.3.4.2.7 Microbiological Activity May Affect Corrosion Rates and Drift Gas 
Compositions (All Locations) 

Bacteria may multiply in brine, where they can cause microbially induced corrosion of the waste 
package (See Section 3.4.) and serve as a source term for microbial colloids in the in-drift colloid 
modeling. Microbiological activity may also alter in-drift gas compositions (CRWMS 
M&O 2000 [129279]; CRWMS M&O 2000 [129280]).  

3.3.4.2.8 Water Vapor Condensation and Seepage of Water into Drifts May Dilute 
Brines (Locations 1 to 3 and 5) 

Continued water vapor condensation and seepage would eventually dilute brines on drip shields, 
on waste packages, and in the invert (CRWMS M&O 2000 [127818]).  

3.3.4.2.9 Corrosion May Penetrate Waste Packages and Brines or Waters May Contact 
and Degrade Waste Forms (Locations 3 and 4) 

Stress corrosion cracks and general corrosion may penetrate the packages, allowing brine and 
water to contact and degrade waste forms. See Section 3.4 for treatment of waste package 
degradation, and Section 3.5 for waste form degradation. Compositions of water in contact with 
the waste forms may be determined by reactions with previously precipitated salts formed by 
evaporation, with waste package metals altered by corrosion, and potentially with changing 
in-drift gas composition. Some of the water that has passed through gaps in the drip shield 
bypasses (or is diverted by) the waste package and may eventually reach the invert. Some water 
may pass through corrosion gaps in the waste package and contact the waste form (CRWMS 
M&O 1999 [125130]; CRWMS M&O 2000 [127818]; CRWMS M&O 2000 [129278]).  

3.3.4.2.10 Dissolved and Colloidal Materials Enter the Invert from Waste Forms by 
Water Advection, or by Diffusion where Advection Does Not Dominate 
Transport (Locations 4 and 5) 

Composition of liquid water leaving the waste form through breaches in the waste package is 
influenced by waste form degradation and radionuclide mobilization. See Section 3.5 for 
treatment of waste form degradation.  

In cases of significant transport by diffusion (where advective transport does not dominate), 
molecular diffusion is expected to be faster than diffusion of colloidal particles, and diffusion of 
colloids may be shown to be insignificant to performance. See Section 3.6 for treatment of EBS 
transport (CRWMS M&O 2000 [129280]).
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3.3.4.2.11 Water in the Invert May Mix, and Dissolved and Colloidal Materials May 
Enter the UZ by Water Advection (and Potentially Diffusion if Advection 
Does Not Dominate Transport) (Location 5) 

Water may enter the invert via (See Section 3.6) film flow around the inside of the drift wall, 
dripping directly on the portion of the invert that is outside the drip shield, diversion by the drip 
shield, seepage through the drip shield and diversion along the inside of the drip shield or the 
outside of the waste package, or directly from inside the waste package after contact with the 
waste form. The first two paths (film flow on the drift wall and direct dripping from the drift 
walls to the invert are conservatively ignored in the model by assuming all seepage drips on the 
drip shield. The potential for capillary flow in the invert from the UZ is included in the 
multi-scale thermal hydrology model.  

Colloid concentrations in the invert may be limited by colloid stability in the invert water 
composition. Water streams entering the invert may mix and may interact with the invert 
materials. Water leaving the invert enters the host rock. See Section 3.6 for treatment of EBS 
transport (CRWMS M&O 2000 [127818]; CRWMS M&O 2000 [129283]; CRWMS M&O 2000 
[129280]).  

3.3.4.3 Integration of EBS Chemical Environments within TSPA 

TSPA calculations use thermal hydrologic input parameters and chemical environment models 
with associated abstracted parameters to quantify water composition for application at the 
following three locations: 

* Outer surface of the drip shield 
• Outer surface of the waste package 
* In the invert.  

A colloid stability submodel among the chemical environments models is also applied to colloids 
in the invert that may transport radionuclides to and through the UZ.  

Figure 3.3-13 shows a schematic diagram of those locations.  

Water compositions on the drip shield, on the waste package (after the drip shield is breached), 
and in the invert are determined from lookup tables given in Precipitates/Salts Model Results for 
THC Abstraction (CRWMS M&O 2000 [151708]). The tables provide water composition values 
for specific input values of carbon dioxide fligacity, temperature, RH, and the ratio of water 
evaporation flux to incoming water flux. Input values are obtained as described in Section 3.3.3, 
Thermal Hydrologic Environments. Effects on water composition of water and cement 
interactions, water and invert interactions, corrosion of EBS components, and microbial activity 
have been considered and found to be negligible. Their effects will be discussed in 
Section 3.3.4.5.  

The lookup tables were generated using models and methods described in In-Drifits Precipitates/ 
Salts Analysis (CRWMS M&O 2000 [127818]) The microbial mass may be calculated if needed
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with a software code MING V1.0 (CRWMS M&O 1998 [145225]) that is given in In-Drift 
Microbial Communities (CRWMS M&O 2000 [129279], Section 6.4).  

Quantitative colloid stability abstraction information is provided in In-Drift Colloids and 
Concentration (CRWMS M&O 2000 [129280]) for application in the invert.  

3.3.4.4 Treatment of Uncertainty 

Generally, uncertainty has been treated by incorporating conservatism in choices of models and 
model inputs, and by choosing bounding models and parameter values. Uncertainty in the EBS 
chemical environments model derives from uncertainties treated in Section 3.3.3 for inputs from 
the TH environments and from uncertainties treated in Section 3.3.4.5 for EBS quantitative 
chemical environment submodels.  

3.3.4.5 Submodel Results and Interpretations 

Models, analyses, and abstractions described in the subsections below show that only the 
following processes and interactions affect the EBS chemical environments and potential 
radionuclide transport appreciably: 

"* Salts precipitation and salts dissolution 
"* Microbial activity and effects 
D Water-colloids interactions.  

Other processes and interactions have been considered and found to be negligible for the purpose 
of TSPA calculations.  

3.3.4.5.1 In-Drift Evaporation and Precipitation 

A normative precipitates and salts process model, in Engineered Barrier System: Physical & 
Chemical Environment Model (CRWMS M&O 2000 [135097], Section 6.5), was used as a 
validation basis for a TSPA evaporation-precipitates-salts model and abstraction. That model 
and abstraction were first described in In-Drift Precipitates/Salts Analysis (CRWMS 
M&O 2000 [127818]) and expanded in Precipitates/Salts Model Results for THC Abstraction 
(CRWMS M&O 2000 [151708]).  

The In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000 [127818]) was performed using 
the EQ3/6 code (CRWMS M&O 1998 [102837]), where possible. To extend the range of the 
EQ3/6 high RH model from a calculated true ionic strength of around 1 molal to approximately 
10 molal, a Pitzer database was developed and used. The Pitzer database increases the 
concentration range of the EQ3/6 high RH model (CRWMS M&O 1998 [102837]) by about one 
order of magnitude. However, the model is still limited to high RH because under equilibrium 
conditions the mole fraction of water in solution is directly controlled by the RH. An ionic 
strength of 10 molal implies a mole fraction of water around 0.85. Thus, the EQ3/6 Pitzer high 
RH model (CRWMS M&O 1998 [102837]) is only used for RH values greater than 85 percent.  
An additional model, called the low RH salts model, was developed to approximate the water 
chemistry for RH values less than 85 percent.
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The low RH model is a simple conservative and interpolative model. When the drift temperature 
is high and the RH is below 50 percent, the model is designed to vaporize all water and 
precipitate all incoming dissolved solids. As the drift cools, the RH rises. When it rises above 
50 percent, all accumulated nitrate salts deliquesce and incoming nitrates remain dissolved and 
are allowed to concentrate to the solubility limit. This occurs because nitrate is highly soluble, 
and nitrate salts which are hygroscopic, are assumed to be unstable above a RH of 50 percent.  
Thus, at 50 percent RH and higher, the modeled location is wet. This reasonably conservative 
assumption reduces the duration of the estimated dry period, which is important for aqueous 
corrosion and transport models. For further discussions of these models, refer to In-Drift 
Precipitates/Salts Analysis (CRWMS M&O 2000 [127818]) and Precipitates/Salts Model 
Results for THC Abstraction (CRWMS M&O 2000 [151708]).  

The low RH salts model is designed to make a smooth transition to the predictions of the EQ3/6 
high RH model (CRWMS M&O 1998 [102837]) as the RH rises from 50 to 85 percent. The 
transition involves several simplifications, but it maintains mass and charge balance in the solid 
and liquid phases and restricts aqueous concentrations of the important soluble components to 
approximate effective solubilities at all times. As the RH rises from 50 to 85 percent, the liquid 
in the control volume transforms from a pure nitrate brine to the composition predicted by the 
high RH model at 85 percent. The primary mechanism for this change is the assumption that 
remaining precipitated soluble salts in the control volume are dissolved at exponentially 
increasing fractions until all soluble salts that initially precipitated in the low RH model are 
dissolved at 85 percent RH. While the low RH model likely oversimplifies a system that is much 
more complicated, it provides a starting point that at a minimum allows an approximation of an 
important transition from dry conditions to the concentrated solutions predicted by the EQ3/6 
high RH model (CRWMS M&O 1998 [102837]).  

The results of the precipitates/salts analysis are intended as input for models that couple 
evaporative/salts effects with other processes.  

The inputs important to the Precipitates/Salts model include temperature, RH, incoming seepage 
rate (or flux), seepage water composition, volume fraction carbon dioxide in the gas, and steady 
state evaporation flux. Thus, for each combination of values for these inputs, a unique solution 
from the precipitates/salts model is needed.  

The combinations of potential values of these inputs are unlimited. Therefore, the abstracted 
results from a subset of these combinations were obtained to define the response surface for 
interpolating results for all potential input values and combinations of input values.  
The resulting abstractions, in the form of response surfaces, are defined by the set of pH, 
chloride concentration, and ionic strength values calculated for combinations of input values.  
In these abstractions, the modeling period of the potential repository is divided into a set of time 
periods in which some of the inputs are abstracted to representative constant values. These time 
periods are as follows: 

* Boiling period 2: 50 to 1,000 years 
* Transitional cool-down period 3: 1,000 to 2,000 years 
* Extended cool-down period 4: 2,000 to 100,000 years.

TDR-WIS-PA-000001 REV 00 ICN 01 3 -70 December 2000



Seepage water composition and volume fraction carbon dioxide in the gas were abstracted to a 
constant set of values for each of these time periods, as described in Section 3.3.3 and given in 
Table 3.3-6.  

These abstracted response surfaces are summarized in a set of lookup tables presented in 
Tables 3.3-7 through Table 3.3-9. These lookup tables include outputs from the low RH salts 
model (RH less than or equal to 85 percent) and the high RH salts model (RH more than 
85 percent). The tables give output values of pH, molal chloride concentration, and molal ionic 
strength for combinations of the following inputs: RH, temperature (7), and relative evaporation 
rate (or flux) (Re'). The relative evaporation rate (or flux) refers to the ratio of the steady state 
evaporation flux (Q•) to the incoming seepage rate (or flux) (Qý).  

The pH values for zero steady state evaporation flux (Res less than or equal to 0) in the response 
surface tables are not exactly equal to the abstracted seepage pH values given in Table 3.3-6.  
The abstracted gas and water compositions in Table 3.3-6 were chosen to represent, with single 
values, compositions of incoming seepage water that change somewhat during each time period.  
Those abstracted compositions for Period 2 were not intended to represent exact chemical 
equilibrium. That is why the equilibrated pH in Table 3.3-7 for R' less than or equal to 
0 is different from the pH in Table 3.3-6. The slight differences in pH for the same cases in 
Periods 3 (Table 3.3-8) and 4 (Table 3.3-9) are likely due to differences in the thermodynamic 
databases used in the two models.  

Table 3.3-7. Lookup Table for Period 2 - 50 to 1,000 Years

Input Parameters PrecipitateslSalts Model Output 

RH (%) T (°C) R"= QIQ pH Cl (molal) I (molal) 

< 50.3% naa na Dry dry Dry 

50.3% 96 na 9.40 3.71x10' 2.47x10' 

51.0% 96 na 9.40 5.68x10' 2.42x10 1 

53.1% 96 na 9.40 4.09x10-1  2.15x10 1 

55.2% 96 na 9.40 6.85x10"1  1.93x10 1 

60.5% 96 na 9.40 1.68 1.15x10 1 

65.7% 96 na 9.40 2.40 5.89 

71.0% 96 na 9.40 2.63 4.04 

76.2% 96 na 9.40 2.68 3.63 

81.5% 96 na 9.40 2.62 4.09 

85.0% 96 na 9.40 2.55 4.69 

> 85% 96 <or=0 8.58 1.80 6.00x10-3 

* 85% 96 0.1 8.62 2.00Ax1-3 7.00A10-3 

* 85% 96 0.5 8.87 3.59x10' 1.20x10.2 

> 85% 96 0.9 9.21 1.80x10 2  5.70x 0'2 

> 85% 96 0.99 9.28 1.77x10-1  3.78x10"' 

> 85% 96 0.999 9.41 1.55 3.04 
> 85% 96 > 0.999 9.40 2.44 4.94 

DTN: M0002SPALOO46.010 [149168] 

Source: CRWMS M&O 2000 [151708] 

NOTE: a not applicable
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Table 3.3-8. Lookup Table for Period 3 - 1,000 to 2,000 Years

Input Parameters PrecipitatesISalts Model Output 

RH (%) T (-C) R"= QO/Qs pH CI (molal) I (molal) 

< 50.3% naa na Dry Dry 

50.3% 90 na 7.64 3.73x10-3 2.44x10l' 

51.0% 90 na 7.64 5.70x10-2 2.40x10-1 

53.1% 90 na 7.64 4.06x10"1 2.11 x1 0-1 

55.2% 90 na 7.64 6.77x1A0" 1.89x10 1 

60.5% 90 na 7.64 1.63 1.10xl0-1 

65.7% 90 na 7.64 2.28 5.65 

71.0% 90 na 7.64 2.49 3.91 

76.2% 90 na 7.64 2.53 3.54 

81.5% 90 na 7.64 2.48 3.96 

85.0% 90 na 7.64 2.41 4.53 

> 85% 90 < or = 0 7.72 3.19x10' 1.03x10' 

> 85% 90 0.1 7.71 3.56x 0-3 1.14x10-2 

> 85% 90 0.5 7.64 6.40x10-3 1.98x10.2 

> 85% 90 0.9 7.45 3.20x10' 9.48x10' 2 

> 85% 90 0.99 7.58 3.15x10"1  6.60x 0"1 

> 85% 90 0.9988 7.64 2.36 4.69 

> 85% 90 > 0.9988 7.64 2.41 4.53 

DTN: M0002SPALOO46.010 [149168] 

Source: CRWMS M&O 2000 [151708] 

NOTE: a not applicable 

Table 3.3-9. Lookup Table for Period 4 - 2,000 to 100,000 Years 

Input Parameters PrecipitateslSalts Model Output 

RH (%) T (°C) R"= QOIQS pH Cl (molal) I (molal) 

< 50.3% naa na Dry Dry dry 

50.3% 75 na 7.02 3.85x10-3  2.43x10-1 

51.0% 75 na 7.02 5.88x10' 2.39x10- 1 

53.1% 75 na 7.02 4.17x101  2.09x10-1 

55.2% 75 na 7.02 6.93x10"' 1.86x10"1 

60.5% 75 na 7.02 1.64 1.08x10"1 

65.7% 75 na 7.02 2.28 5.56 

71.0% 75 na 7.02 2.49 3.87 

76.2% 75 na 7.02 2.53 3.51 

81.5% 75 na 7.02 2.48 3.92 

85.0% 75 na 7.02 2.41 4.47 

> 85% 75 < or = 0 7.19 3.30x10"3  1.21x10-2 

* 85% 75 0.1 7.18 3.67x10.3  1.32xl0.2 

> 85% 75 0.5 7.14 6.60x10-3 2.16x 0-2
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Table 3.3-9. Lookup Table for Period 4 - 2,000 to 100,000 Years (Continued) 

Input Parameters Precipitates/Salts Model Output 

RH (%) T (VC) R"= QO/Q, pH Cl (molal) I (molal) 

> 85% 75 0.9 6.97 3.30x10' 9.85x10-2 

> 85% 75 0.99 7.02 3.24xl 0-1  6.91 x1 0" 

> 85% 75 0.9988 7.02 2.41 4.75 

> 85% 75 > 0.9988 7.02 2.41 4.47 

> 85% 50 < or = 0 7.22 3.30x10' 1.36x10' 

> 85% 50 0.1 7.22 3.67x10' 1.47x10 2 

> 85% 50 0.5 7.18 6.60x10' 2.31x10' 
> 85% 50 0.9 7.03 3.29x10-2  9.96x10 2 

> 85% 50 0.99 6.95 3.25xl 0-1 7.45x10-1 

> 85% 50 0.9988 6.86 2.41 4.87 

> 85% 50 > 0.9988 7.02 2.41 4.47 

> 85% 25 < or = 0 7.05 3.30x10 3  1.36x10 2 

> 85% 25 0.1 7.09 3.67xA 0-3 1.51x10
> 85% 25 0.5 7.23 6.60x10-3 2.56x10-2 

> 85% 25 0.9 7.11 3.29x10 2  1.02x10-1 

> 85% 25 0.99 6.99 3.25x10-1 7.80x10"1 

> 85% 25 0.9988 6.78 2.46 5.10 

> 85% 25 > 0.9988 7.02 2.41 4.47 

DTN: M0002SPALOO46.010 [149168] 

Source: CRWMS M&O 2000 [151708] 

NOTE: a not applicable

As explained in In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000 [127818]), the low 
RH salts model incorporates a functional relationship between RH and time. For the lookup 
tables, time is avoided as an independent input variable by imposing a linear relationship 
between RH and time. Increasing RH linearly with time from 50 to 85 percent provides the 
abstraction used to generate the lookup values for RH less than or equal to 85 percent.  

The ionic strength values presented in the lookup tables are an approximation of the true 
ionic strength, as described in In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000 
[127818]). An additional approximation is required for lookup table pH values when the RH is 
less than or equal to 85 percent. Because pH cannot be calculated using the low RH salts model, 
it is approximated by using the EQ3/6 high RH model to perform a simple evaporation of the 
incoming seepage water to a true ionic strength of 10 molal (i.e., to a water activity of 
approximately 0.85). These values for pH are included in the lookup tables for cases in which 
RH is less than or equal to 85 percent.  

Finally, for the case in which the relative evaporation rate is 1.0 or greater, the ionic strength and 
chlorine concentrations are set at the values obtained by the low RH model at 85 percent RH for 
the given carbon dioxide fugacities and temperatures. This is done to approximate a reasonable 
transition between the low RH and high RH model results.
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Details on implementation of the precipitates-salts model and abstractions are reported in 
In-Drift Precipitates/Salts Analysis (CRWMS M&O 2000 [127818]) and (CRWMS M&O 2000 
[151708]).  

Uncertainties 

Although simplifying assumptions were required to reduce the complexity of the 
precipitates/salts analysis and to avoid sophisticated approaches where data were lacking, these 
assumptions tended to err on the side of conservatism. In particular, they tended to result in a 
shorter dry period by not allowing dry conditions above a RH of 50 percent and in higher 
chloride concentrations at lower relative humidities. Judging by the accuracy of the model 
predictions compared to experimental data (CRWMS M&O 2000 [127818], Section 6.5), the 
greatest uncertainties of the precipitates/salts analysis for TSPA are likely the thermal hydrologic 
and THC predictions and other predicted inputs that feed the analysis.  

A final method used to evaluate and account for uncertainty in the precipitates/salts analysis is 
the generation of a set of lookup tables intended to cover the range of possible combinations of 
input values. These lookup tables can be used in several ways. Initially, they can be used to 
evaluate the sensitivity of input variables on outputs. For example, the sensitivity of pH to the 
relative evaporation flux can be evaluated by comparing the pH output for a range of values for 
the relative evaporation flux. In the precipitates/salts analysis, input variables that are not 
included in the tables are not sensitive inputs. Similarly, an estimate of the approximate 
maximum range of possible values of a given output variable for a range of input conditions can 
be assessed from the lookup tables. However, the primary objective of the lookup tables is to 
summarize the effects of evaporation processes for a wide range of possible conditions so that 
downstream users (e.g., corrosion modelers or developers of an in-drift geochemical model 
abstraction) can easily incorporate evaporation effects and uncertainty into coupled analyses.  
Uncertainties due to spatial heterogeneities can be taken into account using the wide range of 
conditions covered in the lookup tables.  

3.3.4.5.2 In-Drift Microbial Activity 

A microbial effects process model in Engineered Barrier System: Physical and Chemical 
Environment Model (CRWMS M&O 2000 [135097], Section 6.4) has been used to develop a set 
of threshold conditions for microbial growth and activity. It is based on information from the 
literature describing the environmental conditions for which microbial growth and activity are 
observed. The model is bounding in the sense that extreme microbial observations (e.g., 
halophiles and hyperthermophiles) are included, but these types of organisms will not necessarily 
be important in the potential repository. No distinction is made between environmental 
conditions necessary for microbial activity and for biofilm development, which is conservative.  
This model confirms the thresholds for microbial activity in the in-drift microbial communities 
model described below.  

An in-drift microbial communities model given in In Drift Microbial Communities (CRWMS 
M&O 2000 [129279]) was developed to bound the microbial communities that could be present 
within a given length of the potential repository drift. In general, the model uses constraints on 
the supply rates of the nutrients to build an idealized microbial composition, comprised of
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carbon, nitrogen, sulfur, and potassium, in addition to the water components. The rates of supply 
of these constituents are input as constant release rates for each introduced material in the system 
by specifying the mass and composition of the material and its degradation lifetime. The other 
major constraint evaluated is the energy available for microbes to grow based on the pH
corrected, standard state free energy released from oxidation and reduction reactions. Other 
constraints on microbial growth are temperature and RH thresholds in the model that limit the 
start of microbial activity until the boiling period is over. Although microbes could be sterilized 
out of the drifts during the highest temperature period, because they are present in the water-rock 
system they will return as water drips back into potential drifts.  

The results of the conceptual model were incorporated within the MING V1.0 software 
(CRWMS M&O 2000 [129279]) during software development or are incorporated directly as 
parameter inputs. This model and the MING software are available to calculate upper bounds on 
in-drift microbial populations, as needed.  

Microbes can accelerate corrosion and this effect has been taken into account by applying a 
conservative general corrosion enhancement factor. The enhancement factor is represented with 
uniform distribution between 1 and 2.0 (see Section 3.4.1.6).  

The effect of microbial activity on in-drift gas composition is undetermined.  

Uncertainties 

This model is an upper bounding model for microbial activity. Results of validation tests 
indicate that (1) the model will function as intended, and (2) the model predictions are accurate 
to within one order of magnitude of measured values (CRWMS M&O 2000 [129279], 
Section 7.3).  

3.3.4.5.3 In-Drift Water Colloids Interaction 

An EBS colloids process model was developed and reported in Engineered Barrier System: 
Physical and Chemical Environment Model (CRWMS M&O 2000 [135097], Section 6.6). The 
model bounds the impact of iron-oxide and iron-oxyhydroxide colloids on radionuclide transport 
in the invert, specifically considering the impacts resulting from use of steel in the engineered 
barrier system.  

An in-drift colloids model and an abstraction reported in In-Drift Colloids and Concentration 
(CRWMS M&O 2000 [129280]) were developed. Clays, silica, hematite, and goethite colloids 
occur as mineral colloids in groundwater in the vicinity of Yucca Mountain, with clays and silica 
the most abundant. It is assumed that these colloids will enter a failed waste package along with 
groundwater and be available to interact with released radionuclides. Further, it is assumed that 
groundwater entering the drift and invert from the surrounding UZ will mix under certain 
circumstances with releases from a failed waste package and the groundwater colloids will 
likewise be available to interact with released radionuclides.  

The predominant process of colloidal radionuclide release occurs when the drip shield and waste 
package have been breached and incoming water from above flows downward through the 
breach in the drip shield, into and around the waste package, and downward into the invert.
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Releases from a breached waste package may mix with the groundwater in the invert.  
The mixed fluid migrates downward through the invert into the UZ.  

Although considered, diffusion of colloidal particles is too slow to be a significant contributor to 
radionuclide releases (CRWMS M&O 2000 [135097], Section 6.6).  

The water is assumed to contain smectite colloids whose stability and concentration are 
determined by the ionic strength and pH of the groundwater. The waste package release is 
assumed to be a fluid containing colloids and dissolved radionuclides resulting from the reaction 
of waste with water that has entered the waste package (calculated by the TSPA-SR model).  

There are three types of colloids in the release: (1) waste form colloids, assumed to be smectite; 
(2) waste package corrosion colloids, assumed to be iron (hydr)oxide; and (3) groundwater 
colloids, assumed to be smectite. Some of these colloids have associated radionuclides as they 
leave the waste package. The waste form colloids may have irreversibly attached (embedded) 
and/or reversibly attached (sorbed) radionuclides. The corrosion and groundwater colloids may 
have reversibly attached radionuclides. It should be stated that the terms "reversible" and 
"irreversible" as used here imply mechanism of attachment.  

The mass of radionuclides irreversibly attached to the waste form colloids is determined from 
reactions within the waste package (CRWMS M&O 2000 [148214]). The mass of radionuclides 
reversibly attached to all three types of colloids is determined by the product of three parameters: 
(1) the mass concentration of dissolved (aqueous) radionuclide in the fluid, (2) the mass 
concentration of colloid material in the fluid, and (3) the distribution coefficient, kd, of a specific 
radionuclide on a specific colloid mineralogical type. The kds for the various radionuclides on 
the two mineralogical colloid types have been determined in the laboratory (CRWMS 
M&O 2000 [129280], Section 6.3.4).  

Stability and mass of waste form colloids were abstracted for TSPA calculations and are depicted 
in Figures 3.3-15 and 3.3-16 (CRWMS M&O 2000 [129280], Section 6.3.4.3, Figures 4 to 5) 

Stability of iron (hydr)oxide colloids has been abstracted and is depicted in Figure 3.3-17 
(CRWMS M&O 2000 [129280], Section 6.3.4.4, Figure 7).  

Groundwater colloid concentration as a function of ionic strength has been abstracted and is 
depicted in Figure 3.3-18 (CRWMS M&O 2000 [129280], Section 6.3.4.5, Figure 9).  

Details on implementation of the in-drift colloids model and abstractions are reported in In-Drift 
Colloids and Concentration (CRWMS M&O 2000 [129280], Section 6.3).  

Uncertainties 

There are several significant sources of uncertainty attached to this water-colloid interaction 
abstraction, some relating to assumptions regarding colloid generation from degradation. The 
potential formation of colloids from degradation of N-reactor fuel, and its potential contribution 
to potential repository performance, must be investigated. At this time, the data are preliminary; 
however, the program is ongoing, and more data are anticipated. For now, it is assumed in the 
abstraction that, due to the small quantity of N-reactor fuel, any colloids generated from
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degradation of the fuel will have little effect on potential repository performance. If this 
assumption, after examination, proves untrue, use of the assumption could result in 
underestimation of the contribution of colloids derived from degradation of N-reactor fuel to 
potential repository performance.  

Another uncertainty, but less significant, is the assumed concentrations of colloids in 
groundwater. Data from a range of groundwaters were used in an attempt to establish a 
fundamental relationship between colloid concentration and ionic strength. The large amount of 
scatter in the data were accommodated by bounding the data. As a result, colloid concentrations 
in some circumstances may be overestimated.  

The abstraction is considered valid and usable in TSPA calculations for any time after the 
temperature in the potential repository has decreased to well below boiling. Many of the waste 
degradation tests were performed at 90TC, but mostly sampled near room temperature.  
Therefore, the test results may be applied to drift processes during the post-thermal period.  
The range of ionic strength and pH, for which colloid masses and stability are calculated in the 
abstraction, are within the ranges anticipated from in-drift chemistry calculations and abstraction.  

In general, the bounding relationships employed in the abstraction incorporate uncertainty 
present in the data used. Additional uncertainty may result from implementation in the 
TSPA-SR model calculations. For example, the choices of distributions and the method of 
sampling a particular distribution may result in uncertainties in determination of colloid 
concentrations, ionic strength, pH, and radionuclide concentrations.  

3.3.4.5.4 Water-Cement Interactions 

An EBS cementitious materials process model was developed and reported in Engineered 
Barrier System: Physical and Chemical Environment Model (CRWMS M&O 2000 [135097], 
Section 6.3). The model is used to develop reasonable-bound estimates for potential chemical 
effects from percolating water that contacts grouted rockbolts in the drifts and for interaction of 
that water with gas-phase CO 2. The grout has low permeability, which substantially limits 
chemical interaction of the grout with the EBS environment. Flux scaling produces greater flow 
rates than does limiting leachate flow by the saturated permeability of the grout. Even with flux 
scaling, the composition and quantity of leachate after equilibration with CO 2 are of minor 
importance compared to the composition of water in the bulk environment.  

For these reasons, effects of cement leachate on the composition of water in the bulk 
environment can be neglected.  

3.3.4.5.5 In-Drift Corrosion Products 

A scoping calculation reported in Engineered Barrier System: Physical and Chemical 
Environment Model (CRWMS M&O 2000 [135097], Section 6.7.4) shows the needed oxygen is 
available in the host rock and can be replaced by natural processes, at a rate that is comparable to 
the rate of corrosion.  

An in-drift corrosion products model and abstraction were developed in In Drift Corrosion 
Products (CRWMS M&O 1999 [125130]). The reported conclusion was that only minor
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impacts of corrosion are expected in the bulk in-drift chemical environment. These impacts may 
occur during active corrosion of the metals and alloys in an oxidizing environment. After 
formation, corrosion products are generally insoluble in an oxidizing environment and should not 
affect the composition of the solution further. However, there is a large potential for sorption, 
which has not been fully quantified nor have its impacts on the bulk in-drift geochemistry been 
evaluated.  

It is concluded that effects of corrosion will have negligible effect on the in-drift chemical 
environment.  

3.3.4.5.6 In-Drift Gas-Water Interactions 

A gas flux and fugacity process model was developed and reported in Engineered Barrier 
System: Physical and Chemical Environment Model (CRWMS M&O 2000 [135097], 
Section 6.2). It is an analytical model for fugacities of CO 2 and 02 in the potential repository 
during the thermal period. The model provides lower-bound estimates of gas fugacities.  
The results show the advective-dispersive oscillatory barometric pumping process is a potentially 
important mechanism for gas transport in the UZ.  

An in-drift gas and water interactions analysis and abstraction were reported in In-Drift Gas Flux 
and Composition (CRWMS M&O 2000 [129278]). The analysis provides the basis for 
constraining the values of the gas flux and composition in the potential emplacement drifts in 
terms of the major geochemical constituents carbon dioxide, oxygen, nitrogen, and water vapor.  
The conceptual analysis and mass balance calculations suggest that in-drift gas flux and 
composition will not be strongly affected by interactions with in-drift and near-drift materials.  
However, in-drift gases will be displaced by water vapor during the thermal period, thus, 
dropping the levels for all other gases in the drifts during that period. Even this decrease in 
oxygen fugacity is not expected to be great enough to reverse redox reactions occurring in the 
potential repository.  

It is concluded that the boundary conditions, which use in-drift gas compositions and fluxes, 
ignoring interactions with materials in and near the drifts, will not be significantly changed by 
those interactions.  

3.3.4.5.7 Water-Invert Interactions 

A water-invert conceptual model and an abstraction were reported in Seepage/Invert Interactions 
(CRWMS M&O 2000 [129283]). It was concluded that the invert materials are not present in 
significant quantities relative to the host rock and other EBS materials to exert a significant 
influence on the chemistry of the seepage exiting the drift. Due to the potential for mineral 
precipitation during the thermal period and re-solution during the return to ambient temperature 
conditions, it is possible that there will be a transient period of elevated ionic strength for 
seepage exiting the drift through the invert.  

Potential changes in invert transport properties have little impact. The invert is filled with 
crushed tuff generated from mining operations on the emplacement tunnels. The invert is 
therefore expected to respond to the effects of heating and water-rock interaction during seepage 
and rewetting in a similar manner to the host rock. In particular, the hydrological properties are
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expected to be relatively constant during the processes of heating and water-rock interaction, 
particularly for a high porosity, granular material.  

An additional factor mitigates the effects of potential changes in hydrological properties on the 
crushed tuff. The typical dimension of the invert, about 1 meter deep in cross section, is much 
less than the typical size scale for the UZ, on the order of hundreds of meters above the water 
table. In this situation, potential changes to invert properties will be small perturbations in 
comparison to the overall response of the host rock in the UZ.  

3.4 WASTE PACKAGE AND DRIP SHIELD DEGRADATION 

The waste package and drip shield together form the primary component of the EBS 
(Figure 3.4-1). The waste form will be completely contained and out of contact with 
groundwater until the waste package is breached. The current approach used in the analysis of 
waste package degradation considers the important degradation mechanisms (e.g., corrosion) that 
may eventually cause such a breach, or failure, to occur. Mobilization of waste within the waste 
package, and subsequent transport of radionuclides into the natural environment are described in 
Sections 3.5 and 3.6. Waste package and drip shield degradation are described in detail in the 
Waste Package Degradation Process Model Report (CRWMS M&O 2000 [151624]).  

Figure 3.4-1 illustrates the waste package and drip shield design. The package is dual walled: a 
20 mm thick Alloy-22 outer wall and a 50 mm thick stainless steel (316NG) inner wall 
(CRWMS M&O 2000 [144128], Attachment I, p. 2 of 2). (Note that the outer wall of the waste 
packages for the defense high-level waste and navy spent nuclear fuel is 25 mm thick [CRWMS 
M&O 2000 [150823], Attachment III, p. III-1). The purpose of the outer wall is to provide 
corrosion resistance, and that of the inner wall is to provide structural support (CRWMS 
M&O 2000 [144128], p. 31). The waste package is initially constructed as a cylinder with one 
end closed. Two lids are located at the closed end of the cylinder: a 95 mm thick stainless steel 
lid closing the inner wall, and a 25 mm thick Alloy-22 lid closing the outer wall. The entire 
assembly is then annealed to reduce residual stresses resulting from the fabrication process, 
which can cause stress corrosion cracking or accelerate other corrosion processes. The waste 
form is placed in the package, and the package is sealed by welding three closure lids onto the 
open end. The inner wall is closed with a single 95 mm thick stainless steel inner lid. Two 
Alloy-22 closure lids (referred to as the outer and middle lid, respectively) are welded onto the 
outer wall of the waste package. The outer lid is 25 mm thick and the middle lid is 10 mm thick 
(CRWMS M&O 2000 [144128], Attachment I, p. 2 of 2). Although large-scale annealing of the 
waste package closure welds is not possible, localized stress-relief treatments (induction 
annealing of the outer lid welds and laser peening of the middle lid welds) will be applied to the 
closure welds (CRWMS M&O 2000 [144128], Section 6.4). These treatments will result in the 
formation of compressive surface stresses to a depth of 2 to 6.5 mm. SCC will not initiate until 
these compressive regions are removed by general corrosion processes. The localized stress
relief treatments will not result in appreciable heating of the spent fuel elements within the waste 
package (CRWMS M&O 2000 [144128], Section 6.4). Depending upon the type of waste form, 
additional barriers may be present. For commercial spent nuclear fuel, a fuel rod cladding, 
typically a Zirconium-alloy metal, surrounds the fuel pellets. The form of the fuel itself, as 
uranium oxide ceramic pellets, also provides some degree of immobilization for the heavy metal 
components. Cladding and fuel related issues are discussed in Section 3.5.
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The drip shield provides additional protection for the waste packages. Constructed of 15 mm 
thick Titanium Grade 7, the drip shield diverts water entering the drift from above, thus 
preventing seepage from contacting the waste package.  

In the nominal scenario, general and localized corrosion (i.e., pitting/crevice corrosion and stress 
corrosion cracking) mechanisms are addressed as possible waste package and/or drip shield 
failure or breaching modes. General corrosion refers to corrosion processes that are spatially 
continuous (although variable) over the entire surface, or a substantial portion of the surface, of a 
single waste package or drip shield, in response to general environmental conditions in the 
vicinity of the waste package and drip shield. For example, humid air corrosion is a general 
corrosion mechanism. Localized corrosion processes effect only a small area, however, within 
that area they may have a greater impact on package integrity. In the current analyses, SCC may 
occur at the welds where the outer and middle closure lids are joined to the outer wall of the 
package body after waste is placed within the package. Pitting and crevice localized corrosion 
processes were considered in TSPA-VA (CRWMS M&O 1998 [108004]). However, the current 
waste package and drip shield design incorporates materials for which pitting and crevice 
corrosion will not occur under foreseeable repository conditions (CRWMS M&O 2000 [147648], 
Section 7.1).  

Mechanical failure modes (e.g., due to rock fall) are not considered in the present analyses. They 
have been excluded due to low consequence as a result of the FEP analysis (CRWMS 
M&O 2000 [146538], Section 6.2.19).  

Process models and abstractions have been developed to simulate the degradation of the drip 
shield and waste package. The models are intended to capture the spatial and temporal 
variability of corrosion processes by integrating predicted localized environmental conditions 
with submodels describing corrosion processes for a representative number of waste packages 
and drip shields. The models have been simplified to the greatest extent possible, while still 
capturing the essential behavior of the system. Where simplifications have occurred, they have 
been conservative in nature. For example, no corrosion credit is taken for the stainless steel 
inner wall of the package.  

The following subsections describe construction of the conceptual models, the implementation of 
the models as computer codes, and discuss the results of model application.  

3.4.1 Construction of the Conceptual Model 

The conceptual model (CRWMS M&O 2000 [146427], Section 6.2) includes those waste 
package and drip shield degradation mechanisms that may occur under the predicted 
environmental conditions in the potential repository. A number of other degradation 
mechanisms were investigated, but were excluded from the final analysis as having either low 
probabilities of occurrence or no significant contribution to degradation, and therefore, no 
significant contribution to the calculated expected dose (CRWMS M&O 2000 [146538]).  

The conceptual model consists of quantitative or mathematical descriptions of the progression of 
each modeled degradation mode for each applicable component (drip shield or waste package) 
(CRWMS M&O 2000 [146427], Section 6.2).
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The modeled degradation mechanisms are a function of the material properties of the drip shield 
and waste package, and the sequence of events that is anticipated to occur subsequent to 
repository closure. Three main types of degradation are considered in the nominal case: 
humid-air general corrosion, aqueous general corrosion, and SCC. Two additional corrosion 
processes, microbially induced corrosion (MIC), and thermal aging and phase instability, are 
considered to provide enhanced general corrosion on the waste package. General corrosion 
mechanisms are conceptually similar for the drip shield and waste package and are simulated 
using a common approach (CRWMS M&O 2000 [146427], Section 6.3.5 and 6.3.6).  

3.4.1.1 Model Input and Output 

The primary models supplying input to the drip shield and waste package degradation 
abstractions are the Thermo-Hydrology Model and the In-Drift Geochemical Abstraction Model 
(Figure 3.4-2). Inputs to the drip shield degradation model consist of: drip shield design data, 
emplacement drift temperature and RH profiles as a function of time, and general corrosion rate 
data (Figure 3.4-3) (DTN: MO0007MWDTSP01.003 [151706]). Inputs to the waste package 
degradation. model consist of: waste package design data, emplacement drift temperature and 
RH profiles as a function of time, general corrosion rate data, closure lid weld stress and stress 
intensity factor profiles, stress corrosion cracking model parameters, manufacturing defect 
prediction parameters, as well as in-package chemistry data (Figure 3.4-4) 
(DTN: MO0007MWDTSPO1.003 [151706]).  

It was anticipated that other data, such as occurrence of dripping and non-dripping conditions 
associated with in-drift seepage, would be required. However, by adjusting scenarios for 
conservative cases (e.g., it is conservatively assumed that an aggressive dripping water chemistry 
is present over all time), the input data requirements and associated model complexity were 
reduced. Other anticipated input data such as in-drift water and gas compositions and chemical 
properties were found to be unnecessary as several material corrosion rate properties for 
Alloy-22 (the waste package) and Titanium Grade 7 (the drip shield) were not sensitive to 
variations in these data over the expected range (CRWMS M&O 2000 [144229]; CRWMS 
M&O 2000 [144971]).  

Output from the degradation models is a time dependent quantitative assessment of the drip 
shield and waste package degradation and failure. Results include: the time to initial breach for 
the drip shield and the waste package; time to first breach of the waste package by 
stress-corrosion crack failure; and the degree of drip shield and waste package failure as a 
function of time (see Figures 3.4-3 and 3.4-4). The time of the first breach of the waste package 
corresponds to the start of waste form degradation within the breached package.  

Additional output data include the uncertainty and spatial variation of the degradation 
information for each waste package and drip shield basis and at different locations within the 
potential repository.  

Figure 3.4-5 is a conceptual illustration of model data sources, input data used by the model, and 
output data generated by the model.
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3.4.1.2 General Corrosion

General corrosion normally causes a relatively uniform thinning of materials. Two types of 
general corrosion are considered: humid-air corrosion and aqueous corrosion. Humid-air 
corrosion occurs when the relative humidity at the surface of the drip shield and waste package 
in the emplacement drift exceeds a threshold value. The threshold relative humidity used in the 
current analysis is based on the deliquescence point of sodium nitrate salt (NaNO 3) which is a 
function of temperature (CRWMS M&O 2000 [146460]; CRWMS M&O 2000 [144229]).  
While this threshold is exceeded, general corrosion will cause the material to thin according to a 
material dependent corrosion rate. Aqueous corrosion will occur when a material surface is 
wetted, as from seepage or drips. When wetted, the material will also thin according to a 
material dependent corrosion rate. Figure 3.4-6 illustrates general corrosion processes.  

The corrosion rate is theoretically a function of a number of variables, including temperature, 
stress-state, and water and gas chemistry. However, laboratory testing determined that the rates 
of general corrosion for Alloy-22 (the waste package) and Titanium Grade 16 (an analog for the 
Titanium Grade 7 used for the drip shield) (CRWMS M&O 2000 [144971], Section 6.5.2) are 
insensitive to temperature, relative humidity, and liquid pH in the range expected for these 
parameters within the potential repository (CRWMS M&O 2000 [144229]; CRWMS M&O 2000 
[144971]).  

The corrosion rate is characterized by a probability distribution that contains both variability and 
uncertainty. "Uncertainty" describes the lack of knowledge concerning the exact corrosion 
degradation rate of a material, while "variability" refers to the differing corrosion degradation 
rates that could occur because of different or varying material properties (on a microstructural 
scale) and temporal or spatial exposure conditions. Within the model implementation, the 
variability and uncertainty are separated using Gaussian Variance Partitioning (see 
Section 3.4.2.2).  

For each material, both humid-air and aqueous general corrosion use the same corrosion rate 
distribution because the general corrosion rates of the materials (Alloy-22 and Titanium Grade 7) 
do not show any significant dependence on the exposure conditions over the ranges that are 
expected in the potential repository (CRWMS M&O 2000 [144229]; CRWMS M&O 2000 
[144971]). Conceptually, the two processes are differentiated by the possibility of localized pit 
corrosion initiation, which may occur under aqueous general corrosion conditions.  

However, as discussed previously, neither waste package nor drip shield materials are subject to 
localized pitting under expected repository conditions. The following sequence describes the 
progression of general corrosion modes in response to system behavior and events: 

Initially, the upper surface of the drip shield is assumed to be dripped upon, and aqueous 
general corrosion conditions are assumed. The underside of the drip shield and the 
exterior of the waste package are subject to humid-air general corrosion. The interior of 
the waste package is not subject to general corrosion.
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" After several tens of thousands of years, general corrosion penetrates the drip shield in 
one or more locations. Consequently, the corrosion mode for the exterior of the waste 
package is changed from humid-air general corrosion to aqueous general corrosion as 
dripping water contacts the waste package surface.  

" After failure of the waste package (either by general corrosion or SCC) the interior of 
the waste package is subject to aqueous general corrosion under in-package water 
chemistry conditions (see Section 3.5.2).  

3.4.1.3 Stress Corrosion Cracking 

SCC is a crack propagation process caused by the combined and synergistic interaction of 
mechanical stress and corrosion reactions. For SCC to occur, tensile stress (stress that would 
tend to open a crack) and an aggressive water chemistry must be present simultaneously. It is 
conservatively assumed that an aggressive dripping water chemistry is present over all time.  
The drip shield will be fully annealed to relieve all tensile stresses resulting from the fabrication 
process. Therefore, the only source of mechanical stress in the drip shield is the loading due to 
potential rockfall. Although SCC due to rockfall induced stress states is possible, it is of low 
consequence because SCC cracks in the Titanium Grade 7 drip shield will be very tight and will 
quickly become "plugged" by corrosion products and precipitates such as carbonate present in 
the seepage water. Any water transport through this oxide/salt filled crack area will be mainly 
by diffusion-type transport processes (CRWMS M&O 2000 [147396]). Thus, the effective water 
flow rate through SCC cracks in the drip shield would be expected to be extremely low and will 
not contribute significantly to the overall radionuclide release rate from the potential repository.  
All the fabrication welds on the waste package, except the welds for the closure lids (see Section 
3.4 for a brief discussion of the localized stress relief treatment employed), will be fully annealed 
and thus not subject to SCC. The waste package is protected from rockfall by the presence of the 
drip shield. SCC is therefore considered only for the closure-lid welds. It is assumed that SCC 
is operative if the relative humidity of the waste package surface is greater than the threshold 
relative humidity (i.e., general corrosion is occurring).  

The waste package outer barrier has a dual closure lid design to mitigate potential premature 
failure of waste packages by stress corrosion cracking. The dual closure lids are referred to as 
the outer lid and middle lid. The outer lid is 25-mm thick and the middle lid is 10-mm thick.  
There is a physical separation between the two lids. A schematic of the dual closure lid design is 
shown in Figure 3.4-7.  

Any SCC cracks initiated in the outer closure lid stop after the lid is fully penetrated.  
As mentioned above, SCC will not occur unless general corrosion has started. Consequently, 
SCC on the middle closure lid weld will not start until the outer lid is breached, opening the 
space between the outer and middle lids to potential repository conditions, and allowing general 
corrosion to occur on the middle-lid.  

The growth of cracks due to SCC is modeled with the Slip Dissolution Model (CRWMS 
M&O 2000 [148375]). This model predicts the velocity of crack growth as a function of stress 
intensity factor, incipient crack size, and crack growth rate parameters. If the predicted stress at 
an incipient crack location is greater than the threshold stress and the stress intensity factor is
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greater than zero, then the crack can grow in depth. The crack continues to grow as long as the 
predicted stress at the crack tip exceeds the threshold stress and the stress intensity factor is 
greater than zero.  

Stress and stress intensity factor profiles for each closure lid are calculated at a number (i.e., 
five) of angles around the closure lid to represent variability (DTN: MO0007MWDTSP01.003 
[151706]). Uncertainty in the stress state is introduced through use of a fraction (of yield 
strength) that defines a maximum deviation from the median stress/stress intensity factor profile 
and a random variable to assign uncertainty in this range (CRWMS M&O 2000 [146427], 
Section 4.1.8). By changing the fraction, differing conceptual models (e.g., conservative 
30 percent, expected 10 percent, and optimistic 5 percent) (CRWMS M&O 2000 [151624], 
Section 3.2.5) for the stress states can be represented. Stress and stress intensity factor profiles 
for the 25-mm outer lid are shown in Figures 3.4-8 and 3.4-9 for the different choices of the 
uncertainty fraction. Similarly, stress and stress intensity factor profiles for the 10-mm middle 
lid are shown in Figures 3.4-10 and 3.4-11 for the different choices of the uncertainty fraction.  

SCC cracks in passive alloys such as Alloy-22 tend to have small crack opening displacements 
(i.e., tight cracks) by nature (CRWMS M&O 2000 [147396]). The opposing sides of 
through-wall SCC cracks will continue to corrode at very low passive corrosion rates until the 
gap region of the tight crack opening is plugged by the corrosion product particles and 
precipitates such as carbonate from ionic constituents present in the water. Any water transport 
through this oxide and salt-filled crack area will be mainly by diffusion-type transport processes 
(CRWMS M&O 2000 [147396]). Thus, the earliest radionuclide release from the waste 
packages due to diffusion through the SCC cracks would be expected to be low relative to the 
overall radionuclide release from the potential repository due to later advective transport.  
Because radiation dose is a function of the radionuclide release rate, there should be no 
significant change to the expected annual dose.  

3.4.1.4 Manufacturing Defects 

Manufacturing defects considered in the present analysis consist of undetected non-through 
going cracks in the closure lid welds (CRWMS M&O 2000 [147359]) as shown schematically in 
Figure 3.4-12. After waste is placed in the waste package, the closure lids are welded onto the 
open end of the package. All welds will be inspected with various non-destructive testing 
procedures, however, it is possible that some defects may not be detected.  

The weld defects are assumed to be spatially randomly distributed as represented by a Poisson 
process (CRWMS M&O 2000 [146427], Section 5.5). These assumptions are reasonable for the 
manufacturing process being considered (CRWMS M&O 2000 [138164]). All weld defects are 
conservatively assumed to be oriented radially (i.e., perpendicular to the weld centerline). Thus, 
they propagate under the action of the hoop stress profile which is more severe than the radial 
stress profile. Most weld defects, such as lack of fusion and slag inclusions, would be expected 
to be oriented within a few degrees of the weld centerline (CRWMS M&O 2000 [151624], 
Section 3.1.2.6 ). Other parameters required for the calculation include: lid thickness, lid radius, 
and location and scale parameters for the probability of non-detection of defects. An additional 
parameter represents the fraction of propagating defects. Undetected defects serve as nucleation
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sites for additional cracks whose growth is then modeled by SCC subsequent to the start of 
general corrosion.  

This approach differs from that employed in the previous performance assessment (DOE 1998 
[100550], Volume 3, Section 4.1.7), where a percentage (between 0.001 and 0.1 percent) of the 
waste packages were assumed to fail 1,000 years after potential repository closure.  
The incorporation of the dual closure lid design in the current assessment effectively precludes 
initial failure as the probability of undetected weld defects penetrating the entire thickness of 
both the outer- and middle-closure lid is exceedingly remote.  

3.4.1.5 Localized Corrosion 

Localized corrosion, or pitting and crevice corrosion, is induced by local variations in the 
electrochemical potential or driving force for corrosion on a micro-scale over small regions.  
Initiation of localized corrosion requires aqueous general corrosion (i.e., dripping conditions) and 
specific chemical conditions to initiate.  

It is assumed that localized corrosion of Titanium Grade 7 is not possible under all expected 
repository conditions (CRWMS M&O 2000 [146427], Section 5.3). Therefore, localized 
corrosion of the Titanium Grade 7 drip shield is not modeled. Similarly, localized corrosion is 
not possible on the Alloy-22 waste package under potential repository conditions, however, a 
localized corrosion initiation and propagation model is implemented within the WAPDEG model 
(CRWMS M&O 2000 [146427], Section 5.4).  

3.4.1.6 Other Degradation Modes 

A number of other degradation modes were considered for incorporation in the drip shield and 
waste package degradation analysis.  

Microbially Influenced Corrosion-This is caused by the metabolic activity of microorganisms.  
In the Analysis Model Report entitled General Corrosion and Localized Corrosion of the Drip 
Shield (CRWMS M&O 2000 [144971]), it is stated that the effect of microbial growth on the 
corrosion potential is not significant and the initiation of crevice corrosion under bio films 
formed on titanium has never been observed. Thus, the drip shield material (Titanium Grade 7) 
is assumed not subject to MIC. It is assumed that the waste package material (Alloy-22) is 
subject to microbially induced corrosion only when relative humidity exceeds 90 percent and 
sufficient nutrients exist, and that MIC can be represented by a general corrosion enhancement 
factor (CRWMS M&O 2000 [144229], Sections 6.8 and 6.10). The enhancement factor is 
represented with uniform distribution between 1 and 2.0.  

Aging and Phase Instability-Prolonged exposure to elevated temperature environments can 
cause microstructural changes of waste package and drip shield materials, potentially resulting in 
changes in their corrosion behavior such as enhanced general corrosion. The drip shield is 
assumed to be immune to long-term aging and phase instability. This assumption is based on the 
fact that Titanium Grade 7 is a nearly pure single-phase alloy with very small additions of 
alloying elements (such as Pd) and that the phase transition temperature for the alloy (about 
880'C) is much higher than the expected peak exposure temperatures of drip shields in the
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potential repository (CRWMS M&O 2000 [144971], Section 5.9). The bounding analyses based 
on the limited data that are currently available indicate that Alloy-22 base metal will not be 
subject to the long-term aging and phase instability under the expected potential repository 
thermal conditions (CRWMS M&O 2000 [144229], Section 6.7). Data for Alloy-22 welds are 
not available yet. While additional data and analyses are being developed to better quantify the 
effects, it is assumed that the waste package outer barrier closure lid welds are subject to long
term aging and phase instability under the repository thermal conditions, and that their effects on 
the outer barrier corrosion can be represented with a corrosion enhancement factor. The 
enhancement factor was developed from the comparison of the passive current density data for 
non-aged Alloy-22 base metal samples to those of aged samples (aged at 700'C) (CRWMS 
M&O 2000 [144229], Section 6.7). The enhancement factor is represented with uniform 
distribution between 1 and 2.5.  

Radiolysis-Induced Corrosion-The dominant contributor to dose rate at the waste package 
surface is from gamma radiation. Anodic shifts in the open circuit potential of stainless steel in 
gamma irradiated aqueous environments have been experimentally observed. The shift in 
corrosion potential was shown and subsequently confirmed to be due to the formation of 
hydrogen peroxide (CRWMS M&O 2000 [144229], Section 6.4.4).  

Hydrogen peroxide additions (up to 72 ppm) to repository-relevant solutions in contact with 
Alloy-22 samples showed that the corrosion potential could shift a maximum of 200 mV in the 
anodic direction. This anodic shift is well below that required to cause breakdown of the passive 
film and initiation of localized corrosion (CRWMS M&O 2000 [151624], Section 3.1.6.6).  
Since extremely high radiation levels would be required to achieve such high hydrogen peroxide 
concentrations (CRWMS M&O 2000 [144229], Section 6.4.4), and the shifts in potential 
observed are less than those required for breakdown of the passive film, radiolysis will not 
initiate localized corrosion of the Alloy-22 waste package outer barrier (i.e., only general 
corrosion will occur). Furthermore, it has been shown that the rate of general corrosion would 
not be significantly affected by a shift of 200 mV in corrosion potential (CRWMS M&O 2000 
[144229], Section 6.4.2).  

Although the shift in corrosion potential for the Titanium Grade 7 drip shield material due to 
gamma irradiation (hydrogen peroxide) would likely differ from that of Alloy-22, the magnitude 
of the shift in potential due to gamma radiolysis would not be greater than that required to cause 
breakdown of the passive film and initiation of localized corrosion (CRWMS M&O 2000 
[144971], Section 6.8). Similar to Alloy-22, gamma radiolysis will have no significant effect on 
general corrosion rates (CRWMS M&O 2000 .[144971], Section 6.8) of titanium-based alloys.  
Therefore, the effects of radiolysis are excluded due to low consequence because gamma 
radiolysis does not initiate localized corrosion or have any significant effect on the rate of 
general corrosion and therefore, no significant effect on dose rate.  

Hydrogen Induced Cracking-Atomic hydrogen generated at the surface of a metal can migrate 
into the metal and form metal hydrides causing the metal to be more brittle. The presence of the 
metal hydrides causes the metal to be more susceptible to cracking and thus to localized 
corrosion. Although hydrogen induced cracking is known to affect titanium, results from 
bounding analyses have indicated that hydrogen concentration in the drip shield will never 
surpass the threshold value for the onset of hydrogen induced cracking (CRWMS M&O 2000
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[147640]). Thus, the drip shield will not be subject to hydrogen induced cracking. Hydrogen 
induced cracking of the waste container outer barrier (Alloy-22) is not considered to be a 
possible degradation mechanism under potential repository-relevant exposure conditions.  
Handbook data (ASM International 1987 [103753], pp. 650 to 651) indicate that fully annealed 
nickel-base alloys such as Alloy-22 may be immune to hydrogen-induced embrittlement (hydride 
cracking) (CRWMS M&O 2000 [148499]). The susceptibility to hydride cracking may be 
enhanced only when the strength level of this alloy is increased either by cold working or by 
aging at a temperature of 5400C at which ordering and/or grain-boundary segregation can occur.  
The susceptibility to cracking will be reduced with decreasing strength level and correspondingly 
with increasing aging temperature. However, since the waste package temperature will be 
sufficiently less than 540'C, the possibility of hydrogen induced cracking in Alloy-22 will be 
very remote (CRWMS M&O 2000 [136383]). Therefore, the waste package outer barrier will 
not be subject to hydrogen induced cracking.  

3.4.2 Implementation of the Model 

The computer implementation of the conceptual model provides a mechanism for incorporating 
the effects of the individual corrosion models in a probabilistic framework that captures the 
variability and uncertainty in the model parameters.  

In the implementation, the effect of spatial and temporal variation in exposure conditions is 
incorporated by simulating corrosion processes for 400 drip shield and waste package pairs, each 
of which is assigned an exposure history consisting of an relative humidity and temperature 
profile. Profiles are selected from a suite of histories, which, as a whole, represent the range of 
relative humidity and temperature predicted to be found in the potential repository. The number 
of packages simulated (400) is considerably less than the projected final contents of the potential 
repository (11,770 packages [CRWMS M&O 2000 [136383], Attachment I]). This reduction 
was necessary for computational efficiency, but adequately represents the spatial variability over 
the entire repository as discussed in the WAPDEG Analysis Model Report (CRWMS M&O 
2000 [146427], Sections 5.1 and 6.3.4).  

Variability and uncertainty within each waste package and drip shield pair is incorporated by 
discretizing each component (drip shield and waste package) into numerous subareas called 
patches. Corrosion process parameters are sampled from probability distributions on a per-patch 
basis. Corrosion processes are then simulated as a function of time for each patch over a 
simulation period of 100,000 years.  

General corrosion (both humid and aqueous) will only occur if the predicted relative humidity in 
the drift exceeds the critical relative humidity for the material. A table of critical relative 
humidity values as a function of temperature is used in this determination (CRWMS M&O 2000 
[146427], Section 6.3.8). At each simulated time, predicted relative humidity and temperature 
values are extracted from the RH and thermal history specified for each drip shield and waste 
package pair. If the predicted relative humidity value exceeds the critical RH at the predicted 
temperature, then general corrosion proceeds.
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Results of the analyses consist of patch and package failure histories as a functions of time.  
These results provide input to the waste form degradation models and EBS transport models to 
determine releases from the waste package to the environment.  

3.4.2.1 WAPDEG 

The TSPA-SR subsystem model for evaluating degradation of the waste package and drip shield 
is the WAste Package DEGradation (WAPDEG) model (CRWMS M&O 2000 [146427]).  
WAPDEG is based on a stochastic simulation approach and provides a description of waste 
package and drip shield degradation, which occurs as a function of time and potential repository 
location for specific design and thermo-chemical-hydrologic exposure conditions. Waste 
package and drip shield degradation are, for the most part, independent. Exceptions include the 
transition from humid air to aqueous general corrosion on the waste package exterior after drip 
shield failure, and the calculation of fluid inflow to a failed waste package is dependent upon the 
degree of failure of the associated drip shield.  

In the current analysis, the waste package degradation model is composed of two components; 
the WAPDEG dynamic-link library (WAPDEG.DLL) which models the variability in waste 
package degradation, and the GoldSim implementation which models the uncertainty in the 
parameters passed to the WAPDEG DLL. Further details of the WAPDEG-GoldSim interface 
can be found in the TSPA-SR Model Document (CRWMS M&O 2000 [148384], Section 6.3.3).  

3.4.2.2 Gaussian Variance Partitioning 

General corrosion rate data for the drip shield and waste package are described by probability 
distributions that reflect both uncertainty and variability in the parameter. "Uncertainty" 
describes the lack of knowledge concerning the exact corrosion initiation threshold and 
degradation rate of a material, while "variability" refers to the differing corrosion initiation 
thresholds and different degradation rates that could occur because of different or varying 
material properties (on a microstructural scale) and temporal or spatial exposure conditions.  

The uncertainty and variability components of the general corrosion rate distributions are 
separated through the use of Gaussian Variance Partitioning (GVP) (see CRWMS M&O 2000 
[151624], Section 3.2.2 for a more thorough discussion). WAPDEG then samples from the 
resulting variability distribution the corrosion rate parameter values for each waste package 
patch. In summary, GVP separates the input general corrosion rate cumulative distribution 
function (CDF), containing both uncertainty and variability, into two separate distributions, one 
that characterizes variability and another that characterizes uncertainty. Each distribution has 
only a fraction of the input CDFs total variance (i.e., if the fraction of variance due to uncertainty 
is U, then the fraction due to uncertainty is 1-U). The median value of the variability distribution 
is sampled from the uncertainty distribution. The percentage of the total variance due to 
uncertainty is itself uncertain and is sampled from a uniform distribution between 0 and 1. The 
quantile at which to sample the median general corrosion rate is also uncertain and is sampled 
from a uniform distribution between 0 and 1.  

Figure 3.4-13 shows, along with the input general corrosion CDF, the resulting variability CDFs 
for the Alloy-22 waste package outer barrier using 25 percent to 75 percent, 50 percent to
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50 percent and 75 percent to 25 percent uncertainty and variability partitioning ratios and the 50th 
uncertainty quantile for the median of the variability distributions. Figure 3.4-14 shows the same 
general corrosion rate CDFs for the Titanium Grade 7 drip shield. Figures 3.4-15 and 3.4-16 
show the variability CDFs for the Alloy-22 waste package outer barrier using 25 percent, 50 
percent and 75 percent variability and the 2 5th and 75th uncertainty quantiles, respectively, for the 
median of the variability distributions.  

3.4.2.3 Drip Shield Implementation 

For modeling simplicity, the variability in drip shield degradation is assumed to be adequately 
characterized by modeling 500 patches for a 15 mm thick drip shield. Figure 3.4-17 illustrates 
the discretization used. The validity of this assumption was ascertained through sensitivity 
testing where the number of patches was varied using values of 200, 500, and 1,000 patches per 
drip shield. Results for the 500 patch and 1,000 patch case were found to be sufficiently similar 
to justify use of the 500 patch value on the basis of increased computational efficiency (CRWMS 
M&O 2000 [146427], Section 6.3.3).  

The general corrosion rate distribution for Titanium Grade 7 (based on measured general 
corrosion rates for the analog Titanium Grade 16, see Section 3.4.1.2) is partitioned using 
Gaussian Variance Partitioning as described in the previous section. Gaussian Variance 
Partitioning is applied twice, once to provide probability distributions for dripping conditions 
(i.e., aqueous corrosion) applied to the drip shield top, and once to provide distributions for 
humid-air corrosion applied to the underside of the drip shield. The appropriate distributions are 
then sampled to provide corrosion rates for outside-in (from the dripped-on exterior of the drip 
shield to the shielded interior) and inside-out (from the interior to the exterior) corrosion for each 
patch. Throughout the simulation, the sampled dripping condition general corrosion rate is 
applied to the drip shield exterior surface and the sampled humid-air general corrosion rate is 
applied to the drip shield interior.  

3.4.2.4 Waste Package Implementation 

The waste package is modeled as a cylinder with a total of 1,000 patches as illustrated 
schematically in Figure 3.4-18. Based on the sensitivity assessment conducted for the drip shield 
(CRWMS M&O 2000 [146427]), it was concluded that using twice as many patches would 
adequately represent the spatial variability in waste package degradation. The use of 1,000 waste 
package patches is conservative relative to the 938 waste package patches used in the analyses 
documented in the WAPDEG AMR (CRWMS M&O 2000 [146427]) as a larger number of 
patches results in a larger number of samples from each distribution used in modeling waste 
package degradation.  

3.4.2.5 Waste Package - General Corrosion 

The design of the waste package requires a more complex approach to modeling general 
corrosion than that used for the conceptually simpler drip shield. To allow a consistent approach 
over the package body and the closure lids, the waste package outer wall was divided into two 
conceptual layers: an inner pseudo-layer, and an outer pseudo-layer, providing an equivalent to 
the outer- and middle closure lids (CRWMS M&O 2000 [146427]).
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General corrosion can be outside-in (from the exterior of the package towards the interior) and, 
after the first complete patch failure allows liquid into the interior of the package, inside-out 
(from the package interior towards the exterior). The general corrosion rate distribution for 
Alloy-22 is partitioned using Gaussian Variance Partitioning. The appropriate distributions are 
then sampled to calculate corrosion rates for each direction for each patch.  

3.4.2.6 Waste Package - Stress Corrosion Cracking 

Patches at the edges of the closure lid corresponding to closure lid welds incorporate stress 
corrosion cracking through the slip dissolution model (CRWMS M&O 2000 [148375]). It was 
recommended that patches subject to stress corrosion cracking contain a single initial crack 
(CRWMS M&O 2000 [151624]) to capture details of individual crack growth. However, 
because WAPDEG requires that all patches be the same size, this would have resulted in 
approximately ten thousand patches per waste package, which in turn would have resulted in 
unacceptably poor computational performance. Consequently, the current patch size was 
selected, and ten stress corrosion cracking cracks were simulated for each closure lid weld patch.  
This is a conservative assumption from one perspective, as all ten cracks are considered failed 
when the first of the ten cracks penetrate, leading to a greater failed area than if a single crack 
had been used.  

Each patch subject to stress corrosion cracking is initialized with ten incipient cracks of 50 [im 
depth. Crack growth parameters are sampled from appropriate distributions. SCC is initiated 
after general corrosion starts on the patch and if the predicted stress at an incipient crack location 
is greater than the threshold stress. It continues to grow as long as the predicted stress intensity 
at the crack tip exceeds the threshold stress.  

Stress and stress intensity factor profiles are calculated once per realization and are applied to all 
waste packages. A profile is provided for each patch and varies according to the patch position 
around the circumference of the package.  

Initiation of SCC requires general corrosion. Consequently, middle lid SCC can not start until at 
least one patch has failed on the outer lid (either through general corrosion or SCC), allowing 
humid air or drips to penetrate the air gap between the outer and middle lids.  

3.4.2.7 Waste Package - Manufacturing Defects 

The manufacturing defect abstraction model (CRWMS M&O 2000 [146427], Sections 3.2.5, 
4.1.7, 6.3.11) is run before the start of the time dependent corrosion models. The model is 
executed twice for each package; once for the middle lid, and once for the outer lid. Parameter 
values are sampled from appropriate distributions (CRWMS M&O 2000 [144551]). Predicted 
surface-breaking undetected flaws are then allocated to closure-lid weld patches as initial cracks.  
These cracks are generally of much greater depth than the incipient cracks initialized for stress 
corrosion cracking. Defect crack growth is then simulated with the slip dissolution model (refer 
back to Section 3.4.1.4 for additional discussion).
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3.4.2.8 Waste Package - Other Modes

Microbially induced corrosion is described by a general corrosion rate enhancement factor 
characterized by a uniform distribution ranging from 1 to 2 (CRWMS M&O 2000 [144229]).  
Similarly, the general corrosion rate enhancement factor for thermal aging and phase instability 
is described by a uniform distribution ranging from 1 to 2.5 (CRWMS M&O 2000 [144229]).  

Once the critical relative humidity threshold for a waste package is exceeded, the distributions 
for each mode are sampled and the general corrosion rate over all patches enhanced by the 
sampled multipliers.  

3.4.3 Results and Interpretation: Evaluation of Key Issues and Importance to 
Performance 

All input files used in this analysis and output files produced from this analysis are tracked by 
DTN: MO0007MWDTSP01.003 [151706]. The performance of the waste package and drip 
shield was simulated by executing 300 realizations of the nominal case (or base case) scenario.  
Each realization corresponds to a complete simulation of 400 drip shield and waste package pairs 
(see Section 3.4.2) over the time interval from potential repository closure to 100,000 years 
subsequent to closure. In the nominal case presented here, the conservative conceptual model of 
SCC uncertainty is used (i.e., the uncertainty fraction of yield strength is set to 30 percent).  
In Section 5.2.3.2, simulation results utilizing a range of stress corrosion cracking uncertainty 
model parameters are presented. The analysis results are presented for the upper and lower 
bounds, median, 95th, 75th, 25th and 5th percentiles and mean as a function of time for the 
following output parameters: 

"* Drip shield first breach (or failure) Figure 3.4-19 (top plot) 

"* Waste package first breach (or failure) Figure 3.4-19 (middle plot) 

"* Waste package first patch penetration Figure 3.4-19 (bottom plot) 

"* Drip shield patch penetration percentage per failed waste package Figure 3.4-20 (top 
plot) 

"* Waste package patch penetration percentage per failed drip shield Figure 3.4-20 (bottom 
plot).  

The first breach or failure time is defined, for the purposes of this section, as the earliest time at 
which either a pit, crack, or patch has penetrated the barrier under consideration (the Titanium 
Grade 7 drip shield or Alloy-22 waste package outer barrier). Note that localized corrosion does 
not initiate for either the waste package (Alloy-22 outer barrier) or the drip shield, because the 
exposure conditions on the drip shield and waste package surface are not severe enough to 
initiate localized corrosion. Also note that the drip shield is assumed not to be subject to SCC, 
therefore no crack penetration failure of the drip shield is presented. For the .drip shield, the first 
patch breach time profile is the same as the failure time profile.
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Most of the following discussion focuses on the upper bound and median failure curves.  
The upper bound curves describe very low probability results, while the median is the most 
likely case with fifty percent of the realizations showing earlier failure times. Low probability 
results are, by definition, probably not representative of the actual performance of the drip shield 
and waste package system, but do provide a useful bounding case. In other words, if the 
low-probability results are acceptable, the actual performance is more than adequate.  

The upper-bound drip shield failure curve on Figure 3.4-19 (top plot) indicates that the first drip 
shield patch fails at about 20,000 years. Additionally, the upper bound case indicates that half of 
the drip shields have failed within 1,000 years after the initial failure, and all have failed by 
30,000 years. The upper-bound drip shield failure curve on Figure 3.4-20 (top plot) indicates 
that all patches on all failed drip shields have failed by 100,000 years. As all drip shields have 
failed by 30,000 years, this means that the upper-bound curve predicts that all drip shields have 
degraded in their entirety by 100,000 years.  

Initial failure time for the median case is similar, however the failures occur over a longer 
duration.  

Figure 3.4-19 (middle plot) shows that the first waste package failure on the upper-bound curve 
occurs at approximately 10,000 years. Comparing the overall waste package failure to the waste 
package patch failure upper bound curves indicates that this first failure is due to a middle-lid 
crack failure. This initial failure is likely a result of one or more manufacturing defects in a 
single package. The upper-bound waste package patch failure curve (Figure 3.4-19 bottom plot) 
shows that it takes approximately 100,000 years for at least one patch failure to occur in all waste 
packages. Figure 3.4-20 (bottom plot) shows that approximately 2 percent of the waste package 
patches have failed at this time.  

Results for the median case show an initial failure at approximately 40,000 years and about 
0.12 percent of the patches have failed by 100,000 years.  

The nominal case results indicate that the drip shield and waste package system performs 
exceptionally well, effectively isolating the waste from the natural environment for tens of 
thousands of years.  

3.5 WASTE FORM DEGRADATION 

The waste form degradation model evaluates the interrelationship among the in-package water 
chemistry, the degradation of the waste form (including cladding), and the mobilization of 
radionuclides. Specifically, the waste-form degradation model consists of the following 
components (Figure 3.5-1) that 

"• Define the radioisotope inventories for the CSNF and codisposal waste 
packages-Inventory Abstraction 

"* Evaluate in-package water chemistry-In-Package Chemistry Component Abstraction 

"* Evaluate the matrix degradation rates for CSNF, DSNF, and HLW waste forms-Waste 
Form Matrix Degradation Component Abstractions
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"* Evaluate the rate of Zircaloy cladding degradation (in the case of the CSNF)-Cladding 
Degradation Component Abstraction 

"* Evaluate the radionuclide concentrations for aqueous phases-Dissolved Radionuclide 
Concentration Component Abstraction 

"* Evaluate the waste form colloidal phases-Colloidal Radionuclide Concentration 
Component Abstraction.  

The model developed for the TSPA-SR is applicable to three generic waste form categories: 
(1) CSNF, (2) DSNF, and (3) HLW glass. As described in Section 3.4, these three categories are 
contained and disposed of in two types of waste packages-CSNF waste packages and 
codisposal waste package, with the latter one containing both DSNF and HLW glass.  

For both the CSNF and co-disposal waste packages, the waste form degradation model describes 
the evolution of the chemical environment, corrosion of the protective cladding leading to 
perforations and cladding failure by unzipping ("splitting") in the case of CSNF, dissolution of 
the exposed fuel matrix, and finally mobilization of the radionuclides. These processes are 
shown schematically for CSNF in Figure 3.5-2. The calculated radionuclide release rates from 
waste form are, in turn, provided to the EBS transport model (Section 3.6), which calculates the 
radionuclide releases from the EBS.  

The waste form degradation model is primarily designed for the nominal or reference scenario 
(defined in Section 1.6) but is also used as a source term for the igneous disruptive scenario and 
human intrusion scenario. The subcomponents are computationally linked in a sequential 
manner and, therefore, treated as uncoupled. There is one instance, however, of a weak feedback 
mechanism between certain subcomponent models. Specifically, the in-package chemistry is 
dependent upon the amount of CSNF exposed and the alteration rate of the HLW borosilicate 
glass. This coupling is accounted for in the TSPA-SR calculations by lagging the feedback by 
one time step' (i.e., the waste form degradation model does not iterate during the time step).  

The conceptual models developed for waste form degradation are described in the Waste Form 
Degradation Process Model Report (CRWMS M&O 2000 [138332]) which summarizes the 
results of theoretical and experimental studies, described in numerous analysis/model reports 
(AMR) on the degradation of the three general waste forms: CSNF, DSNF, and HLW. A brief 
summary of the models, similar to that provided in the waste form degradation PMR is also 
provided here to help in understanding the results of the TSPA-SR. An important purpose of the 
Waste Form Degradation PMR and underlying AMRs is to provide the basis of the models and 
explain the appropriateness of models for their intended use in the TSPA-SR. This validation 
information is not provided herein. Additional information on the implementation and validation 
of these conceptual model components in the TSPA-SR computer model can be found in the 
Total System Performance Assessment (TSPA) Model for Site Recommendation (CRWMS M&O 
2000 [148384]), and Total System Performance Assessment-Site Recommendation Methods and 
Assumptions (CRWMS M&O 1999 [105017]).  

The size of the time step depended upon the length of the simulations. For all simulations up to 100,000 years, the 
time step was 500 years. For simulations run to 1,000,000 years, the time step at 100,000 years increased to 
1,000 years, then 2,000 years, and finally 4,000 years.
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Figure 3.5-3, a schematic summary of the waste form degradation model, identifies the major 
inputs and outputs, key subcomponents of the model, and the experimental bases for confidence 
in the model. The waste form degradation model receives time varying conditions for the waste 
package surface temperature and water volume entering the waste package (Section 3.3).  
The primary outputs of the waste form degradation model consist of the dissolved and colloidal 
concentrations of radionuclides, which are provided to the EBS transport model (Section 3.6).  

3.5.1 Inventory Abstraction 

The model abstraction for the waste inventory defines the source term for the CSNF and 
codisposal waste packages in terms of both the quantity and spectrum of radioisotopes. This 
information is used with the abstraction for waste form degradation to determine the 
mobilization of the radionuclides. Radioisotopes 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 well over 
100 radioisotopes that may be collectively present in the waste packages at the time of the 
potential repository closure.  

Many of the radioisotopes, however, have intrinsic physical and chemical properties (e.g., very 
short half-life, low solubility, or strongly sorbing characteristics), and/or small inventory that 
prevent them from posing a radiological risk to a receptor group at the point of compliance as 
discussed in Section 1.3. As a result, only a small set of radionuclides needs to be considered in 
the evaluation of postclosure performance. To develop the abstraction for the radioisotope 
inventory, the following tasks were conducted: 

"* Grouping the various spent fuel types and waste forms into three generic categories of 
CSNF, DSNF, and HLW and the two waste package types of CSNF and codisposal 
waste 

" Evaluating an average radioisotope inventory for each waste form category and waste 
package type 

" Selecting the radioisotopes that are most important for calculation of the expected 
annual dose.  

With respect to the mandated disposal capacity of 70,000 MTHM, the CSNF waste form would 
contribute about 63,000 MTHM (about 90 percent of the total waste), the total DSNF waste 
would be 2,333 MTHM (or 3.33 percent), and the HLW glass waste would be about 
4,667 MTHM (or 6.67 percent). The technical basis for the inventory model is documented in 
the Draft ofAMR Inventory Abstraction (CRWMS M&O 2000 [152218]).  

3.5.1.1 Conceptual Model 

The radioisotope inventory component provides an estimate for radioisotope activities in 
containers destined for disposal in the potential Yucca Mountain repository based on the 
radionuclide activity for the grouping of various fuel types for CSNF, DSNF, and HLW shown
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in Figure 3.5-4. Because the amount of plutonium disposition waste is so small (relative to the 
other waste forms), its inventory was included in the CSNF and HLW, as indicated in 
Figure 3.5-4. As currently modeled, there are 7,860 CSNF waste packages and 3,910 codisposal 
waste packages placed in the potential geologic repository (CRWMS M&O 2000 [152218]).  

Basis for Commercial Spent Nuclear Fuel Inventory Projection-Commercial nuclear power 
plants use a variety of fuels and fuel configurations in their reactor cores to generate power. In 
the United States, the current nuclear fuel is enriched uranium dioxide (U0 2), but a plutonium 
and uranium mix may also be used in the future. Fuel pellets are packed into long cylindrical 
fuel rods (varying in size, depending on the design), and these fuel rods (clad in Zircaloy or 
stainless steel) are then bundled into assemblies. The number of fuel rods per assembly and the 
number of assemblies in a reactor core vary, depending on the core and reactor design (i.e., 
PWRs or BWRs).  

As currently projected, about 230,000 CSNF assemblies will need to be disposed in the potential 
geologic repository (CRWMS M&O 2000 [152218]). Each assembly, depending on the reactor 
configuration, initial fuel enrichment, bum-up, and the age of the waste (time in storage), will 
have a unique isotopic composition. Average isotopic compositions were developed using 
historical data supplied by utility companies. The most up to date historical data consists of 
reactor reported assembly discharges through December 1995 from their reactors. The utility 
companies also provided a forecast for the assembly discharges over the next 5 reloading cycles, 
which occur about every 1.5 years. From this information, DOE developed alternative schedules 
for shipping the assemblies to the potential Yucca Mountain repository, one of which was 
selected for estimating waste streams.  

Radionuclide inventories for each assembly in a waste stream were then estimated, and 
the 230,000 CSNF assemblies were grouped into five proposed waste package configurations 
(The two largest groups out of the five were 4500 packages containing 21 assemblies of PWR 
fuel and 3000 packages containing 44 assemblies of BWR fuel). An overall average 
radionuclide inventory for all the CSNF waste packages was then computed by weighting by the 
number of packages in each of the five waste package configurations (CRWMS M&O 2000 
[152218]).  

Basis for U.S. Department of Energy-Owned Spent .Nuclear Fuel and High-Level 
Radioactive Waste Inventory Projection-In the current reference potential repository design, 
the DSNF and HLW forms will be disposed together in codisposal waste packages. Therefore, 
they are discussed together here. The DSNF waste form category encompasses more than 
250 distinct types of spent fuel, with radionuclide inventories that vary widely, depending on the 
reactor history of the fuel (DOE 1999 [107790]). The DSNF waste form will be packaged in 
four types of canisters (consisting of two lengths and two diameters) before they are shipped to 
the potential Yucca Mountain repository for disposal. An average radionuclide inventory for the 
DSNF waste form was then calculated by using the estimated inventories for each of five 
codisposal configurations (one configuration using long DSNF canisters and long HLW 
canisters, one using short DSNF and short HLW canisters, one using short DSNF canisters and 
long HLW canisters, and one with only HLW canisters).
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The naval SNF will be placed in two types of canisters (consisting of two lengths) and placed in 
a waste package without any HLW. Additional analysis of Naval SNF that has been conducted 
is summarized in Section 3.5.3.  

The proposed technology for immobilization of reprocessed defense waste is vitrification in a 
borosilicate glass. Significant quantities of glass waste are currently produced and stored at the 
Savannah River Site. Production of HLW glass is also anticipated to start at the Hanford 
Reservation and the Idaho National Engineering and Environmental Laboratory. Finally, a small 
amount of HLW glass was produced at West Valley in New York, but the exact amount to be 
disposed has not been finalized. These generator sites provided radionuclide inventories for the 
HLW representative of their vitrification process. This information was used to calculate an 
average radionuclide inventory for the short and long HLW canisters.  

Radionuclide Screening and Selection-The combined list of radionuclide for the three waste 
allocation categories was screened to identify the specific ones that could potentially make 
significant contributions to the calculation of expected annual dose. A radionuclide screening 
procedure (CRWMS M&O 2000 [152218]) was used that considered the following factors: 
relative contribution to annual dose, radionuclide longevity (i.e., decay and production), 
elemental solubility, transport affinity, release scenario, and containment time (e.g., 10,000 years 
and 1,000,000 years). This screening procedure produced an initial list of radionuclides that I 
were then augmented to account for ingrowth of the actinide decay chains.  

The results of the screening identified important radionuclides for various scenarios and time I 
periods: 

"* Nominal Scenario (and Indirect Release for Volcanism Scenario), 10,000 Years
227 241 -- 243 - 14 238 , 239p 240p-, 99 , 229,, 232u, 233u, 234u, 

Ac, An, m, C, 129, 237 p, Pu, Pu, Pu, Tc, Th, U, U, U, 
236U, and 238U 

"* Nominal Scenario (and Indirect Release for Volcanism Scenario), 1,000,000 Years
The nominal scenario set for 10,000 years, plus 231Pa, 21 Pb, 242Pu, 226Ra, and 230Th 

"* Volcanism Scenario with Direct Release, 10,000 Years-227Ac, 241Am, 243AAm, 13 7Cs, 
231Pa' 238pu, 239pu, 24 0pu, 9°Sr, 229Th, 232 U, 233 U 

"* Volcanism Scenario with Direct Release, 1 Million Years-Volcanism scenario with 
direct release for 10,000 years, plus 237Np 2, 21°Pb, 242pu, 226Ra, and 230Th 

2 Plutonium dominates the expected annual dose from direct releases up to 100,000 years. Thereafter 237Np can 

become important. However, the TSPA-SR simulation of the igneous disruption scenario only considers a 
100,000 year period, since after -2,000 years, the expected annual dose from indirect releases (e.g., groundwater 
flow through disrupted waste containers) is greater than the direct releases. As noted above 237Np is considered in 
the nominal scenario and in the igneous intrusion scenario for indirect releases.
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"* Human Intrusion Scenario, 10,000 Years-22Ac, 241Am, "Am, 14C, 137Cs, 129I, 237Np, 238 Pu, 239 Pu, 24 0pu, 9 0Sr, 99Tc, 229Th, 232u, 233u, 2 34u, 236Uj, and 238u 

"* Human Intrusion Scenario, 1 Million Years-Human intrusion scenario set for 
10,000 years, plus 23 1pa, 21°Pb, 242pu, 226Ra, and 23°Th.  

With regard to the human intrusion scenario and the 10,000 year compliance period, 63Ni was 
initially identified in the Draft ofAMR Inventory Abstraction (CRWMS M&O 2000 [15 2 2 18]) as 
a potentially important radionuclide. Subsequent evaluations, however, have shown that Ni 
can be screened out because of its short half-life (100.1 years) relative to the nuclide residence 
time and its sorption in the SZ. For time periods of a 1 million years, 235U was subsequently 
added to the list because it is a source for `7Ac, which was considered potentially important to 
dose. In addition, certain radioisotopes were added because of their relevance to the 
groundwater protection standard (proposed 40 CFR Part 197 [64 FR 46976 [105065]]). This 
standard specifies concentration limits for 226Ra and 228Ra. Consequently, 228Ra and its 232 ..  
precursor, Th, were added to the list for the case of the nominal scenario. These adjustments 
expanded the list to a total of 26 radioisotopes for the TSPA-SR. Dose conversion factors were 
calculated for a selection of the 26 radioisotopes listed as described in Section 3.9.2 (Table 3.9-2) 
and Section 3.10.3 (Table 3.10-8). Obviously, radionuclides that were necessary only for 
evaluating chains (e.g., 2351U) did not require dose conversion factors. Furthermore, 
radionuclides only important for the simulations out to 1 million years and only contributed a 
small portion to the dose used dose conversion factors that had been used for previous TSPAs.  

3.5.1.2 Implementation in the Total System Performance Assessment 

The computer implementation of the inventory abstraction is a simple table look-up of the 
quantity of radionuclides at the time of waste emplacement for the CSNF and co-disposal waste 
packages. The inventories for each of 26 radionuclides are listed in Table 3.5-1 for both the 
CSNF and codisposal waste packages. These inventories are adjusted for decay, in-growth, and 
release from the waste form during the TSPA-SR simulations.  

While most of the radioisotopes in the CSNF waste are bound in the U02 matrix, some fission 
product gases such as 137Cs, and 1291 are known to migrate to the gap between the matrix and 
cladding. Furthermore, many radionuclides can migrate from the matrix to the cooler grain 
boundary. This migration process is important, because these radionuclides are released much 
faster than those bound in the fuel matrix. To account for the distinct release rates, the inventory 
for the CSNF waste form is divided into two parts: (1) matrix and (2) fast release. The fast 
release inventory is the sum of the gap inventory and grain boundary inventory. The grain 
boundary inventory is assumed to be the total inventory of each radionuclide times a fraction 
sampled from a uniform distribution between 0 and 0.004. As explained further in the Waste 
Form Degradation PMR and supporting AMR on cladding degradation, the distribution is based 
on the fractions of radionuclides observed to be released in short term tests (less than 200 days) 
and extrapolating to 5 years (CRWMS M&O 2000 [138332]; CRWMS M&O 2000 [147210].  
The gap inventory is an additional 0.042 and 1/3x0.042 of the inventory of 137Cs and 1291, 

respectively.
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Table 3.5-1. Average Inventories of Commercial Spent Nuclear Fuel and of 
Co-disposal Waste Packages

CSNF Mass per Co-disposal Mass per Package (glpkg) 

Radioisotope Package (glpkg) DSNF HLW 
227_Aca 3.09x10-6 1.13 x 10"4 4.67 x 10"4 

241_Am 1.09 x 104  1.17 x 102  6.57 x 10' 
243Am 1.29 x 103 1.49 3.99 x 101 
14c 1.37 4.96 x 10 2  6.43 x 10' 
137Csb 5.34 x 103  1.12 x 102 4.51 x 102 

1291 1.80 X 103 2.51 x 10' 4.80 x 101 

237Np 4.74 x 103 4.79 x 101 7.23 x 101 
231Pac 9.87 x 10-3 3.25 x 10-1 7.96 x 10"' 
21Opba c 0.00 1.40 x 10' 1.14 x 10' 
2 38 Pu 1.51 x 103 6.33 9.33 x 10' 
23 9 Pu 4.38 x 104 2.30 x 103 3.89 x 103 

240pu 2.09 x 104 4.89 x 102 3.81 X 102 

242Puc 5.41 X 10 3  1.11 x 101 7.77 
226Raa'c 0.00 1.87 x 10' 1.67 x 10-5 
228Raa 0.00 6.98 x 10' 3.19 x 10 
9°Srb 2.24 x 103  5.54 x 10' 2.88 x 102 

"99Tc 7.68 x 10' 1.15 x 102 7.29 x 102 

22'h 0.00 2.66 x 10-2 4.08 x 10-' 
23°Thc 1.84 x 10-1 1.06 x 10.2 7.82 x 10-3 

232Th 0.00 1.49 x 104 7.31 x 10' 

232 Ub 1.01 x 10-2 1.47 x 10-1 8.23 x 104 

233_ U 7.00 x 10-2 2.14 x 102 1.11 x 101 

23U 1.83 x 103 5.72 x 101 4.72 x 101 
235 6.28 x 10 4  8.31 x 103  1.70 x 103 

236 U 3.92 x 104 8.53 x 102 3.98 x 101 
238U 7.92 x 106 5.09 x 105 2.61 x 105 

Source: CRWMS M&O 2000 [152218] 

NOTES: aThese radionuclides are not transported in nominal groundwater scenario; 
rather, the inventory in the biosphere is determined by assuming secular 
equilibrium 

blThese radionuclides are not transported in nominal groundwater scenario.  

'-These radionuclides are included for TSPA-SR calculations for time periods 
beyond 10,000 years.  

3.5.1.3 Treatment of Uncertainty and Variability 

The current inventory analysis for TSPA-SR is more detailed and flexible than done for previous 
TSPAs. The principle source of uncertainty and variability in the current inventory analysis is in 
the projections of waste form inventories. The radionuclide inventories were derived from 
estimates of future waste streams. The actual waste streams may differ with respect to fuel 
bum-ups, fuel ages, fuel enrichments, and reactor efficiencies. However, changes that might
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occur are expected to change the projected inventories by only small amounts (DOE 1999 
[107790]; CRWMS M&O 1999 [119348]). The variation is small in comparison to the 
uncertainties and variabilities in other subcomponents of the waste form model. Of the 230,000 
commercial assemblies modeled in the TSPA-SR, the curies of important radionuclides varies 
only an order of magnitude. The range in the codisposal packages varies more (the range in the 
HLW canisters varies two orders of magnitude and in the DSNF canisters by five orders of 
magnitude), but the total inventory is so much smaller in the codisposal packages (as mentioned 
in the next section and Section 5.2). The variation of curies in the CSNF packages is much less 
than the variation in other components (e.g., see Section 3.5.4.4 on CSNF cladding unzipping 
rates which has a three order of magnitude variation). Therefore, the model abstraction for 
radionuclide inventory is deterministic and does not include statistical distributions to express 
data uncertainty or variability. With regard to the selection of important radionuclides, the 
radionuclide screening procedure is considered sufficiently conservative in that it identifies a 
larger set of radionuclides than would actually be needed in order to appropriately determine the 
expected annual dose.  

3.5.1.4 Results and Interpretation 

The model abstraction for the inventory in the CNSF and co-disposal waste packages prescribes 
the initial activity of each radionuclide and describes the variation of the activity with time.  
For certain radionuclides, the activity decreases with time as a result of simple radioactive decay, 
while for other radioisotopes the activity increases with time because of ingrowth. For those 
radionuclides in the fission product category, the model abstraction calculates the variation of 
activity with time in accordance with the first order decay law. For the radionuclides that fall 
into the category of actinide elements, the model abstraction accounts for the decay sequence and 
calculates the activity of each radioisotope as a function of decay and ingrowth.  

The inventory of short-lived fission products such as 90Sr and 137Cs, for example, decreases 
substantially over the 10,000-year compliance period. In contrast, the inventories of long-lived I 
fission products such as 14 C, 9Tc, and "'I decrease only slightly over the compliance period.  
With regards to actinide elements, many of the radionuclides in Table 3.5-1 are components of 
simplified representations of actinide element decay chains (i.e., actinium, thorium, neptunium, 
and uranium series). The simplified decay chains used in the model abstraction are illustrated in 
Figure 3.5-5 and are mathematically described by the Bateman equations.  

For the case where the nuclear waste remains contained in the waste packages, the decay history 
of each radioisotope can be analytically calculated in accordance with their decay sequence and 
half-lives. The graphs in Figure 3.5-6 show the decay histories for selected sets of radionuclides 
over a period of 1,000,000 years. In these graphs, the initial activity of each radionuclide is the 
activity disposed in the CNSF and co-disposal waste packages divided by the mandated disposal 
limit of 70,000 MTHM.  

As easily calculated from Table 3.5-1 and the total number of waste packages of each type, the 
total inventory of 237Np and 99Tc in the co-disposal is more than an order of magnitude less than 
in the CSNF packages. Furthermore, DSNF only contributes only 2 percent of the 237Np and 
99Tc inventory in the co-disposal packages. Hence, the CSNF packages potentially have much 
greater influence on the dose provided the release rates are similar. As discussed in

TDR-WIS-PA-000001 REV 00 ICN 01 3-99 December 2000



Section 3.5.3, the release rates are indeed similar such that CSNF provide roughly an order more 
to the total dose than co-disposal packages as discussed later in Section 5.2; hence, variability of 
the inventory in the co-disposal can be much greater and still not influence the total dose.  

3.5.2 In-Package Chemistry Component Abstraction 

The in-package chemistry component models the evolution of the water chemistry inside the 
failed waste package as a function of water inflow rate and waste package and waste form 
corrosion rate. The water chemistry characteristics are primarily pH, ionic strength, and total 
carbonate concentration (assuming that the partial pressure of oxygen and carbon dioxide are 
held constant at atmospheric conditions). Additional chemistry characteristics include the 
concentrations of fluoride and chloride. This water chemistry information is used by five other 
waste form degradation components, which are dependent on the in-package water chemistry.  
Specifically, the waste form matrix degradation rate for CSNF and HLW, the dissolved 
concentration of radioisotopes, stability of colloids, and degradation of CSNF cladding are 
dependent on water chemistry parameters. The rates of degradation of the waste matrix and the 
stainless steel within the waste package, in turn, influence the water chemistry, and so there is a 
coupling among all the chemically interacting components of the system. However, the coupling 
does not usually involve feedback in the TSPA-SR. The only feedback is between the in
package chemistry component, and the cladding and HLW degradation components as noted in 
the Introduction to Section 3.5.  

The in-package chemistry model provides a quantitative description of the fluid chemistry for all 
three TSPA-SR scenarios: (1) nominal, (2) igneous disruptive event, and (3) human intrusion 
(e.g., refer to Table 4.4-3). The technical basis for the in-package chemistry model abstraction is 
documented in In-Package Chemistry Abstraction (CRWMS M&O 2000 [129287]).  

3.5.2.1 Conceptual Model 

The conceptual model for the in-package chemistry includes the processes of water flow into and 
out of the failed waste package, water interactions with the waste form and waste package 
materials, and the resulting dissolution or precipitation and complexation reactions. In the 
in-package chemistry component, the failed waste package is idealized as a simple mixing-cell.  
The fluid chemistry inside the package is dependent upon the initial chemical composition of the 
water entering the waste package, the flow rate through the package, and the volume of water in 
the waste package. In addition, the in-package chemistry component takes into account the 
degradation of the contents of the waste package. The contents important to evaluating the water 
chemistry include the borosilicate glass encapsulating HLW, the uranium dioxide fuel (U0 2 ), 

316 stainless steel, and A516 low carbon steel.  

The conceptual model is also constrained by the general assumptions and technical bases of the 
process model, EQ3/6 (CRWMS M&O 1998 [102837]), which was used to simulate the 
in-package chemical conditions. In applying the EQ3/6 (CRWMS M&O 1998 [102837]), 
assumptions made in the conceptual model for the process model include: 

* Chemical composition of incoming water was analogous to that of J-13 water 
(Harrar et al. 1990 [100814]).
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Water flux into the failed waste package was constant during the process model 
simulation; three rates, based on the TSPA-VA 3 were used: 0.15, 0.015, and 
0.0015 m3/yr.  

* All voids in the waste form were filled with water.  

"* Partial pressures of 02 and CO2 were set at 10-0.7 and 10.3 bars, respectively.  

"* Water temperature was fixed at 25*C.  

"* Cladding coverage was set at either 99 percent, 20 percent, or 1 percent.  

"* The DSNF represented by the Fast Flux Test Facility (FFTF) SNF.  

In developing the conceptual model for in-package chemistry, two types of waste packages were 
modeled: the CSNF and co-disposal waste packages. As shown in Figure 3.5-7, the time of 
failure of container groups is considered in determining ranges of values for pH. Carbonate 
concentration and Eh is determined with input from pH values. In addition to pH, the principal 
outputs of the model are redox conditions, ionic strength, total carbonate concentration, and 
fluoride and chloride concentrations.  

From the analysis of the EQ3/6 (CRWMS M&O 1998 [102837]), simulation results, the pH was 
found to be a very important parameter. Therefore, pH was included in developing abstractions 
for other chemical parameters, such as ionic strength, total carbonate concentration, and others.  
Because of its dependence on other physical and chemical factors that change with time, pH in 
the failed package also varied with time. In fact, the pH was found to vary rapidly during the 
first 1,000 years, reaching its minimum value during this time period. Immediately after 1,000 
years, the pH calculations approach a near constant value. For simplicity, the pH analysis was 
divided into two time periods: the first 1,000 years (early) and the post 1,000 years (late).  

3.5.2.2 Implementation in the Total System Performance Assessment 

The chemical parameters produced with the EQ3/6 (CRWMS M&O 1998 [102837]; Wolery and 
Daveler 1992 [100097]) code were abstracted into simple regression equations. For example, the 
pH of the fluid solution was mathematically modeled by a regression equation with functional 
dependence on (1) water flux, (2) waste package corrosion rate, and (3) cladding coverage (for 
the CSNF waste package) or glass dissolution rate (for the co-disposal waste package). For 
CSNF packages, EQ3/6 (CRWMS M&O 1998 [102837]; Wolery and Daveler 1992 [100097]) 
calculations were performed for three water-flux rates, three cladding coverage fractions, and a 
representative and maximum corrosion rate of material within the waste packages (CRWMS 
M&O 2000 [129287]). The process model results of pH using EQ3/6 (CRWMS M&O 1998 
[102837]; Wolery and Daveler 1992 [100097]) were modeled as planar surfaces in 
three-dimensional space (Equation 3.5-1).  

z = yo + ax + by (Eq. 3.5-1) 

3 Results from TSPA-SR were not available for the first iteration, but can be used in subsequent iterations.
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The regression coefficients are summarized in In-Package Chemistry Abstraction (CRWMS 
M&O 2000 [129287]) and tabulated in Tables 3.5-2 and 3.5-3.  

Table 3.5-2. Response Surface Parameters of pH for Commercial Spent Nuclear Fuel Packages 

z=y. + ax + by (see footnote) 

Response 
TSPA-SR Parameter Surface yo a b Conditions 

PH CSNF 1 3.4916 -1.0918 0.4571 Early time and low corrosion rate 

PH CSNF 2 3.3977 -0.7468 0.3515 Early time and high corrosion rate 

PH CSNF 3 6.0668 -0.5395 4.0479 Late time and low corrosion rate 

PH CSNF 4 6.0913 -0.3057 1.2913 Late time and high corrosion rate 

Source: CRWMS M&O 2000 [148050], Table 4.6 

NOTE: z = PH; x = logic (fraction of CSNF matrix covered by cladding), yo = pH at zero water flux and small 
fraction of matrix covering and y = water flux (m3/yr) 

Table 3.5-3. Response Surface Parameters of pH for Co-disposal Waste Packages 

z=yo + b'y + cu (see footnote) 
Response 

TSPA-SR Parameter Surface Yo b' c Conditions 

pHCodisposal Waste 5 5.1257 2.6692 0.0764 Early time and low corrosion rate 
Package 

pHCodisposal Waste 6 4.7324 0.7307 0.0837 Early time and high corrosion rate 
Package 

pHCodisposal Waste 7 8.4247 -3.4173 0.1403 Late time and low corrosion rate 
Package 

pHCodisposal Waste 8 9.2554 -3.1280 -0.0418 Late time and high corrosion rate 
Package 

Source: CRWMS M&O 2000 [148050], Table 4.11 

NOTE: z = pH; y = water flux (m3/yr); y. = pH at zero water flux and small relative glass dissolution rate, and u = 
relative glass dissolution rate (dimensionless) 

For CSNF waste packages, the cladding coverage parameter, x, is calculated in the cladding 
degradation subcomponent (Section 3.5.4). The water flux rate parameter, y, is calculated in the 
seepage-into-drifts subcomponent model (Section 3.2.4). The values of these two parameters at 
high and low corrosion rates (Table 3.5-3) are used to calculate the uncertainty limits for the 
in-package pH at each time step. To elaborate, one pH surface was generated for a low waste 
package corrosion rate case, and a second pH surface was generated for a high waste package 
corrosion rate case. These surfaces constitute the boundaries of the range of pH values for each 
time period (early and late) and each package type (CSNF and co-disposal waste packages) using 
Equation 3.5-1. It is assumed that the actual waste package corrosion rate will fall between the 
low and high values, and, therefore, the in-package pH would be between the boundaries.  

For co-disposal waste packages, pH again depends on the water flux rate parameter, y, calculated 
in the seepage into drifts-model subcomponent model (Section 3.2.4). The relative glass
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dissolution rate, u, is set at a constant value. Similar to CSNF waste packages, the values of 
these two parameters at high and low corrosion rates (Table 3.5-3) are used to calculate the 
uncertainty limits for the in-package pH at each time-step.  

The carbonate ion concentration was calculated from equilibrium mass action equations.  
The carbonate concentration is a function of the partial pressure of CO2 and pH. With the partial 
pressure of carbon dioxide (fco2) fixed at 10"3 bars, the equation is reduced to a sole function of 
pH. The chloride concentration, also based on composition of J-13 water (Harrar et al. 1990 
[100814]), is a constant value and equal to 2.014 x 10"4 M, but is not currently used in any other 
TSPA model components. The partial pressure of oxygen is fixed at the atmospheric value, 
which is conservative in that it favors higher solubilities. The ionic strength was defined by a 
distribution and sampled at the beginning of each TSPA-SR realization and held fixed in time.  
These model abstractions for the important chemical parameters are tabulated in Table 3.5-4.  

Table 3.5-4. Distributions and Constants Used by In-Package Chemistry Component 

Chemical Parameter Parameter Distribution or Value Description 

Log of Oxygen Partial -0.7 Atmospheric conditions--conservative 
Pressure (bar) estimate 
Log of Carbon Dioxide Partial -3.0 Mountain atmospheric conditions 
Pressure (bar) 

Applicable to commercial spent nuclear 
fuel waste form degradation; this equation Total Carbonate (-M"+)0"10.82/1 0 "PH+ 102l15/10"2pH is a direct consequence of fixing the 

Concentration (M) carbon dioxide partial pressure at 

mountain atmospheric conditions.  

Beta Distribution 
Min=2.76 x 10-3 

Ionic strength in CSNF waste Max=2.92 x 10-3 Applicable to Early Time 
packages at early times (M) Mean2.82 x 10

Standard Deviation=5.17 x 10.5 

Beta Distribution 
Min=2.83 x 10-3 

Ionic strength in CSNF waste Max=3.94 x 10-1 Applicable to Late Time 
packages at late times (M) Mean=9.48 x 102 

Standard Deviation=1.302 x 10"1 

Beta Distribution 
Min=2.54 x 10-3 

Ionic strength in co-disposal Max=3.48 x 10-3 Applicable to Early Time 
packages at early times (M) Mean3.18 x 10-3 

Standard Deviation=2.764 x 10-4 

Beta Distribution 

Ionic strength in co-disposal Min=7.86 x 10"3 
waste packages at late times Max=1.35 Applicable to Late Time 
(M) Mean=3.38 x 10-1 

Standard Deviation=4.764 x 10-1 

Source: CRWMS M&O 2000 [148050]
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3.5.2.3 Treatment of Uncertainty and Variability

The uncertainty and variability characteristics of the in-package chemistry model abstraction are 
essentially the same as those of the in-package chemistry process model. The primary sources of 
uncertainty are associated with: (1) the thermodynamic database used in the EQ3/6 (CRWMS 
M&O 1998 [102837]) computer code, (2) the kinetic-rate laws and constants for the waste forms 
and waste package materials, (3) the composition of the inflowing water, and (4) the mixing cell 
approximation and water flow model.  

The thermodynamic database in the EQ3/6 (CRWMS M&O 1998 [102837]) code represents the 
best available information in the scientific literature on the properties of minerals and complexes.  
The kinetic relationships used to describe the dissolution of the waste forms and waste package 
materials have uncertainty because of the limitations of the experimental procedures used in their 
determination. In developing the model abstraction, attempts were made to explicitly account 
for these uncertainties by sampling from a range of values or, where possible, assume 
conservative parameters. Because the in-package chemistry is dominated by the chemical 
processes inside the waste package, the chemical composition of the water entering the package 
was assumed to be J- 13 well water. Lastly, the conceptual representation of water flow through 
the failed package is highly simplified (i.e., mixing cell) and assumes a fully flooded condition.  
Since this latter assumption may be nonconservative for evaluating localized chemistry (e.g., pH) 
present on the surface of CSNF cladding, the localized corrosion model for cladding does not 
specifically use the estimated pH and fluoride and chloride concentration. Rather, localized 
corrosion is only dependent upon the cumulative amount of water that enters a waste package as 
further explained in Section 3.5.4.2.  

The range of potential chemical environments simulated with EQ3/6 (CRWMS M&O 1998 
[102837]) code is large and likely bounding since a number of natural processes would tend to 
prevent extreme chemistries outside the range of the process model simulations. For instance, 
the substantial reservoirs of freely exchangeable carbon dioxide would tend to prevent 
excursions to hyperalkaline conditions. In addition, dissolution of solid components in the waste 
package can buffer pH as well. The fact that free oxygen is likely to prevail in the drifts sets 
limits on the reduced chemical conditions. Moreover, the accumulation of reactive corrosion 
products formed during waste package degradation would buffer the solution chemistries.  

As discussed elsewhere in the text (e.g., Section 3.3.2 and Figure 3.3-3), spatial variability of 
environmental water conditions is explicitly modeled in TSPA-SR using a combination of 
5 infiltration bins and 3 drip conditions over the 2 types of waste packages. The in-package 
chemistry model provides a water chemistry as a function of the environmental conditions 
(i.e., water flux) and waste package type. In turn, five components of the waste form 
degradation model (CSNF matrix degradation, CSNF cladding degradation, HLW degradation, 
dissolved radionuclide concentration, and colloidal radionuclide concentration) reflect this 
variability in in-package chemistry.  

3.5.2.4 Results and Interpretation 

As previously described, the in-package chemistry was calculated for two types of packages 
(CSNF and codisposal) and divided into two periods (<1,000 years and >1,000 years) after first
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perforation of the waste package. Furthermore, the uncertainty for these conditions was based on 
an uncertainty of the degradation rate of all components (metal and waste) in CSNF, the 
degradation rate of all components (metal and waste in HLW, and seepage rate of water into a 
waste package. The calculated pH readily shows these differences between package types, time 
periods, and uncertainty (Figure 3.5-8). For most of the 100,000-year simulational period, most 
waste packages do not have water enter the package either because they are not under drips or 
the breached surface area of the waste package is so small. Consequently, the pH does not vary 
much. Furthermore, without seepage of water, the pH of the codisposal packages varies less than 
the CSNF packages. Only when water begins to seep in near the end of the 100,000-year 
simulation period, does the codisposal package pH vary more. (The maximum variation would 
be about two orders of magnitude versus one order of magnitude for CSNF package pH).  

3.5.3 Waste Form Matrix Degradation Component Abstractions 

The waste form matrix abstraction estimates the rates at which the CSNF, DSNF, and HLW 
forms dissolve as a function of the inflow conditions and in-package chemistry. The abstractions 
for waste form degradation are based on laboratory data obtained under various flow conditions.  
The technical bases for the waste form degradation components are documented in three reports: 
(1) CSNF Waste Form Degradation: Summary Abstraction (CRWMS M&O 2000 [136060]), 
(2) DSNF and Other Waste Form Degradation Abstraction (CRWMS M&O 2000 [144164]), 
and (3) Defense High Level Waste Glass Degradation (CRWMS M&O 2000 [143420]).  

3.5.3.1 Conceptual Model 

Basis for Commercial Spent Nuclear Fuel Degradation Conceptual Model-The conceptual 
model of CSNF degradation (Figure 3.5-9) relates the CSNF matrix degradation rate to the 
controlling physical (e.g., temperature) and chemical parameters (e.g., pH and partial pressures 
of 02 and C0 2). The mechanisms of cladding degradation are also important to CSNF matrix 
degradation because cladding failure determines the rate and extent to which the fuel matrix is 
exposed to inflowing fluids (i.e., air, water vapor, and liquid water). The chemical reactions 
involved in CSNF matrix degradation are generally well understood, and the approach to 
modeling the degradation process has been based on deriving empirical fits to laboratory data.  

To measure the rate of CSNF degradation, multi-year dissolution experiments, with both fresh 
and spent fuel, were conducted under saturated and unsaturated conditions. These laboratory 
experiments consisted of (1) static tests, (2) flow-through reactors, and (3) drip tests. From the 
many experiments performed, an understanding of the mechanisms of spent fuel dissolution has 
emerged. The uranium dioxide fuel dissolves to form uranyl ions (UO 2+2) when exposed to 
mildly oxidizing solutions. The rate of U0 2 oxidation depends on the interaction of specific 
surface species that control the rate-determining dissolution step. The CSNF degradation rates 
increase with decreasing pH (at low pH) and with increasing carbonate levels (at high pH), 
suggesting that the adsorbed protons and (or) carbonate ions control the dissolution reaction 
under flow-through conditions. Important aqueous species that might also affect dissolution 
rates are calcium and silicon ions, which can form stable corrosion products with low 
solubilities.
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For alkaline conditions, the intrinsic dissolution rate of UO2+, (x may vary from 0 to 1, 
depending on the mixture of tetravalent and hexavalent uranium) in CSNF was determined by 
using experimental data from a single pass flow-through reactor which allows U0 2 dissolution to 
be measured far from solution saturation (no precipitation of dissolved products). For acidic 
conditions, the variation of the degradation rate with pH was based on qualified data point and 
some limited collaborating data. The empirical temperature and oxygen rate dependencies 
derived for alkaline conditions were assumed to be the same as for acid conditions and the 
dependency on [C03]T was assumed to be insignificant (see also Table 3.5-5 in Section 3.5.3.2).  
The later assumption is consistent with observations that, under alkaline conditions, carbonate 
and oxygen control the degradation rate, whereas under acidic conditions, pH is a more 
significant factor (since protons dominate the surface reaction sites), and the carbonate ion is less 
significant.  

Basis for U.S. Department of Energy-Owned Spent Nuclear Fuel Degradation Model-The 
DSNF degradation subcomponent model determines the rate of degradation of the DSNF waste 
category and of the immobilized plutonium ceramic waste (Figure 3.5-10). Because of the large 
number of distinct waste groups in the DSNF category, the conduct of individual laboratory 
experiments for each group was not feasible. Consequently, a limited number of DSNF groups 
were selected to bound the behavior of the DSNF category. The DOE Office of Civilian 
Radioactive Waste Management and the DOE National Spent Nuclear Fuel Program have 
collaborated in the identification of DSNF groups that encompass all DSNF waste types for 
criticality, design-basis events, and TSPA-SR analyses: 

* Group 1-Naval SNF 
• Group 2-Plutonium/Uranium alloy 
• Group 3-Plutonium/Uranium carbide 
* Group 4-Mixed Oxide fuel and Plutonium oxide 
* Group 5-Thorium/Uranium carbide 
* Group 6-Thorium/Uranium oxide 
* Group 7-Uranium-metal 
* Group 8-Uranium oxide 
* Group 9-Aluminum-based SNF 
* Group 10-Uranium Nitride SNF (with Unknown matrix) 
* Group l1-Uranium-Zirconium-Hydride.  

The first group of DSNF, consists of 65 MTHM of naval SNF. Each of the naval SNF canisters 
will be packaged in one waste package, for a total of 300 waste packages. The Naval Nuclear 
Propulsion Program modeled the performance of naval SNF with the same environmental 
conditions used for CSNF. Because of its robust cladding design (see Section 3.3.1) releases 
from naval SNF are very small (Mowbray 2000 [152077]). More importantly, a comparison of 
releases from naval SNF and CSNF shows that it is very conservative to represent releases from 
naval SNF with releases from CSNF (see Appendix G).  

For each of the other ten DSNF groups and the ceramic plutonium waste form, three types of 
degradation models were initially developed that consisted of: (1) an upper-limit model, (2) a 
conservative model, and (3) a best estimate model. The upper-limit model represented
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essentially instantaneous dissolution of the waste form following exposure to groundwater. The 
conservative model was derived using only the high-dissolution rates. The best-estimate model 
was based on consideration of all available laboratory data. To simplify the model abstraction, a 
single, constant DSNF matrix degradation rate was used to bound Groups 2 through 11 of the 
DSNF types. The N-Reactor DSNF "conservative model" was selected as the basis for this rate 
because the N-Reactor model exhibited dissolution rates greater than other groups, and because 
of the relatively large database on N-Reactor fuel behavior.  

Basis for High-Level Radioactive Waste Glass Degradation Model-The purpose of the HLW 
glass degradation subcomponent is to describe borosilicate glass degradation for the range of 
conditions (immersion, humid air, and dripping water) to which it is likely to be exposed after 
waste package failure. The rate of radionuclide release from HLW is calculated by multiplying 
the glass degradation rate by the mass fraction of the radionuclide in the glass (Figure 3.5-11).  
This approach for calculating the radionuclide release rate is based on the two assumptions that 
full immersion degradation rate is bounding and that the release of radionuclides is congruent 
with (or, alternatively, proportional to) the degradation rate of the borosilicate glass.  

Concerning the latter assumption, because the release of radionuclides from the glass will depend 
on the prior dissolution of the glass, the dissolution rate of the glass imposes an upper bound on 
the radionuclide release rate.  

Concerning the former assumption, degradation of borosilicate glass is assumed to occur as if the 
glass were fully immersed in water, although it is expected that much of the glass would, instead, 
be exposed to humid air or dripping water conditions. This assumption is based on a comparison 
of a model that was developed for immersion with the model for glass degradation in humid air 
or dripping groundwater conditions. This comparison showed that the rate of glass corrosion 
under humid air and dripping water conditions was conservatively bounded by the dissolution 
rate under immersion conditions (CRWMS M&O 2000 [143420]). This assumption is consistent 
with the conceptual model for in-package chemistry.  

3.5.3.2 Implementation in the Total System Performance Assessment 

Commercial Spent Nuclear Fuel Matrix Degradation-The CSNF dissolution rate abstraction 
(CRWMS M&O 2000 [136060], Section 7) is based on in-package chemical conditions 
(Figure 3.5-9); specifically, pH, temperature, total carbonate (C0 3) concentration, and the partial 
pressure of oxygen (02). The intrinsic dissolution rate, ko (mg/m2-day), is defined by the 
following equation: 

Logio (k,) = a0 + a, / Tk + a2 p[CO3]T + a3 pfo2 + a4 pH (Eq. 3.5-2) 

where Tk is the waste package temperature in Kelvin, p[CO3]T is -loglo of the molar 
concentration of total carbonate, pfo2 is -logio of the partial pressure of 02 in bars, and pH 
applies to fluid inside the CSNF waste package. The coefficient values for Equation 3.5-2 
depend on pH reflecting alkaline or acidic conditions. The applicable coefficient values are 
summarized in Table 3.5-5.
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Table 3.5-5. Commercial Spent Nuclear Fuel Intrinsic Dissolution Rate Equation Coefficients as a 
Function of pH 

Coefficients for Commercial Spent Nuclear Fuel Intrinsic Dissolution Rate Equation In-package pHaia 
ao al a2 a3 a4 

pH>7 4.69 -1085 -0.12 -0.32 0 

pH_<7 7.13 -1085 0 -0.32 -0.41 

Source: CRWMS M&O 2000 [136060], Section 7 

Within the TSPA-SR calculations, the values for total carbonate [CO3]T concentration and pH 
are calculated in the in-package chemistry model, while the partial pressure of oxygen(fo2) is set 
at constant atmospheric conditions. The waste package temperature is calculated in the thermal 
hydrology model (Section 3.3.3). In the computer implementation, an uncertainty term was 
added to ao that consists of a uniform distribution with a minimum of-1 and a maximum of +1.  
This uncertainty conservatively bounds the observed variation of the test results of about 
18 percent as noted in Clad Degradation-Summary and Abstraction (CRWMS M&O 2000 
[147210]) Waste package temperature and in-package chemistry change with time, so the 

intrinsic dissolution rate is evaluated during each time-step of any given TSPA-SR realization.  

U.S. Department of Energy-Owned Spent Nuclear Fuel Matrix Degradation-As 
recommended in DSNF and Other Waste Form Degradation Abstraction (CRWMS M&O 2000 
[144164]), the degradation rate of the DSNF is set at a constant value of 10 times the best 
estimate for the matrix dissolution rate of N-Reactor fuel (i.e., the "conservative model" is 
10 x 0.175 kg/m2-d). The specific surface area was the area estimated for N-Reactor fuel 
(7.0 x 10.8 m2/kg) (CRWMS M&O 2000 [144164], Section 6.4.1).  

High-Level Radioactive Waste Matrix Degradation-The HLW glass degradation model is 
implemented in the form of an analytical expression containing parameters that account for the 
pH, temperature, surface area, and the combined effects of glass composition and solution 
composition on the rate of glass corrosion (Figure 3.5-11). Conservative estimates of the 
parameter values were derived from the fitting of laboratory data. The model for glass 
dissolution under immersion is based on the rate expression for aqueous dissolution of 
borosilicate glass. The rate expression to calculate the dissolution rate of HLW glass in an 
aqueous solution is given by (CRWMS M&O 2000 [143420]): 

DR = Sir keff 10 1 pH exp(-Ea/RT) (Eq. 3.5-3) 

where, 

keff = ko (1 - Q/K) (Eq. 3.5-4) 

with the coefficients in the above equations defined as follows: 

DR = Dissolution rate of the glass (day-) 
Sim = Specific surface area of glass immersed in water (m2/g) 
klff = Effective dissolution rate constant (g/m 2-day) 
k. = Intrinsic dissolution rate (g/m 2-day) 
Q = Concentration of dissolved silica (g/m 3)
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K = Fitting parameter equal to apparent silica saturation concentration (g/m 3) 
l= pH dependence coefficient (dimensionless) 

Ea = Effective activation energy (kJ/mol) 
R = Universal gas constant (8.31451 kJ/(mol-K)) 
T = Absolute temperature (K).  

By selecting a conservative bound for Si. and expressing the uncertainty in Q and K in kerr, the 
model simplifies to an equation in three parameters (keff, ql, Ea) and two independent variables 
(pH and T). This simplified equation was used in the Waste Form Degradation Model. Values 
for pH, and T depend on the exposure conditions which vary with time and location (CRWMS 
M&O 2000 [148384]). The model parameters keff, rj, and Ea are represented using statistical 
distributions to account for uncertainty in the bounding values. Different distributions are used 
at acidic and alkaline pH values because the rate law for high-level waste degradation is 
"U-shaped" with the minimum near neutral pH (Table 3.5-6). The specific surface area of the 
glass Sim is a constant equal to 5.63 x 10-5 m2/g (CRWMS M&O 2000 [148384], Section 6.3.4.4) 
and R, the universal gas constant, is as previously defined.  

Table 3.5-6. Parameter Distributions Used in Propagating Uncertainty in High-Level Radioactive 
Waste Glass Dissolution Rates Using Equation 3.5-3 

Parameter Name Description Parameter Value 

Log(Keff)high Logarithm of Keff @ alkaline pH Uniform Distribution - Min=6.4, Max = 7.4 

71hiah Dependence coefficient @ alkaline pH Uniform Distribution - Min=0.3, Max-=0.5 

(Ea)hijh Logarithm of Ea @ alkaline pH Uniform Distribution - Min=70, Max=90 

Log(Keff)jw Logarithm of Kef @ acidic pH Uniform Distribution - Min=8, Max=10 

111W Dependence coefficient @ acidic pH Uniform Distribution 
Min=-0.7, Max=-0.54 

(Ea)jow Logarithm of Ea @ acidic pH Uniform Distribution - Min=43, Max=73 

Source: CRWMS M&O 2000 [143420] 

At the initiation of the simulation, the TSPA-SR model samples a value from each of the 
parameter distributions. The TSPA-SR model then calculates the glass dissolution rates for both 
high and low pH cases. Once both dissolution rates have been calculated, the model compares 
the high pH and low pH dissolution rates and selects the larger of the two rates. Finally, the rate 
per surface area is multiplied by the geometric surface times a factor of 21 multiplier.  
This factor was based on the estimated maximum amount of fracture-induced surface area 
caused by thermal and mechanical stress.  

3.5.3.3 Treatment of Uncertainty and Variability 

Commercial Spent Nuclear Fuel Model-The abstracted CSNF degradation model is based on 
fitting data from flow-through experiments, in which dissolved material is washed away rapidly, 
over a wide range of conditions relevant to the potential repository. Because flow-through 
experiments omit the effects of saturation of the water and formation of secondary minerals that 
may incorporate a few radionuclides (e.g., 237Np), the CSNF model conservatively omits these 
effects as well. The omission is not significant in the CSNF model but is significant as concerns 
the solubility of 237Np, as mentioned again in Section 3.5.5.3. As previously mentioned, the
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uncertainty of the fitted CSNF degradation model in Equation 3.5-2 was estimated to be about 
one order of magnitude. This uncertainty was directly included in the TSPA-SR, by sampling 
from a uniform distribution. This estimate of one order of magnitude is based on the evaluation 
of the goodness-of-fit and consideration of the uncertainty associated with using data from 
recently irradiated SNF (less than 30 years out of reactor) and unirradiated U0 2 (CRWMS M&O 
2000 [136060]).  

This model has been compared to YMP-specific data from relevant laboratory experiments, 
primarily the unsaturated drip tests and batch tests. Long-term drip testing of CSNF under 
conditions that mimic geologically unsaturated (i.e., limited water and oxidizing) conditions, has 
been done over the past six years to determine the relationship between the rate of CSNF 
alteration (i.e., dissolution and secondary phase formation) and the release rate of radionuclides.  
The model adequately bounds the spread of values reflected in the available dissolution rate data 
(CRWMS M&O 2000 [136060]).  

In addition, favorable comparisons were observed with information from a relevant natural 
analog site-Nopal I-a uranium-mining site at Pefia Blanca, Mexico (Murphy et al. 1997 
[100470]). Overall, the phase assemblage observed at Nopal I is similar to that derived 
experimentally in the CSNF alteration drip tests. The general agreement between the observed 
alteration products in the various tests, the natural analogues, and the geochemical modeling, 
provide confidence that the mechanisms of SNF corrosion are well understood and that the 
degradation model is bounding for long-term projections of CSNF degradation rates.  

U.S. Department of Energy-Owned Spent Nuclear Fuel Model-At present, there is a lack of 
laboratory data for many of the DSNF waste forms, and only a small amount of dissolution data 
for those wastes forms have been tested. This absence of data has limited the development of 
detailed models for DSNF and immobilized-ceramic-plutonium degradation. The selection of a 
bounding estimate for the DSNF dissolution rate mitigates the inherent uncertainties from the 
limited experimental data base.  

TSPA-SR sensitivity calculations for DSNF indicate that the expected annual dose is not 
sensitive to the DSNF degradation kinetics (see Section 5.2.4). This insensitivity is largely 
explained by the fact that the DSNF waste inventory only contributes about 2 percent of the total 
waste inventory of 99Tc and 237Np. The significance of this insensitivity in the TSPA-SR model 
means that the propagation of uncertainty and variability in DSNF degradation rates is not 
important to overall performance and the bounding estimate is adequate for TSPA-SR 
simulations.  

High-Level Radioactive Waste Model-The abstracted model is designed to bound the rate at 
which borosilicate glass will corrode when immersed in groundwater or exposed to humid air 
and (or) dripping water in the potential repository. The general algebraic form of the fitted 
mathematical model is widely accepted and used in the scientific literature (Bourcier 1994 
[101563]). As described previously, the primary model parameters (keff, ql, and Ea) are 
represented using statistical distributions to explicitly account for uncertainty and variability.  
The distributions for ri and Ea were based on single-pass flow though experiments for a simple, 
five-component analogue glass; the distribution of ker was based on the short-term Product 
Consistency Tests (CRWMS M&O 2000 [143420]).
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The available evidence suggest that the degradation rate calculated the defined distributions 
bounds for the forward dissolution rates for the currently proposed waste glass compositions.  
Projected dissolution rates have also been compared with the dissolution rate of basaltic glass 
recovered from the seabed. The dissolution rates of several samples were calculated, based on 
the thickness of an alteration layer and the age of the basalt, under seawater pH conditions.  
The comparison showed that the rate expression is conservative by about one order of magnitude 
in projecting the long-term dissolution rate of basaltic glass (CRWMS M&O 2000 [143420]).  

3.5.3.4 Results and Interpretation 

The degradation rate of DSNF is a bounding constant. Because the inventory of 99Tc and 237Np 
in DSNF is such a small percentage of the total inventory (-2 percent), and the rate of 
degradation is so fast relative to the time steps of the TSPA-SR calculations (i.e., 500 yr), the 
TSPA-SR results are insensitive to the DSNF inventory or degradation rate (see Section 5.2.4).  

The degradation rate of HLW glass (expressed as rate times the specific surface area) varies 
between -10.'3/yr and -5 x 10"s/yr (Figure 3.5-12). This uncertainty range is large and almost 
entirely due to the uncertainty assumed for the modeling parameters (keff, T1, and Ea) since the 
uncertainty in pH has only a small influence when the pH dramatically changes after 1,000 years.  
Even with the large uncertainty, none of the modeling parameters show up as influencing 
uncertainty in the dose in the sensitivity studies described in Section 5.1 since the contribution of 
co-disposal packages to dose is an order of magnitude less than CSNF packages. The calculated 
degradation rate of glass is a function of temperature, which, in turn, decreases with time; 
however, the temperature influence is small after 10,000 years when waste packages begin to 
breach; hence, there is only a slight decrease in the mean degradation rate over time 
(Figure 3.5-12). For comparison, the glass degradation rate of a simulation using mean values 
varied between 10"2/yr at times less than 1,000 years and 3 x 10"6/yr at 10,000 years for the 
TSPA-VA (CRWMS M&O 1998 [108000]).  

The degradation of CSNF behaves similarly to HLW but since the rate is intimately tied to the 
unzipping rate of the cladding, it is presented below in Section 3.5.4.4.  

3.5.4 Cladding Degradation Component Abstraction 

The cladding degradation component determines the fraction of fuel rods in the CSNF waste 
packages with perforated cladding as a function of various failure mechanisms induced by 
physical and chemical processes. Because these mechanisms vary with time, the rate at which 
the rods fail (by perforation and unzipping) determines the rate at which the CSNF waste matrix 
is exposed to water. The technical basis for the cladding degradation model component is 
summarized in the Waste Form Degradation Process Model Report (CRWMS M&O 2000 
[138332]) and documented in one primary analysis/model report, Clad Degradation-Summary 
and Abstraction (CRWMS M&O 2000 [147210]). This report is supported by seven other 
analysis/model reports, the major two of which are Clad Degradation-FEPs Screening 
Arguments (CRWMS M&O 2000 [150099]), and Initial Cladding Condition (CRWMS M&O 
2000 [148249]).
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3.5.4.1 Conceptual Model

Since the 1950s, most CSNF has been clad with a thin layer (usually between 0.6 to 0.9 mm) of 
Zircaloy, an alloy that is about 98 percent zirconium, with small amounts of tin, iron, niobium, 
and chromium. Zircaloy cladding is not a designed engineered barrier of the potential Yucca 
Mountain disposal system, but, rather, is an existing characteristic of the CSNF that will affect 
the rate of release of radioisotopes once engineered barriers (such as the waste package) have 
failed. Zircaloy cladding is resistant to corrosion based on considerable material and 
performance data compiled on Zircaloy cladding over the past 40 years (CRWMS M&O 2000 
[151659]). Therefore, additional cladding perforation beyond that initially occurring in the 
reactor or during dry storage is expected to be minimal in the first 10,000 years, especially if 
water is not present.  

The degradation of CSNF cladding is assumed to proceed through two distinct steps: (1) rod 
perforation of the cladding through the formation of small cracks or holes and (2) progressive 
exposure of U0 2 SNF matrix (Figure 3.5-13). Perforation of the cladding may occur because: 

"* Cladding initially perforates within the reactor or during storage.  

"* Cladding perforates from creep when in dry storage (or disposal at high temperatures) or 
stress corrosion cracking (SCC) from high stress when temperatures are 300'C or 
greater.  

"* Cladding perforates as a result of ground motion and accelerations induced by an 
earthquake.  

"* Cladding perforates from localized corrosion as a result of halogen anions (e.g., fluoride 
or chloride) inside the waste package.  

Other mechanisms of initiating cladding perforations have been examined (e.g., hydride failures, 
hydride embrittlement of cladding, delayed hydride cracking, water-logged rods, general 
corrosion of cladding, microbial corrosion of cladding, acid corrosion from radiolysis, and 
enhanced cladding corrosion from high, dissolved-silica content of waters, or 
diffusion-controlled cavity growth). These mechanisms, however, were screened out because of 
their low potential to occur and thereby influence the dose. Perforation is assumed to occur at 
the center of the rod, because this ensures the fastest complete unzipping of the cladding and 
exposure of the CSNF waste matrix.  

Perforation of the cladding permits the fuel matrix to react with the inflowing moisture and air.  
This reaction is represented by assuming that the U0 2 fuel matrix forms schoepite, an 
oxyhydroxide mineral of uranium that has a greater volume than U0 2. The expansion of the fuel 
matrix, in turn, is assumed to induce further cracking and unzipping of the cladding.  
This process progressively exposes more of the waste matrix as the unzipping continues.  
The unzipping of the cladding, called unzipping, is a function of the CSNF waste-matrix 
alteration.
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Initial Cladding Condition-Two aspects of initial cladding condition are important 
(Figure 3.5-13). The first aspect is the number of rods of CSNF that arrive for disposal with 
cladding perforations. Zircaloy cladding perforations may occur in the reactor (including fuel 
handling), in pool storage or dry storage (including fuel handling), and in transportation from 
storage. The TSPA-SR abstraction is based on data from 65,000 BWR assemblies, with about 
4 million fuel rods, and 47,000 PWR assemblies, with about 10 million fuel rods (CRWMS 
M&O 2000 [148208]). For conservatism, the stainless steel cladding (about 1.1 percent of the 
CSNF) is assumed perforated at the same time as the waste package fails.  

The second aspect is the condition and characteristics of the intact cladding (i.e., the hoop stress 
from internal gas pressure and strain history of the cladding) in order to analyze the potential 
perforation of the Zircaloy cladding from creep rupture or stress corrosion cracking (SCC) after 
disposal. The mechanical state of the fuel rods is conservatively estimated by assuming that all 
Zircaloy cladding was placed in dry storage, then placed in a shipping cask for three weeks, and 
reached a temperature of 350'C.  

Creep and Stress Corrosion Cracking Perforation-A sampling of 2,000 rods, exposed to 
specific temperature profiles (including dry storage and shipping conditions, with a projected 
potential repository temperature history), was used to calculate creep strain. The failure-strain 
criterion for creep rupture was developed based on tests of unirradiated cladding 
(CRWMS M&O 2000 [148429]). The criterion developed is very conservative, based on a 
comparison with failure criteria developed by four different sources. At a peak waste package 
surface temperature at about 300'C and higher, the fraction of rods perforated from creep rupture 
increases dramatically.  

SCC of Zircaloy requires an aggressive chemical environment and high stress. Zircaloy is not 
susceptible to SCC in NaCl, HCI, MgC12, and H2S solutions, but is in iodine solutions, when the 
iodine concentration in the fuel-cladding gap is greater than 5 g/cm 2. Free iodine concentrations 
are expected to be negligibly small in CSNF. However, for the TSPA-SR, it was conservatively 
assumed that a sufficient amount of iodine was present on the cladding interior, the stress was 
high, and the duration of elevated temperatures was sufficiently long so that once cracking 
started, there was sufficient time to propagate through the cladding.  

From the statistical expression of the initial internal pressures, temperature history during 
transportation and storage, and the temperatures during disposal, the perforations from creep and 
SCC were calculated, and a table of cladding perforation from creep rupture and SCC at various 
temperatures was produced. Estimation of postdisposal cladding temperature is based on a heat 
conduction model. The internal temperature is evaluated as a function of waste package surface 
temperature, and so internal temperatures, can also be readily calculated.  

Localized Corrosion and Cladding Perforation-Most known forms of localized corrosion of 
the cladding could be screened out based on the calculated macroscopic, in-package chemistry.  
For example, fluoride, which is present in Yucca Mountain groundwater in small concentrations 
(2.2 mg/L in the J-13 well [Harrar et al. 1990 [100814]]), may corrode Zircaloy if the 
concentration is sufficiently high and the pH is sufficiently low. However, the fluoride 
concentration is too low by several orders of magnitude at Yucca Mountain to corrode Zircaloy.  
Yet localized corrosion was still considered as a perforation mechanism, albeit generically, to
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account for uncertainty in the microscopic local in-package chemistry. The localized corrosion 
was assumed to be linearly dependent upon the cumulative amount of an anion (such as fluoride) 
that had entered a waste package.  

Mechanical- and Seismic-Induced Cladding Perforation-Perforation of the Zircaloy cladding 
may also arise from mechanical and seismic loads. Rockfalls, and even most earthquakes, would 
not perforate the CSNF cladding. Only severe seismic events, with a frequency of 1.1 x 10-6/yr 
could potentially perforate the cladding. A disruptive event with this frequency is considered in 
the TSPA-SR simulation. This event is assumed to cause the perforation of all cladding, making 
it susceptible to further degradation by unzipping.  

Cladding Unzipping-Unzipping of the cladding occurs after perforation. The release occurs in 
two stages: fast release and wet unzipping. Fast release refers to the inventory of radionuclides 
that are in the gap between the fuel pellets and the cladding and the radionuclides at the grain 
boundaries of the SNF matrix (Section 3.5.1) plus the inventory in the matrix at the perforation 
for a specified volume.  

In the second stage of release, wet unzipping is assumed to occur as dissolved U0 2 precipitates 
locally as schoepite. This results in a volume increase, which could hypothetically induce tears 
and unzipping ("splitting") of the cladding. Wet unzipping at the potential repository site is not 
expected, because it has not been observed in reactor storage pools. However, because of the 
inherent uncertainty, and because wet unzipping conservatively bounds diffusive releases of 
radionuclides out of the perforation pinholes, it is modeled. The cladding component models the 
unzipping rate as equal to the intrinsic dissolution rate of the CSNF evaluated in the CSNF 
matrix degradation model component times an enhancement factor sampled from a triangular 
distribution with a mode of 40 and range of 1 to 240. Because the CSNF degradation rate varies 
with pH, total carbonate concentration, and temperature, the unzipping velocity and fraction of 
fuel exposed are evaluated at each time-step in TSPA-SR. Rapid oxidation of CSNF U0 2 to 
U30 8 under dry conditions ("dry unzipping") is unlikely to occur for most CSNF cladding, 
because the waste package is expected to last far beyond 200 years, and, therefore, fuel 
temperatures would be too low at time of cladding perforation for the phenomenon to be feasible.  
Furthermore, the incubation period is quite long for dry unzipping such that wet unzipping rate 
bounds the dry unzipping rate for cladding that is emplaced initially perforated.  

3.5.4.2 Implementation in the Total System Performance Assessment 

Initial Cladding Perforation-To define the percent of fuel rods that are perforated before 
emplacement in the potential repository, the Initial Cladding Condition (CRWMS M&O 2000 
[148249]) and Clad-Degradation--Summary and Abstraction (CRWMS M&O 2000 [148208]) 
develop a triangular distribution, with the minimum equal to 0.0155 percent, the mode to 0.0948 
percent, and the maximum equal to 1.285 percent. This distribution for cladding perforation is 
based on projected bumup of the fuel to 75 GWD/MTU (gigawatt day per metric tonne of 
uranium). This distribution is sampled once for each simulation to provide the initial failure 
percentage for the fuel rods for all waste packages in all five infiltration bins of waste packages 
defined in the TSPA-SR (see Section 3.3.2 and Figure 3.3-3). Thus, these initially perforated 
rods are immediately available for cladding unzipping when the waste package fails.
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Creep and Stress Corrosion Cracking Failures-The report entitled Clad Degradation
Summary and Abstractions (CRWMS M&O 2000 [148208]) presents a model for cladding 
perforation as a function of creep and SCC (CRWMS M&O 2000 [147210], Section 6.2). At 
any given waste package temperature, the lower, mean, and upper fraction of perforated cladding 
is specified. In the TSPA-SR, the peak waste package temperature that occurred during disposal 
in each infiltration bin is used to select the lower, mean, and upper fraction. The model then 
samples from these values, assuming a triangular distribution in order to determine the fraction 
of rods perforated by creep rupture and SCC (Table 3.5-7). Because the waste package surface 
temperature rarely exceeds 200'C, most of the data in Table 3.5-7 is not used. Only the first two 
rows are necessary. The creep rupture and SCC specified in the first row is primarily because of 
the assumed dry storage conditions. The mean of the distribution for the most commonly used 
first row is 0.075 or about 8 percent. Thus, on average about 8 percent of the cladding will be 
calculated to perforate because of creep rupture or SCC. This mean percentage is very 
conservative and likely above the amount of creep and SCC that the NRC will tolerate of 
operators of dry storage facilities.  

Table 3.5-7. Fraction of Rods Perforated from Creep and Stress Corrosion Cracking as a 
Function of Peak Waste Package Surface Temperature 

Peak Waste Package 
Temperature (C) Lower Limit Mode Upper Limit 

< 177 0.0105 0.0244 0.1942 
227 0.0105 0.0244 0.1949 
252 0.0105 0.0258 0.2057 
262 0.0105 0.0267 0.2156 
277 0.0106 0.0339 0.2479 
292 0.0120 0.0604 0.3264 
297 0.0133 0.0783 0.3628 
302 0.0173 0.0987 0.4080 
312 0.0370 0.1622 0.5052 
327 0.1067 0.3019 0.6379 
352 0.3424 0.5567 0.8227 
377 0.5920 0.7789 0.9553 
402 0.7986 0.9302 0.9970 

>412 0.8720 0.9658 0.9985 

Source: CRWMS M&O 2000 [147210] 

Localized Corrosion-After failure of the waste package, the fraction perforated by localized 
corrosion from fluoride is proportional to the volume of water that has entered the package.  
The fraction is one when 2,424 m3 of water has entered the waste package (CRWMS M&O 2000 
[148208]). This analysis makes the rod perforation fraction linearly dependent on the 

cumulative amount of water entering the waste package. The uncertainty range is defined in the 
model as a log-uniform distribution ranging from 0.1 to 10. The water flow depends on the 
location of the waste package because of different drip rates in different infiltration bins of the 
potential repository. The water flow into the waste package increases with time as additional 
patches open on the waste package.
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Stainless Steel Cladding-A small number of the CSNF waste packages will contain stainless 
steel clad fuel. For these CNSF waste packages, the assumption is that all the stainless steel clad 
fuel is initially perforated, and, thus, immediately available for unzipping upon waste package 
failure. This assumption is implemented in the TSPA-SR model by adding the fraction of 
stainless steel clad fuel to the fraction of Zircaloy cladding that is initially perforated. Other than 
this difference, the radionuclide release from these packages is modeled like the CSNF waste 
packages. In TSPA-VA (CRWMS M&O 1998 [108000]), the 1.1 percent of stainless steel clad 
fuel was assumed to be uniformly placed in each and every CSNF waste package, which resulted 
in only a small portion of a rod being placed in a waste package. For TSPA-SR, a more realistic 
loading arrangement was assumed. About 3.49 percent of the containers were assumed to be 
32.9 percent filled with stainless steel clad fuel. Since the number of waste packages containing 
stainless steel cladding is small, these packages are not distributed evenly among the 
environments bins. Rather, they are assigned to the bin covering the largest area of the 
repository. For the low infiltration case, the largest bin is the first bin. For the mean and high 
filtration cases, this is the fourth bin. Furthermore, the stainless steel clad fuel is assigned to the 
"always dripping" condition; consequently, this fuel contributes both to advective and diffusive 
releases.  

Seismically Induced Cladding Failure-Seismic perforation of CSNF cladding has been 
implemented as a discrete event (event generator in GoldSim) with a frequency of occurrence of 
1.1 x 10"6/yr (CRWMS M&O 2000 [148249], Section 6.4.1). When this event occurs in the 
TSPA-SR simulation of the nominal scenario, the CSNF cladding in all waste packages is 
assumed to perforate and unzipping is initiated when the waste packages fail.  

Clad Unzipping-This occurs to fuel rods that are in failed waste packages and have perforated 
cladding which may be degrading further by the process of unzipping. As already discussed, the 
exposed fuel matrix is assumed to react at the intrinsic dissolution rate and form schoepite.  
Such alteration results in significant volume expansion, so the cladding unzipping will eventually 
propagate from its original location to the ends of the active length. It is conservatively assumed 
that a perforation occurs in the center of a fuel rod and propagates in both directions to the ends 
of the rod.  

The time it takes a rod to unzip is one-half the length of a CSNF rod (1/2 x 3.66 m) divided by I 
the unzipping velocity. The unzipping velocity is calculated in proportion to the CSNF waste 
matrix degradation rate (described in Section 3.5.3.) The report Clad Degradation-Summary 
and Abstraction (CRWMS M&O 2000 [148208]), presents various estimates for the ratio of the 
unzipping velocity to the intrinsic dissolution rate and, as already mentioned earlier, proposes a 
triangular distribution (minimum = 1, mode = 40, and maximum = 240). In the TSPA-SR 
simulation, a sampled value from this distribution is multiplied by the CSNF waste matrix 
degradation rate to determine the unzipping velocity.  

Average Commercial Spent Nuclear Fuel Waste Matrix Exposed-The pH within the package 
is a function of the fraction of the CSNF waste matrix that is exposed (Section 3.5.2). However, 
because of computational limitations, individual packages within the potential repository are 
generally grouped into five infiltration bins and three dripping conditions to which they are 
exposed (see Section 3.3.2 and Figure 3.3-3). Hence, an average fraction of CSNF waste matrix 
is exposed (alternately, a fraction of cladding unzipped and failed) for each group.
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The amount of radionuclides that are exposed, or available for dissolution and transport out of 
the package, is used to calculate the fraction of radionuclides released at any point in time.  
A long-lived radionuclide (238U), was chosen for evaluating the amount of radionuclides 
available for transport to ensure the radionuclide has not completely decayed by the end of the 
calculation. This inventory is adjusted to account for radioactive decay and in-growth via decay 
of 2 42Pu. The total amount of 238U within a group is calculated by multiplying the inventory per 
package by the total number of packages in the group. The amount of 238U within the failed 
waste packages is then calculated as the number of failed waste packages times the inventory of 
238U per package divided by the waste packages per group. This is the amount of 238U that will 
be exposed once the cladding protection is lost. The ratio between the amount of 238U that is 
exposed because of both package and cladding failures to the amount of 238U contained within 
the failed packages gives the average cladding failed at any point in time. This amount is used as 
input for calculating the pH in the in-package chemistry subcomponent model.  

3.5.4.3 Treatment of Uncertainty and Variability 

One limitation to this component is that, by necessity, it is based on current fuel and cladding 
characteristics. Consequently, it is only directly applicable to commercial PWR fuel with 
Zircaloy cladding and fuel subjected to normal operations at generator sites. Also, fuel bum-up 
projections used have been limited to the current licensing rules, which include restrictions on 
fuel enrichment, oxide-coating thickness, and rod plenum pressures. However, ranges of 
uncertainties have been established, and bounds on these uncertainties were used in developing 
the model abstraction.  

Uncertainty and variability in four model parameters are explicitly accounted for using statistical 
distributions. These model parameters are: (1) initially perforated cladding, (2) creep and SCC 
perforation as a function of peak waste package temperature, (3) localized corrosion uncertainty, 
and (4) unzipping velocity uncertainty. These distributions are based on extensive experiments 
and observations of cladding behavior made over a 40-year period, as described in Clad 
Degradation-Summary and Abstraction (CRWMS M&O 2000 [148208]). For example, the 
analysis of initial cladding conditions is based on reactor fuel performance reports that have been 
published since the start of the nuclear reactor industry. Continuous corrosion experiments with 
zirconium alloys under low ionic-strength conditions have been performed for nearly three 
decades. Furthermore, the performance of Zircaloy in boiling seawater and geothermal solutions 
has been evaluated. Fuel has been exposed in SNF pools for over 25 years and in dry-storage 
research programs and although only information from PWR clad fuel was used, the 
performance of BWR cladding is adequately bounded because the cladding on BWR fuel is 
much thicker. Finally, the analysis of creep and SCC is supported by an extensive experimental 
basis.  

3.5.4.4 Results and Interpretation 

Until several tens of thousands of years after the waste package begins to fail, the only cladding 
perforated is that CSNF cladding that arrives at the site perforated or perforates because of creep 
rupture during the first few hundred years. For example, the mean perforation is respectively 
0.0045 and 0.0765 for initial perforation and creep rupture for infiltration Bin 4 (20 to 
60 mm/yr). Thus, the mean perforation is primarily from creep rupture or SCC and
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approximately equal to the mean of the distribution of the first row of Table 3.5-7. Only after 
50,000 years, does the perforated fraction of cladding change due to localized corrosion in those 
waste packages that have seepage (Figure 3.5-14). The localized corrosion is a direct function of 
the seepage volume into the waste package and the intermittent drip case, as noted in Section 4, 
has the greater mean seepage volume; thus, the intermittent drip case has slightly more localized 
corrosion and greater perforation. More importantly, however, even the very conservative 
assumption of relating perforation from localized corrosion to the cumulative water volume into 
the waste package to bound the potential uncertainty from localized corrosion is not influential in 
the first 100,000 years. Specifically, because cladding perforation is predominately from creep 
rupture (from dry storage) during the first 40,000 years, the dose is not strongly affected by 
changing other parameters that influence degradation of the cladding as discussed in 
Section 5.3.4.  

The unzipping of the cladding is assumed to be caused by the alteration of the CSNF matrix; 
hence, as the cladding unzips the CSNF matrix is exposed. As described above, the unzipping 
velocity is between 1 and 240 times the degradation rate of the CSNF matrix. This large 
uncertainty is an important source of the uncertainty in the dose results after 100,000 years but 
not prior to 100,000 years as discussed in Section 5.1. The velocity (expressed as velocity 
divided by rod length) varies between 4 x 10"6/yr to 2 x 10"3/yr (Figure 3.5-15). For comparison, 
the CSNF matrix degradation rate had less variation in TSPA-VA (CRWMS M&O 1998 
[108000]); the rate varied between 4 x 10-5/yr and 2 x 10 a/yr. In the TSPA-VA, perforation of 

the cladding from rock fall was the primary mechanism to damage cladding beyond 100,000 
years whereas in TSPA-SR, conservative assumptions about localized corrosion perforate 
cladding beyond 100,000 years. In TSPA-SR, with backfill in the design, perforation from rock 
fall was screened out as a process because of the presence of the drip shields and backfill in the 
tunnels.  

3.5.5 Dissolved Radionuclide Concentration Component Abstraction 

The dissolved radionuclide concentration component provides the radionuclide solubilities that 
are used in the release calculations. The technical basis for the dissolved radioisotope 
concentration model is documented in Summary of Dissolved Concentration Limits 
(CRWMS M&O 2000 [143569]) and summarized in Waste Form Degradation Process Model 
Report (CRWMS M&O 2000 [138332]).  

3.5.5.1 Conceptual Model 

Identification or designation of a solubility-controlling phase is of key importance, because the 
result can affect the calculated radionuclide concentrations by orders of magnitude. In nature, 
the controlling phase may either be a pure radionuclide solid phase, with the radionuclide as a 
dominant element, or a solid phase with trace amounts of the radionuclide, as can occur with 
coprecipitation. For TSPA-SR analysis, only pure phases were chosen because, in general, they 
yield higher dissolved concentrations. The specific pure phase chosen, in order of preference, 
was based upon (1) geologic field observations, (2) experimental observation, or 

. (3) crystallochemical arguments. For unnaturally occurring radioelements, such as plutonium 
and neptunium, experimental observations were relied upon. In those cases where information 
could not be obtained from field observations or experimental studies, crystallochemical.
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arguments were used. Specifically, it was conservatively assumed that the most amorphous and 
hydrated (hence, most soluble4 ) oxide of the particular radioelement forms were present.  

The dissolved concentration limits conceptual model builds upon three bits of information: 
(1) estimates of in-package water chemistry (pH, Eh or oxygen partial pressure, ionic strength, 
carbonate concentration or partial pressure of carbon dioxide), (2) a determination of the likely 
solubility-controlling phases for the specific radionuclides of concern, and (3) measured 
(or estimated) thermodynamic parameters describing the stability of aqueous species and solid 
radioisotope phases. From this information either a functional relationship, a distribution, or a 
constant value was selected for the radionuclides of importance (Table 3.5-8).  

Dissolved Concentrations for Uranium, Neptunium, and Americium-Reactions affecting the 
solubility of uranium, neptunium, and americium, are primarily carbonate complexation and 
hydrolysis. Because of this known influence and because enough thermodynamic data were 
available, the solubility functions of uranium, neptunium, and americium were developed with a 
dependence on pH and partial pressure of carbon dioxide (fco2) (bar). Furthermore, the 
solubility of uranium was also assumed to be a function of temperature (T) (CC) (Table 3.5-8).  

Table 3.5-8. Parameter Values for Total System Performance Assessment Radionuclide Solubilities

Description Solubility Distribution, Function, or Bounding Value 

Logarithm of Americium Solubility (mg/L) 58.0335-18.9422*pH+1.4744*pH 2-6.00321og fco2-0.7005*(Iog 
fco 2)

2+0.1162*pH 2xlog fco2+ 0.1146*pHX(Iog fcO2) 2 

Carbon Solubility (mg/L) 1.2 x 104 

Cesium Solubility (mg/L) 1.33 x 10' 

Iodine Solubility (mg/L) 1.27 x 10' 

Neptunium Solubility (mg/L) 7.538 x 10"8 + 1.086 x 10("H) 

Logarithm of Protactinium Solubility (mg/L) Log-Uniform Distribution - Min=-4.64, Max=0.36 

Logarithm of Plutonium Solubility (mg/L) Log-Uniform Distribution - Min=-4.62, Max=1.68 

Radium Solubility (mg/L) 0.52 

Strontium Solubility (mg/L) 8.76 x le 

Technetium Solubility (mg/l) 9.89 x 104 

Thorium Solubility (mg/L) 2.32 

Logarithm of Uranium Solubility (mg/L) 7.9946-2.6963pH +0.4292pH 2- 1.6286log fco2+ 
0.0095T+0.4161pHxlog fco2-0.0051pHxT-0.00221og fco2xT for T 
_<90°C; For T > 900 C, T set to 900C in equation 

Source: CRWMS M&O 2000 [143569] 

For uranium solubility, the controlling mineral was assumed to be schoepite, because 1) it is the 
first mineral to be formed during SNF corrosion; 2) field observations show that it can persist for 
more than 10,000 years; 3) it has relatively high solubility; and 4) the solubility-temperature 
relationship is known. For neptunium, the relatively soluble Np20 5 was assumed to be the 
solubility-controlling minerals. For americium, AmOHCO 3 was chosen as the conservative 
solubility-controlling phase.  

4 Although the rule of thumb that the more hydrated phase is the most solubile is not always valid, no exception was 
known for the radioelements considered here.

TDR-WIS-PA-000001 REV 00 ICN 01

I

3-119 December 2000



Dissolved Concentrations for Plutonium and Protactinium-The solubility of plutonium, 
protactinium, and lead was represented by a distribution. A value was sampled from the 
distribution (see Table 3.5-8) and used for the entire simulation. To develop statistical 
distributions, solubility calculations were generally performed for the range of pH, Eh, and 
partial pressure of carbon dioxide (fco2) evaluated by the in-package chemistry model 
component. For example, for plutonium, solubility calculations were performed with pH in half 
units from 4 to 8, Eh (V) of 0.34, 0.55, and 0.76 V, and (fco2) of 10-3.0 and 10-3-' bar.  

The primary candidates for solubility-controlling plutonium phases are crystalline PuO2 and 
amorphous Pu(OH)4(am) (i.e., PuO2.xH20, with x varying from 0 to 2). Since the crystalline 
phase forms within laboratory time scale, it is reasonable to assume that, over geological time, 
the less soluble crystalline form, PuO 2, would control plutonium dissolved concentration.  
However, recent work on the reaction of PuO 2 with oxygenated water (see discussion in 
CRWMS M&O 2000 [138332]) has found that PuO 2 may be converted into more soluble 
PuO2+x. Furthermore, because of the potential for some crystalline damage caused by the decay 
of plutonium isotopes, Pu(OH)4 (am) was used as the controlling solid to provide a more 
conservative approach.  

Few thermodynamic data exist for protactinium. For TSPA-SR calculations, a solubility 
distribution was based on literature values. The distribution used was identical to that obtained 
by the informal project expert elicitation used for past TSPAs (Wilson et al. 1994 [100191], 
Table 9-2b).  

Dissolved Concentrations for Technetium, Iodine, Cesium, Carbon, Strontium, and 
Thorium-Constant bounding values, in which the same bounding value was used for all time 
steps in all simulations, are used for many of the radionuclides (see Table 3.5-8). This is often 
done where few thermodynamic data are available or because of low inventory.  

Under oxidizing potential repository conditions, no solids are projected to form to limit the 
solubility of technetium, iodine, cesium, and carbon. Consequently, the solubility of each is set 
to 1.0 M (mol/L) (Table 3.5-8 converts this concentration to units of mg/L). This high solubility 
generally means that the degradation rate, diffusion out of the waste package, or the inventory 
control the respective release. The most likely strontium-bearing solids to precipitate under the 
potential repository conditions are carbonate or sulfate phases. In lieu of a more involved 
treatment of sulfate and carbonate levels in the in-package water, the strontium solubility is set to 
1.0 M (mol/L). A description of the treatment for the remaining radionuclides is documented in 
Pure Phase Solubility Limits-LANL (CRWMS M&O 2000 [148205]).  

3.5.5.2 Implementation in the Total System Performance Assessment 

The solubilities of uranium, neptunium, and americium are functions of temperature, pH, and 
(or) carbon dioxide partial pressure. Temperature and pH vary spatially within the potential 
repository (see the sections on thermal hydrology and in-package chemistry). Therefore, the 
solubility of uranium, neptunium and americium also vary spatially within the potential 
repository according to the environment (i.e., each infiltration bin and each drip condition [see 
Section 3.3.2 and Figure 3.3-3]).
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For example, the solubility of uranium is a function of the in-package pH, the waste package 
temperature, and the fugacity of carbon dioxide. The solubility of neptunium is a function of the 
in-package pH. The solubility of americium is a function of the in-package pH and the partial 
pressure of carbon dioxide. These solubility functions are used both inside the waste package 
and in the invert. The in-package pH is localized to an environment (i.e., infiltration bin and drip 
condition). Because the pH in an environment varies with time, all pH-dependent properties will 
also vary with time, including the solubilities of uranium, neptunium, and americium.  
The temperature (T) of a waste package is also localized to an infiltration bin. The temperature 
is a function of the infiltration scenario and time, and, hence, all temperature-dependent 
properties vary with time, including the solubility of uranium. As previously explained, the 
carbon dioxide partial pressure is set at the mountain atmospheric conditions for all simulations.  
The solubilities of uranium, neptunium, and americium are calculated the same way for each bin 
environment for both waste package types. Hence, the uranium, neptunium and americium 
solubilities are calculated in each of the 15 environments for each package type.  

The solubility of radioelements defined by distributions are sampled at the beginning of each 
simulation and assumed constant for the entire simulation. The solubility of radioelements 
defined by a constant is the same at all times for every simulation. Furthermore, the sampled 
value or constant is used to define the solubility both inside the waste package and in the invert.  

In all cases, if multiple isotopes of a radionuclide are present in the aqueous phase, the 
concentrations of each isotopes is determined by the mass fraction of the isotope present at each 
time step such that concentration of all isotopes does not exceed the solubility limit of the 
radioelement.  

The solubility of the radioelement is compared to the mass of the element that was available 
during the time step to determine whether the degradation rate or depletion of the inventory 
should control the concentration of the radioelement inside the package. To be conservative, the 
volume of water used for calculating the concentration is only the water held in the pores of the 
degraded waste matrix not the volume of water in might be present in the entire waste package 
(Figure 3.5-16).  

3.5.5.3 Treatment of Uncertainty and Variability 

As discussed elsewhere in the text (e.g., Section 3.3.2 and Figure 3.3-3) and most recently in 
Section 3.5.5.2, spatial variability of environmental water conditions is explicitly modeled in 
TSPA-SR using a combination of 5 infiltration bins and 3 drip conditions over the 2 types of 
waste packages. The in-package chemistry model determines the water chemistry as a function 
of the environmental conditions (i.e., water flux) and waste package type. In turn, the solubility 
for neptunium, americium, and uranium) directly reflect this variability in in-package chemistry.  
For those radionuclides for which a distribution (e.g., plutonium) or bounding constant 
(technetium) was developed, the ranges of water chemistry observed in the process modeling of 
in-package chemistry were used when possible; thus, the uncertainty in chemical conditions are 
indirectly reflected in the distribution or bounding constant. However, the starting composition 
of major elements in the water was assumed to be J-13 well water and neglected the possibility 
of high ionic strength compositions from previous evaporation. This high ionic strength 
condition for the water entering the drift will only occur for a short time after the waste packages
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cool. The waste packages do not breach until after 10,000 years at which time ionic strength will 
be closer to ambient conditions. Furthermore, although simulations at high ionic strengths 
(greater than about 0.7 mollkg) encounter inherent limitations within the databases, this 
uncertainty is only up to a factor of two, which is very small relative to other uncertainties within 
the system. Solubility values for radionuclides, determined by the informal elicitation of expert 
judgments conducted in 1993 (Wilson et al. 1994 [100191], Table 9-2b), corroborate the newly 
evaluated distributions and fixed values.  

A review of thermodynamic data and controlling phases was performed for a large range of 
chemical conditions. When uncertainties were encountered, choices were made that would result 
in higher solubilities. For example and already mentioned, neptunium solubility was 
conservatively assumed to be controlled by Np2Os. Incorporation of the neptunium into 
secondary phases of uranium such that the solubility of uranium controls the solubility of 
neptunium is not considered. This assumption is potentially a significant conservatism. As 
discussed in TSPA-VA when developing the distribution for neptunium (CRWMS M&O 1998 
[108000]), some experiments on the degradation of CSNF fuel matrix show a mean 
concentration of neptunium as low as 2 x 10-3 mg/L (10-8 M), whereas the results discussed 
below show a long term average solubility of 2 x 101 mg/L (i.e., four orders of magnitude greater 
solubility). While the effect on dose in the first 10,000 years or even 100,000 years may not be 
great, the effect of this conservatism on peak dose beyond 100,000 years is important.  
Consequently, a sensitivity study using an alternative model of several radionuclide solubilities 
was run and is discussed in Section 4.1.3.  

The distributions for the solubility of neptunium americium, plutonium, thorium, and uranium 
were defined based on high drip rate tests conducted at Argonne National Laboratory. As 
described by Finn (1994 [100746]), drip tests have been conducted on two CSNF specimens (-8 
g). The tests are conducted at 90'C and have been running continuously for six years. The two 
specimens are exposed to a high drip rate, a low drip, and humid air. From these six tests, 
67 water samples have been taken over time and radionuclide concentrations measured. The 
mean and standard deviation (evaluated on logarithm of the concentration) of five radionuclides 
from the tests on the two specimens at the high drip rate are given in Table 3.5-9.  

Table 3.5-9. Mean and Standard Deviation of Concentration or Radionuclides in High Drip Rate Tests 
Conducted at Argonne National Laboratory.  

Mean Concentration (from logarithm) Standard Deviation (from logarithm) 

Element (mg/L) (mg/L) 

Americium 2.52 x 10-2 1.33 x 10-1 

Neptunium 5.45 x 10' 3.08 x 10.2 

Uranium 3.61 1.13 x 101 

Plutonium 1.82 x 10.2 6.97 x 10-2 

Thorium 1.11 x 10 7 1.94 x 10-7

Source: CRWMS M&O 2000 [153105]; CRWMS M&O 2000 [1318611 

The mean concentration of uranium in the tests is 3.61 mg/L which is near the average solubility 
of 2.3 mg/L in the CSNF waste packages between 2000 and 40,000 years, prior to much water 
entering the waste packages (Figure 3.5-17c discussed below). The mean plutonium
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concentration of 1.82 x 10-2 mg/L in the tests is near the mean solubility of 3.8 x 10-2 mg/L used 
in the TSPA-SR. However, the mean neptunium concentration of 5.45 x 10-3 mg/L at a mean pH 
of 6.7 is 3.4 orders of magnitude less than the average solubility of 1.35 x 101 mg/L at an 
average pH of 6.8, leading to significantly less release of this radionuclide.  

3.5.5.4 Results and Interpretation 

As is discussed more thoroughly in Section 4, the most important radionuclides are 99Tc and 1291 

in the first 40,000 years after waste package failure and 239pu and 237Np thereafter. Of these 
radionuclides, 99Tc and 1291 have constant solubility values and 239pu is sampled from a 
distribution prior to the simulation. Only 237Np solubility is evaluated during the simulation 
based on the in-package pH. Furthermore, the uncertainty of the in-package pH is assumed to be 
the sole source of uncertainty of the 237Np solubility. For the CSNF waste packages, the mean 
solubility of 237Np is 1,000 mg/L in the first 1,000 years, and 20 mg/L (8 x 10-5 M) thereafter.  
The uncertainty in the pH of the CSNF waste packages is reflected in the spread of the 237Np 
solubility distribution (Figure 3.5-17a). As explained in Section 3.5.2.4, the uncertainty in the 
pH of the co-disposal packages is less; consequently, the uncertainty in the 237Np solubility is 
correspondingly less (Figure 3.5-17b). The distribution for neptunium solubility in TSPA-VA 
(CRWMS M&O 1998 [108000]), had a mean of 0.34 mg/L (1.4 x 10-6 M) (about two orders of 
magnitude less than in TSPA-SR). A sensitivity study using a lognormal distribution with a 
much lower mean solubility for neptunium (5.45 x 10-2 mg/L) is reported in Section 4.1.3.  

As described in Section 5.1, the 237Np solubility does not show up as having an important 
influence on the uncertainty of the dose results in TSPA-SR, whereas in TSPA-VA 
(CRWMS M&O 1998 [108000]) and TSPA-1995 (CRWMS M&O 1995 [100198]), 2 37Np was 
an important parameter. Although the total spread in the uncertainty of 237Np solubility is 
potentially larger than as used in the TSPA-VA or TSPA-1995, this potential spread in the 
uncertainty is because of differences in chemistry between CSNF and co-disposal packages, 
because of the different chemistry between the first 1,000 years after breach and thereafter, and 
because of the varying water flow rates into the waste packages. In TSPA-SR, the co-disposal 
packages are not an important contributor to dose, the first 1,000 years is a short period relative 
to the simulation time, and the pH range is narrow because very little water flows into the 
package; hence, the 2 3 7Np solubility range is narrow and does not influence the uncertainty in the 
dose.  

Although uranium is not a direct contributor to the dose in the first 100,000 years or the peak 
dose at later times, 230Th, a decay product of 2 3 4U is important. The average solubility of 
uranium in the CSNF packages in the first 100,000 years (2.3 mg/L) (Figure 3.5-17c) is similar 
to that measured in the high drip rates tests (3.61 mg/L) (Table 3.5-9); however, the solubility of 
uranium in the co-disposal packages is much greater (Figure 3.5-17d).  

3.5.6 Colloidal Radionuclide Concentration Component Abstraction 

The function of the colloidal radionuclide concentration component is to calculate the 
concentration of colloid-associated radionuclides that are generated by the waste forms. Colloid I 
transport is potentially important for radionuclide elements that have low solubility and can be 
entrained in, or sorbed onto, waste form, engineered barrier, or geologic barrier materials that
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form colloidal particles. Of these radionuclides, only those that are a major part of the waste I 
inventory and have potentially large dose conversion factors are of potential importance to the 
performance of the disposal system. The technical basis for the colloidal radioisotope 
concentration model abstraction is documented in Waste Form Colloid-Associated 
Concentrations Limits: Abstraction and Summary (CRWMS M&O 2000 [148214]).  

3.5.6.1 Conceptual Model 

Three major types of colloids, based on the source of the colloid substrate material, are 
recognized to be important for the colloidal radionuclide concentration component 
(Figure 3.5-18): 

1. Waste form colloids formed during degradation of HLW glass (Note: these colloids 
are further classified into reversibly attached and irreversibly attached radionuclide 
types.) 

2. Corrosion-product colloids formed during corrosion of iron-containing waste packages 

3. Groundwater colloids present in the waste form area.  

Based on laboratory experiments and data, degradation of borosilicate HLW glass will be the 
predominant source of waste form colloids. In the case of HLW, the waste form colloids that 
have been observed consist principally of smectite-type clay minerals. The laboratory data 
suggest that as HLW glass degrades, colloids are generated and often contain embedded 
plutonium. Humic substances and microbes were not included in the laboratory experiments, 
because they are not abundant in YMP groundwater, and because they are typically large enough 
to be filtered during transport. Relatively few colloids have been observed in laboratory testing 
of CSNF. In the case of DSNF waste form, there are no experimental data on production of 
waste form colloids.  

The models for all three colloid types assume reversibly attached radionuclides. In addition, the 
model for colloids from HLW glass includes embedded (or irreversibly attached) americium and 
plutonium (the latter, as observed in waste glass tests) (Figure 3.5-19). All the model 
expressions are based on the population of each colloid type (expressed in terms of mass of 
colloids per volume of fluid) and experimental data for the sorption of radionuclides onto the 
colloid substrate materials involved. The effects of pH and ionic strength on the stability of 
dispersions of each colloid type are considered to constrain the estimate of mobile colloid 
concentrations.  

Selection of the radionuclides considered susceptible to colloid-facilitated transport was based on 
sequential consideration of three criteria. First, candidate radionuclides were identified based on 
waste inventory and their potential effect on releases. Second, those radionuclides were 
evaluated considering known transport behavior, based on laboratory and field information.  
Highly sorbing radionuclides (e.g., Pa and Th) were selected as candidates for colloidal transport 
to be conservative. Radionuclides known from laboratory work to be embedded in colloids (e.g., 
Pu and Am) and thus irreversibly attached or suspected to travel as colloids in the field (Pu) 
were also selected. Third, the major daughters of selected radionuclides were included (Ac, Ra, 
and Pb).
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Concentrations for HLW Colloids-For waste form colloids, the generation and availability of 
irreversibly attached radionuclides is based on the experimental data for HLW glasses. It was 
observed experimentally that, as the ionic strength increased, colloid concentration generally 
decreased, and, ultimately, a threshold value was reached above which the colloids were not 
readily observed. Hence, at ionic strengths that are relatively low (0.01 mol/kg), colloidal 
concentration was set in the model to equal the maximum value observed in the experiments (6 x 
10-8 mol/L). At moderately high ionic strengths (greater than or equal to 0.05 mol/kg), colloidal 
concentration was defined as a minimum observed value (1 x 10-11 mol/L). At intermediate ionic 
strengths (between 0.01 and 0.05 mol/kg), irreversible colloidal concentration was calculated by 
interpolating between concentrations of 1 x 10"' and 6 x 10-8 mol/L.  

The stability or tendency of the colloids to remain suspended in the fluid depends on interactions 
between the surfaces of the colloids, which, in turn are affected by aqueous chemical conditions.  
Experimental evidence shows that waste form colloids are composed of smectite clay minerals.  
Consequently, their stability becomes increasingly sensitive to ionic strength as pH drops below 
about eight. This relationship was captured by a simple linear function that provides a means for 
the irreversible HLW colloid concentration to be adjusted to reflect solution conditions 
(Figure 3.5-19).  

Potential Concentrations for Corrosion-Product Colloids-Data are not available on the 
concentration of corrosion product (i.e., iron-(hydr)oxide) colloids that may be generated as a 
result of corrosion of the waste package materials. Consequently, it was assumed that the initial 
concentration of these colloids was similar to that of the iron-(hydr)oxide) colloids found 
adjacent to the iron-rich rock at the Morro de Ferro natural analogue site. This approach is 
reasonable, because colloid concentrations observed in natural waters represent concentrations 
developed over a wide range of hydro-geochemical conditions. The stability behavior of 
corrosion-product colloids, with respect to ionic strength and pH was then estimated. At very 
low and high pH values, iron-(hydr)oxide colloids are affected by ionic strength, similar to 
minerals. Thus, high ionic strengths were assumed for destabilization. At intermediate pH 
values, only relatively low ionic strengths were assumed. The result is the typical "U-shaped" 
stability curve (Figure 3.5-19). The minimum and maximum mass of corrosion product colloids 
was 10-3 and 1 mg/L, respectively 

Potential Colloid Concentrations for Groundwater Colloids-Several workers have studied 
and compiled the characteristics of colloids in groundwaters from throughout the world 
(e.g., crystalline and sedimentary rocks; saturated and unsaturated hydrologic regimes). Data on 
colloid concentration and ionic strength for these groundwaters show a general inverse 
correlation above an ionic strength of about 0.01 mol/kg and provide an analytical tool for 
estimating initial groundwater colloid mass concentration. These data were converted to mass or 
surface area per unit volume, based on the conservative assumption that the colloid populations 
measured consisted of strongly sorbing smectite clay minerals. Given that assumption, the 
stability relationship developed for irreversibly attached colloidal material from HLW (described 
above) was then used to determine the potential groundwater colloid concentration 
(Figure 3.5-19). The minimum and maximum mass of groundwater colloids was 3 x 10-2 and 
3 x 10- mg/L, respectively.
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Colloid Concentrations for Mobile Colloidal Radionuclide Source Term- The concentrations 
of reversibly sorbed radionuclides were determined from the potential concentration evaluated 
above for all three sources of colloids using appropriate sorption partion coefficient (Kd) values 
from Yucca Mountain-specific sorption data. The total mobile colloidal radionuclide source 
term was then calculated as the sum of the radionuclide contributions from HLW colloids 
(reversibly and irreversibly attached), corrosion product colloids, and groundwater colloids 
(Figure 3.5-19).  

3.5.6.2 Implementation in the Total System Performance Assessment 

As described in Section 3.5.6.1, the mobile colloidal-radionuclide source term consists of three 
colloid types: (1) waste form colloids, (2) corrosion-product colloids, and (3) groundwater 
colloids. For codisposal waste packages, the colloidal source term includes waste form smectites 
produced from HLW glass, iron-(hydr)oxide colloids produced from degradation of the steel 
packaging material, and naturally occurring groundwater colloids found in the infiltrating water.  
Only plutonium and americium are assumed irreversibly attached in waste form colloids and, 
along with their daughter products, are permanently embedded within the colloid. For CSNF 
packages, only reversible uptake of radionuclides iron-(hydr)oxide and naturally occurring 
groundwater colloids occur. The TSPA-SR calculations use in-package and in-drift pH and ionic 
strength conditions to calculate the generation and stability of waste form colloids and the 
stability of corrosion-product and groundwater colloids in the waste package and in the invert, 
respectively.  

Consistent with the conceptual model, the following constraints and assumptions were used to 
implement the TSPA-SR model: 

"* Colloids with embedded radionuclides (i.e., irreversibly attached) are created as glass 
waste degrades. They contain a known initial mass of the parent radionuclide but no 
initial mass of the daughter products.  

"* Colloids with reversibly sorbed radionuclides are not created until the maximum 
concentration of irreversible colloids is satisfied in a given time step.  

"* Irreversibly attached radionuclides are partitioned onto colloids according to their 
isotopic mass fraction at the time of the formation of the colloids.  

"* Colloids with irreversibly attached radionuclides also act as substrates for reversible 
sorption.  

"* Thorium, protactinium, plutonium, and americium (and their daughters) can be 
transported as colloids.
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" Daughters of parent radionuclides in irreversible colloids are bound within the colloids 
for the duration of their travel through the system. For irreversibly bound 242pu, 24 0Pu, 
and 239pu, the combined dose of the daughters and granddaughters within the colloid is 
several orders of magnitude less than the dose of the parent during the travel time within 
the natural barriers, and decay to daughter products is not implemented. 243Am is 
decayed to 239 Pu, but the daughters of 239Pu are neglected because of their low impact on 
dose. Irreversibly bound 241AM and 238Pu are decayed to irreversibly bound 237Np and 234U daughters, respectively.  

"* CSNF waste does not produce colloids. However, CSNF radionuclides can reversibly 
attach to naturally occurring smectites and iron-(hydr)oxide colloids.  

"* There are naturally occurring smectite colloids that will be sites for reversibly sorbing 
radionuclides in the water entering the CSNF and codisposal waste packages.  

"* Diffusion of both irreversible and reversible colloids is permitted and the diffusivity is 
conservatively set at only 100 times less than the diffusivity of the aqueous phase.  

"* For far-field transport, the K, equilibrium model is used for the transport of 
radionuclides reversibly bound to colloids as described in Section 3.8.2.1.  

For a detailed discussion of TSPA-SR treatment of colloids, refer to the logic flow charts in 
Waste Form Colloid-Associated Concentration Limits: Abstraction and Summary (CRWMS 
M&O 2000 [148214]).  

Irreversible-Colloid Mass in the Waste Form Cell-Accounting for the concentration of 
irreversibly attached radionuclides, temporally and spatially, in TSPA-SR is challenging because 
of the need to track masses of colloidal and dissolved radionuclides. In the TSPA-SR model, the 
mass of irreversibly bound radionuclides is tracked through the use of surrogate species that 
represent the radioisotope mass embedded in waste form colloids. The masses of the surrogate 
species, or irreversibly bound radioisotopes, are proportional to the amount of waste form 
exposed using the high-level radioactive waste glass dissolution rate. To start the TSPA-SR 
calculations, an initial inventory of radioisotopes must be provided. For the surrogate species, an 
arbitrarily large value is used, so that the irreversibly bound colloid species cannot become 
inventory limited. In other words, irreversible colloids are allowed to form and be released as 
long as radioisotopes are present in the high-level radioactive waste glass waste form cell.  

The mass of a specific irreversibly bound radioisotope is calculated in each time step by 
considering colloid mass flux (i.e., mass of colloids per year), time, the concentration of 
irreversibly attached radioisotope per solution volume, and colloid mass in that volume.  
That mass is subtracted from the total radioisotope mass in the waste form cell. Subtracting the 
irreversibly bound mass first ensures that radioisotopes are assigned to irreversible colloids first, 
which is conservative with respect to radionuclide transport. The masses of all forms of 
radioisotopes released, including irreversibly attached ones, are tracked to ensure that the 
available inventory mass is not exceeded.
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Irreversible Colloid Mass Flux from the Waste Form Cell-The irreversible colloid-mass flux 
from the waste form cell is estimated through two sequential steps. First, the generation of 
irreversible colloids is calculated, based on consideration of ionic strength. Second, the stability 
of the colloids is calculated, based on both ionic strength and pH. Because of this sequence, the 
first step essentially provides the upper bound on concentrations of irreversible colloids, and the 
flux of the irreversible colloid species is defined by the stability of the colloids.  

Calculation of Plutonium and Americium Concentrations Irreversibly Attached to 
Colloids-The total concentration of plutonium bound irreversibly in waste form colloids is 
partitioned into the plutonium isotopes based on the mole fraction in the source term for 
codisposal waste packages. The plutonium mass fraction in the source term is calculated by 
dividing the mass of each plutonium species exposed by the total mass of plutonium released for 
each time step. For americium, the concentration bound irreversibly in waste form colloids is 
determined as a function of the mass fraction of americium to plutonium in the source term.  
By using the total concentration of plutonium bound irreversibly, and the ratio of americium to 
plutonium in the source term, the total concentration of americium bound irreversibly 
is calculated.  

Reversible Colloid Mass Flux from the Waste Form Cell-Each combination of colloid type 
(waste form, corrosion product, and groundwater) and critical radionuclide has a specified Kd 
value representing reversibly sorbed radionuclide concentrations. To calculate reversible 
radionuclide concentration in each waste form environment, colloid masses are determined based 
on ionic strength and, in all cases but groundwater colloids, pH. Masses are then used with 
dissolved radionuclide concentrations and Kd values to determine a concentration associated with 
colloids. Masses are determined by considering mass flux for each colloid type and the volume 
of water in the waste form environment.  

3.5.6.3 Treatment of Uncertainty and Variability 

The colloid model abstraction is based on laboratory results from waste form corrosion testing 
and testing of adsorption and desorption properties of plutonium and americium on clay and 
iron-(hydr)oxide colloids. The development of the conceptual model and implementation 
requires consideration of colloid generation, colloid-radionuclide interaction, colloid stability 
behavior, and, to some extent, colloid transport and retardation behavior. Information used for 
groundwater colloids, waste form colloids, and corrosion product colloids was obtained 
primarily from Yucca Mountain-specific studies.  

Uncertainty was explicitly represented in statistical distribution for the Kd parameter values, 
where an uncertainty band of plus or minus one order of magnitude was assigned to each value.  
Because bounding values or estimates were used for all other parameters, the greatest source of 
uncertainty stems from conceptual models. Mass concentrations of groundwater colloids are 
bounding. Mass concentrations of corrosion product colloids are linked to concentrations of 
groundwater colloids on the basis of similar behaviors (as mineral colloids) in natural waters, 
and are, therefore, bounding. Concentration of irreversibly attached plutonium waste form 
colloids generated from HLW are bounding, based on experimental results. The concentration of 
irreversibly attached americium waste form colloids was assumed to be proportional to that of 
plutonium. Justification for this assumption is lacking; however, the fact that americium is

TDR-WIS-PA-000001 REV 00 ICN 01 3-128 December 2000



highly reversibly sorbed because of the high Kd values used at least permits a large percentage of 
the americium inventory to escape as colloids. Furthermore, the proportion of americium 
released as colloids is greater than for plutonium since the KI value for plutonium is less than the 
Kd value for americium.  

The primary uncertainty is associated with the limited information available on formation of 
colloids from degradation of N-Reactor fuel, and its potential contribution to the potential 
repository performance. A relevant research program is ongoing. For now, however, it is 
assumed in the model that, due to the small quantity of N-reactor fuel, any colloids generated 
from degradation of DSNF fuel will have little or no effect on the potential repository 
performance. Corrosion product colloids, as well as groundwater colloids, are associated with all 
waste types, and provide a colloidal transport mechanism.  

Another, but less significant, uncertainty is the treatment of colloids produced as a result of 
CSNF degradation. Results from the Argonne National Laboratory tests on degradation of 
CSNF (mentioned in Section 3.5.5.3) indicate that very little colloidal material was produced.  
Colloids formed were smectites, some with apparently adsorbed plutonium and uranium 
silicates. However, examinations showed that no embedded radionuclide phases were in the few 
clay colloids that were produced during the degradation testing. If any of the colloids contain 
embedded (irreversibly attached) radionuclides, the consequences for waste package releases 
would be minimal, since it is assumed that all colloid-associated radionuclides leave a failed 
waste package. As with DSNF, corrosion product colloids, as well as groundwater colloids, are 
associated with all waste types, and provide a colloidal transport mechanism. This is particularly 
true for CSNF, in that groundwater colloids are relatively abundant and smectite has mineralogy 
identical to the few observed CSNF colloids.  

3.5.6.4 Results and Interpretation 

The radionuclides 99Tc, 1291, 237Np, and 239Pu are important contributors to the dose as discussed 
in Section 4. Even though colloidal americium was modeled with a conservatively high sorption 
coefficient that should have made americium readily available for transport as a reversible 
colloid, the concentration of americium (either aqueous or colloidal) was not an important 
contributor to the dose. Of the four important radionuclides, 239pu is transported both in the 
dissolved phase and attached to colloids. However, the contribution of colloids to the overall 
release of 239pu is not important. The dissolved phase completely dominates the overall release 
(Figure 3.5-20a). As implemented in the TSPA-SR, both types of colloids, reversible and 
irreversible, contribute equally to the dose although this contribution is insignificant overall.  
The source of the reversible colloids is primarily from the waste itself; natural groundwater 
colloids and rust colloids are only somewhat important (Figure 3.5-20b). As noted in the 
previous section, several assumptions in the colloidal model introduce uncertainty (e.g., 
assumptions on DSNF colloids and colloids containing americium); however, because of the 
small contribution of colloids to the overall dose releases (Figure 3.5-20a), and because of the 
small contribution of codisposal packages to the total dose as discussed in Section 5.2.4, changes 
to these assumptions to improve the model will have only minimal impact on the overall dose.
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3.6 ENGINEERED BARRIER SYSTEM TRANSPORT

Radionuclide transport out of the waste form and waste package, through the invert, and into the 
UZ is dependent on a complex series of events in the potential repository.  

After the waste packages are emplaced, radioactive decay of the waste will heat the drifts.  
This heating process may evaporate some (or all) of the groundwater near the drifts, thereby 
perturbing the natural flow pattern for percolation of water through the mountain. As the drifts 
cool and the natural flow pattern is reestablished, some of the water percolating through the 
mountain may seep into the drifts and contact some of the drip shields. Over time, the drip 
shields and waste packages are expected to degrade. Once this occurs, water can contact the 
waste form, resulting in the mobilization and transport of radionuclides through the EBS.  

The primary transport medium through the EBS is (liquid) water. This water may be flowing or 
dripping slowly through the EBS. Alternately, this water may form a continuous film of 
stationary liquid. Either condition must be present for mobilization of radionuclides in the waste 
form and transport of radionuclides through the invert and into the UZ. A dry waste package 
will not release any radionuclides.  

Gaseous transport of volatile radionuclides has been screened out of the nominal scenario 
because of low consequence (see FEP 3.2.10.00.00 in CRWMS M&O 2000 [150806]). This 
FEP includes consideration of radiotoxic and chemotoxic species in the air as gas, vapor, 
particulates, or an aerosol. The radionuclide with the greatest potential for gaseous release is 

C. Bounding estimates of the potential dose of 14C indicate that the maximum release of 14C 
will be at least 5 orders of magnitude below the anticipated regulatory dose limit. It follows that 
gaseous transport is not included in the EBS flow and transport abstraction for the TSPA.  

As an aside, atmospheric transport due to volcanic ashfall is included in the TSPA for the 
igneous intrusion scenario (CRWMS M&O 2000 [150806]). This scenario is not relevant to 
EBS flow and transport because the EBS is destroyed by the igneous intrusion process (see FEP 
1.2.04.07.00, Ashfall in CRWMS M&O 2000 [150806]).  

The primary components of the EBS are a drip shield, a waste package on an emplacement 
pallet, and an invert. The invert is a metal cage that provides structural support for the waste 
package and emplacement pallet; it is filled with crushed tuff. Figure 3.6-1 presents a typical 
cross-section of an emplacement drift with the major components of the EBS.  

Each component of the EBS is designed to prevent (or delay) the mobilization and release of 
radionuclides into the geologic environment. The drip shield is designed to redirect seepage that 
flows into the drift away from the waste package. The waste package is fabricated from a double 
shell of corrosion-resistant material and corrosion-allowance material to minimize and delay 
waste package failures in the potential repository environment. The emplacement pallet holds 
the waste package above any liquid that might pool on the invert and allows the waste package to 
shed water. The invert can act as a barrier to diffusive transport in liquids, if the liquid saturation 
in the crushed tuff is low.  

Once a drip shield is breached, water may contact the waste package. Once a waste package is 
breached, water may enter the package as water vapor or as drips. This water will come into
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contact with the metal cladding of commercial spent nuclear fuel rods or with the stainless steel 
canister surrounding vitrified high-level waste. If the metal cladding that encases the spent 
nuclear fuel pellets is also breached, radionuclides may dissolve in the water and be transported 
out of the waste package. Similarly, if the stainless steel canister surrounding the vitrified waste 
form is breached, the glass and its associated radionuclides may dissolve and be mobilized for 
transport out of the waste package. Figure 3.6-2 illustrates this transport process for patches 
formed by general corrosion of the drip shield and waste package. As shown in this figure, the 
patches provide a path for dripping water, also called an advective flux, to enter the top of the 
waste package, contact the waste form, mobilize radionuclides, and carry these radionuclides out 
the bottom of the waste package.  

The concentration of each mobilized radionuclide cannot exceed the radionuclide solubility limit, 
unless colloids are present. Colloids are small particulates, with a typical size range of 10-3 to 
10-6 mm, that can physically or chemically bind with ions in an aqueous environment. They 
often occur naturally in the geologic environment because clay minerals and some geochemical 
weathering products of rocks are of colloidal size and can persist in aqueous solution for long 
periods of time. Colloids are important for transport because they can increase the mobilized 
concentration of radionuclides above the solubility limit. Colloids can also increase the transport 
velocity of radionuclides, because they have been observed to move through pore spaces more 
quickly than dissolved radionuclides. This effect is neglected in the EBS because the typical size 
scale of the invert, about 1 m deep in cross section, is much less than the typical size scale of the 
UZ, on the order of hundreds of meters. In this situation, the advective travel time through the 
EBS will be negligible in comparison to the advective travel time through the UZ, so the 
effective velocity of colloids in the EBS can be neglected for performance assessment of the total 
system.  

Radionuclides that are mobilized as dissolved or colloidal species may be transported by 
advection or by diffusion. Advective transport occurs when dissolved or suspended 
radionuclides are carried along with a flowing liquid. Advective transport is anticipated to be the 
dominant transport mechanism through patches formed by general corrosion (see Figure 3.6-2).  
Diffusive transport occurs when dissolved or suspended radionuclides move from regions of 
higher concentration to regions of lower concentration. Diffusion is anticipated to be the main 
transport mechanism through stress corrosion cracks, as illustrated in Figure 3.6-3. Diffusion 
will be the dominant mechanism through a crack because the -small size and associated capillary 
forces within a crack prevent significant advective fluxes from passing through. Even though 
advection is excluded, each crack is assumed to retain moisture in the form of a thin, liquid film 
that provides a continuous pathway for diffusive transport at all times.  

Once outside the package, radionuclides will be transported through the invert by diffusion (if 
water is not flowing through the invert), or by diffusion and advection (if an appreciable amount 
of water is dripping through the invert).
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3.6.1 Construction of the Conceptual Model

A number of factors will affect the mobilization and transport of radionuclides through the EBS.  
These factors are: 

* Performance of the drip shield 
* Performance of the waste package 
* Protection provided by cladding 
* Waste form dissolution rates 
* Entry and movement of water through the waste package 
* Solubility limit for each radionuclide 
* Transport of radionuclides through and out of the waste package 
* Transport of radionuclides through the invert 
* Transport of radionuclides via colloids.  

Given these multiple factors, the conceptual model for EBS transport requires input and 
information from many elements of the TSPA. Figure 3.6-4 illustrates this transfer of 
information for the two parts of the conceptual model: the EBS flow abstraction and the EBS 
transport abstraction.  

The EBS flow abstraction has three major inputs. The first input is the seepage flux abstraction 
that defines the fluid flux into the EBS as a function of time, location within the potential 
repository, and the climate state. The second input is the drip shield and waste package 
degradation models that define the type, number, and timing of breaches in these components.  
The third input is the abstraction of the thermal-hydrologic response of the near-field 
environment that defines the time-dependent temperature, RH, and evaporative fluxes in the 
EBS.  

The EBS transport abstraction has two major inputs. The first input is the output from the EBS 
flow abstraction that defines the fluid fluxes through the waste package and invert as a function 
of the time-dependent conditions in the EBS. The second input is the abstractions for waste form 
dissolution rate, radionuclide solubility limits, and colloidal concentrations that are required to 
define the mobilized concentration of radionuclides for advective and diffusive transport.  

The conceptual models for the EBS flow abstraction and the EBS transport abstraction are 
described in greater detail in the next two sections.  

3.6.1.1 Engineered Barrier System Flow Conceptual Model 

The conceptual model for the EBS flow abstraction is illustrated in Figure 3.6-5. This figure 
includes the key elements of the abstraction, the inputs to and outputs from the abstraction, and 
identifies the experimental data that provide a basis for confidence in the abstraction.  

The key elements of the conceptual model for EBS flow abstraction are: 

* One-dimensional, quasi-steady flow-Although flow through the EBS may be complex 
and multi-dimensional, it is abstracted to a one-dimensional network of flow pathways.
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The flow system is also assumed to be quasi-steady. This means that fluid immediately 
flows through the system and does not accumulate within the EBS.  

"Flow-through model for the waste package-This assumption specifies that fluid does 
not accumulate in the waste package. The flow-through model has been found to be 
conservative relative to an alternate conceptual model (called the bathtub model) that 
allows fluid to accumulate in the. waste package. (CRWMS M&O 2000 [129284], 
Section 6.6). While the conceptual model for waste form degradation and mobilization 
(see Section 3.5) specifically assumes a saturated, well-mixed environment in the waste 
package, the EBS flow abstraction is based on the flow-through model in order to 
maximize immediate release from the waste package into the EBS.  

" Effects of drip shield and waste package degradation-The type, number, and timing 
of breaches in the drip shield and waste package are predicted by the WAPDEG code.  
This information is used by the EBS flow abstraction to define the time-dependent 
fluxes that flow through (or are diverted around) the drip shield and the waste package.  

" Thermal and mechanical response of the drip shield-A fluid pathway can be created 
if drip shields separate in response to rock fall, seismic events, or thermal expansion.  
Detailed analyses of these processes have shown that separations will not occur, so these 
effects have been screened out of the conceptual model for the EBS for the TSPA-SR 
(CRWMS M&O 2000 [146538]).  

Inputs to the flow abstraction are primarily from other elements of the TSPA (see Figure 3.6-5).  
These inputs include: 

"* The flux of fluid into the EBS, as defined by the seepage flow abstraction 
(CRWMS M&O 2000 [142004]) 

"* The temperature, RH, saturation, and evaporative flux from the invert, as defined by the 
abstraction of thermal hydraulic calculations (CRWMS M&O 2000 [152204]) 

" The timing, size, number, and location (upper or lower surface) of breaches in the drip 
shield and waste package, as defined by the results from WAPDEG analyses 
(CRWMS M&O 2000 [146427]).  

Outputs from the flow abstraction include the time-dependent fluxes through the drip shield, 
waste package, and invert. These fluxes are used by the EBS transport abstraction to determine 
the mass of radionuclides released to the UZ.  

3.6.1.2 Engineered Barrier System Transport Conceptual Model 

The conceptual model for the EBS transport abstraction is illustrated in Figure 3.6-6. This figure 
includes the key elements of the abstraction, the inputs to (and outputs from) the abstraction, and 
identifies the experimental data that provide a basis for confidence in the abstraction.  

Radionuclides mobilized as dissolved or colloidal species may be transported by advection or 
diffusion. Diffusion will be the dominant transport process through SCC because the advective
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flux through cracks is expected to be negligible (CRWMS M&O 2000 [129284], Section 6.3.2).  
Advection is expected to be the dominant transport process through any patches that form in the 
drip shield and waste package when an appreciable amount of water is dripping through the 
waste package and invert.  

The EBS transport abstraction is general in nature, allowing simulation of EBS transport in 
response to the time-dependent breaching of the drip shield and waste package. These breaches 
may take the form of patches, pits or stress corrosion cracks, as explained below. The specific 
corrosion process that generates these breaches will depend on the near-field physical and 
chemical environment and the materials in the drip shield and waste package. The key elements 
of the EBS transport abstraction are: 

"* One-dimensional, quasi-steady flux through the EBS-This flux is determined by the 
EBS flow abstraction described in Section 3.6.1.1.  

" Advective transport through breaches in the waste package-Breaches in the waste 
package may be created by various corrosion mechanisms. Patches can be created 
by general corrosion. Pits can be created by localized corrosion, also called pitting 
or crevice corrosion, induced by variations in the electrochemical potential on a 
microscale over small regions. Both patches and pits are conceptualized to have a large 
enough cross-sectional area that they will provide a pathway for advective flow and 
transport through the waste package. Radionuclides will be mobilized once an advective 
flux exists in the waste package and invert.  

" Retardation and concentration of radionuclides-The EBS transport abstraction 
maximizes release to the UZ by conservatively assuming no retardation of dissolved 
species in the waste package or invert. In addition, forward and lateral dispersion is 
ignored because of the small thickness of the invert. The dissolved concentration of a 
radionuclide can be increased above the solubility limit if stable colloids physically or 
chemically bond with the radionuclide.  

" Diffusive transport through stress corrosion cracks, patches, and pits
Radionuclides can be transported by diffusion through any breach in the waste package.  
In theory, the waste form may dry out due to heat generation for a few thousand years 
after emplacement, and diffusive transport cannot occur if no liquid is present.  
However, diffusion is conservatively assumed to always occur once a breach forms in 
the waste package independent of the predicted in-package condition of the waste form.  

The inputs to the transport abstraction are primarily from other elements of the TSPA: 

"* The (advective) flux of fluid through the waste package and invert, as defined by the 
EBS flow abstraction 

"* The temperature and saturation of the invert, as defined by the abstraction of thermal 
hydrologic calculations (CRWMS M&O 2000 [152204])

TDR-WIS-PA-000001 REV 00 ICN 01 December 20003-134



"* The source term for radionuclide mobilization, as defined by abstractions for (1) the 
dissolution rate of SNFs and vitrified waste forms, (2) the solubility limits of 
radionuclides, and (3) the density of colloidal particles and their partition coefficients for 
the radionuclides in the system 

"* The time-dependent diffusion coefficient for the invert, which is a function of the self
diffusivity of water, Do, and the porosity, 0, liquid saturation, s, and temperature, T, of 
the invert. The functional dependence of the diffusion coefficient, D, on these 
parameters is given by 

D = Dos 1sIng403f(T) (Eq. 3.6-1) 

wheref(T) is a function of temperature based on the Nernst-Einstein equation.  

Output from the EBS transport abstraction is the mass of radionuclides released to the UZ.  

3.6.2 Implementation in the Total System Performance Assessment 

3.6.2.1 Engineered Barrier System Flow Abstraction 

The source of inflow to the EBS is the seepage flux into the drift that results from the downward 
infiltration of fluid through the existing fracture system at Yucca Mountain. The seepage flux is 
conceptualized to flow from discrete fractures above the roof of the drift, falling vertically 
downward onto the drip shield, the invert, and the waste package, if the drip shield has been 
breached. The seepage flux is represented as an abstraction for the EBS flow and transport 
model (CRWMS M&O 2000 [142004]).  

The seepage flows through the EBS along eight pathways, as shown in Figure 3.6-7. The 
pathways are: 

1. Seepage flux entering the drift-This is the fluid flow into the EBS.  

2. Flow through the drip shield-Fluid flux through the drip shield begins once patches 
form due to general corrosion. The number of patches through the drip shield is 
calculated independently of the EBS flow abstraction by the WAPDEG code 
(CRWMS M&O 1998 [145618]). The nominal size of a patch is fixed for the 
WAPDEG calculations (CRWMS M&O 2000 [146427]). It is currently defined to be 
7.21 X 104 mm2, equivalent to a square 10.6 inches on a size (CRWMS M&O 2000 
[146427]).  

The fluid flux through any.patches in the drip shield is proportional to the seepage flux 
entering the drift, times the ratio of the axial length of all patches in the drip shield to 
the total axial length of the drip shield. The rationale and conservatism of this 
algorithm, called a flux splitting algorithm, is discussed later in this section.  
The algorithm is specifically for patches because pitting of the titanium drip shield is 
not expected to occur in the near-field geochemical environment (CRWMS 
M&O 2000 [144229]).
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3. Flow diversion around the drip shield-The portion of the flux that does not flow 
through the drip shield is assumed to bypass the invert and flow directly into the UZ.  
This approach is consistent with a quasi-static flow because the sum of the fluid 
volume entering the drip shield (Pathway 2) and the fluid volume diverted around the 
drip shield (Pathway 3) must equal the fluid volume entering the EBS (Pathway 1) for 
a steady state system. Diversion directly to the UZ is also reasonable because diverted 
flow does not contact the waste form and is not contaminated with radionuclides. It is, 
therefore, ignored by the EBS transport abstraction.  

4. Flow through the waste package-The fluid flow through the waste package is based 
on the presence of patches due to general corrosion. The number of patches through 
the waste package is calculated independently of the EBS flow abstraction by the 
WAPDEG code. The nominal size of a patch is fixed for the WAPDEG calculations.  
It is currently defined to be 2.346 x 104mrm 2, equivalent to a square 6 inches on a size 
(CRWMS M&O 2000 [146427]). The area of each stress corrosion crack, 4.08 x 10" 

m2 or 0.0063 in2, is estimated from process level calculations of the residual stress in 
the welded lids of the waste package. This area corresponds to a hole with an elliptical 
cross section that is 1.6 inches long by 0.005 inches wide (CRWMS M&O 2000 
[ 129284], Section 6.3.1.2.1).  

The fluid flux through any patches in the waste package is proportional to the seepage 
flux falling on the waste package, times the ratio of the axial length of all patches in 
the waste package to the total axial length of the waste package. The seepage flux 
falling on the waste package is equal to the fluid flux through the drip shield.  
The rationale for and conservatism of the flux splitting algorithm is discussed later in 
this section. The algorithm is defined for patches because pitting of the Alloy-22 outer 
shell of the waste package is not expected to occur in the near-field geochemical 
environment and because the advective flux through stress corrosion cracks will be 
negligible (CRWMS M&O 2000 [144229]).  

5. Flow diversion around the waste package-The portion of the flux that does not flow 
into the waste package is assumed to bypass the waste form and flow directly to the 
invert. This approach is consistent with no accumulation of fluid for a quasi-static 
flow.  

6. Evaporation from the invert-The magnitude of the evaporative flux from the invert 
is based on the thermal hydraulic abstraction (CRWMS M&O 2000 [152204]). If the 
drip shield is cooler than the invert, then all the evaporative flux is assumed to drip on 
the waste package. If the drip shield is hotter than the invert, then there is no dripping 
on the waste package from the evaporative flux. The magnitude of the evaporative 
flux and the temperatures of the drip shield and invert are pre-calculated and 
abstracted to provide runtime input data for the EBS model in the TSPA-SR. The 
rationale for this approach is explained in EBS Radionuclide Transport Abstraction 
(CRWMS M&O 2000 [129284], Section 6.3.3).
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7. Flow from the waste package, to the invert-All flux from the waste package flows 
to the invert, independent of breach location on the waste package. The presence of 
the emplacement pallet is ignored, and the waste package is assumed to be lying on the 
invert so that a continuous liquid pathway for diffusive transport exists at all times.  

8. Flow through the invert into the UZ-All fluid and mass flux into the invert is 
immediately released into the UZ, consistent with the quasi-static assumption for flow 
through the EBS.  

These pathways are time dependent because breaches of the drip shield and waste package will 
vary with time and local conditions in the potential repository. For example, at very early times 
there may be no penetrations through the drip shield, so fluid can reach the waste package only if 
pathway six (evaporation from the invert and condensation on the drip shield) is active. Once 
patches have formed on the drip shield, fluid can enter the waste package if any patches or stress 
corrosion cracks exist in the waste package.  

The most important element of the EBS flow abstraction is the flow splitting algorithm that 
determines the fluid volume that flows through the drip shield or waste package and the 
remainder that flows around the drip shield or waste package. This algorithm assumes that the 
fluid flux through any patches or pits in the drip shield or waste package is proportional to the 
ratio of the total length of all patches or pits in the axial direction to the total axial length of the 
drip shield or waste package. This algorithm is equivalent to assuming that a patch or pit will 
collect all fluid that drips or flows onto the drip shield or waste package at the same axial 
location as the patches or pits. This algorithm is conservative because drips on the right-hand 
side of a drip shield or waste package will contribute to the flow through a patch/pit on the 
left-hand side. This is not physically possible because the droplets cannot flow uphill, against 
the direction of gravity. An additional conservatism of this model is that there will be a nonzero 
flux through the waste package in situations where flow is impossible, such as with a single 
patch or pit or with patches or pits on only the upper half of the drip shield or waste package.  

The performance assessment model for flow through the EBS includes two mixing cells, one for 
the waste package and waste form and a second for the invert. A mixing cell is a volume of fluid 
with well-mixed, homogeneous conditions throughout. The two mixing cells are conceptualized 
as having a cylindrical, concentric, one-dimensional geometry for volume calculations.  
The diameter of the first cell is equal to the diameter of the appropriate type of waste package.  
The second cell (invert) wraps around the lower half of the waste package and has a thickness of 
0.606 m (about 2 feet), equal to the maximum thickness of the invert directly beneath the waste 
package. This value is appropriate because mass transport out of the waste package is primarily 
vertically downward beneath the package and centered over the thickest part of the invert.  

The waste package mixing cell represents the source term for the TSPA-SR. Source term 
abstractions for radionuclide solubility, dissolution rate, cladding response, and inventory by 
waste package type are defined in Section 3.5. The source term represents input data or 
boundary conditions for the EBS transport abstraction, which is-discussed in the next section.
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The final output from the EBS flow abstraction is the flux of fluid along the eight pathways of 
the EBS. Of these pathways, only pathways seven and eight carry contaminants through the 
EBS because they are downstream from the waste form. Other flows, such as the diversionary 
flows from the drip shield and waste package (pathways three and five), do not carry mobilized 
radionuclides and are not required by the EBS transport abstraction.  

3.6.2.2 Engineered Barrier System Transport Abstraction 

The waste form is the source of all radionuclides considered for the EBS. Radionuclides can be 
transported downward through the invert and into the UZ, as shown in Figure 3.6-8. Transport 
can occur by advection when there is a fluid flux through the waste package and invert.  
Transport can also occur by diffusion through stress corrosion cracks and through the invert to 
the UZ. The EBS transport abstraction conservatively assumes that diffusion can occur once 
stress corrosion cracks form, regardless of whether conditions are appropriate for a continuous 
liquid pathway to exist.  

Colloid-facilitated transport of radionuclides is included as a transport mechanism in this 
abstraction. Radionuclides are transported from the waste package as either dissolved species or 
bound in and/or attached to colloids. There are three types of colloids in the EBS: (1) waste 
form colloids, (2) corrosion product (iron oxy-hydroxide) colloids, and (3) groundwater colloids.  
The waste form colloids may have irreversibly attached (embedded) or reversibly attached 
(sorbed) radionuclides. The corrosion and groundwater colloids may have reversibly attached 
radionuclides.  

The diffusion coefficient in the invert is evaluated in three steps, (1) determine the diffusion 
coefficient of each radionuclide in water (often called the free water diffusion coefficient), 
(2) correct this value for the presence of the invert, and (3) correct this value for the presence of a 
colloid. This second step is necessary because the invert is a porous, partly saturated medium 
that provides more resistance to diffusion than an aqueous solution. The third step is necessary 
for colloids because they are usually much larger than a dissolved anion or cation and therefore 
diffuse much more slowly.  

Each radionuclide complex could be assigned a unique value for its free water diffusion 
coefficient in the first step. The complexity of the time-dependent chemistry in the waste 
package makes this a challenging task, so a simpler approach has been incorporated into the 
TSPA-SR. The value for the free-water diffusion coefficient for all radionuclides is set equal to 
the self-diffusivity of water at 25'C. This is a reasonable and conservative approximation 
because the self-diffusivity of water has been shown to be a bounding value for all radionuclides 
of interest in the TSPA-SR. (CRWMS M&O 2000 [129284], Section 6.4.1).  

The value for the self-diffusivity of water must then be corrected for invert porosity and for the 
time-dependent invert saturation and invert temperature. The effects of porosity and saturation 
are included using a variant of Archie's law for a partly saturated porous medium. The effect of 
temperature is included using the Nernst-Einstein formulation. The functional dependence of 
these corrections is given by 

D = Dos'8 4901.3 f(T) (Eq. 3.6-2)
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where D is the diffusion coefficient, Do is the self-diffusivity of water at 25°C, s is the liquid 
saturation in the invert, 0 is the porosity of the invert, and f(T) is the correction for invert 
temperature, T, based on the Nernst-Einstein equation. (CRWMS M&O 2000 [129284], 
Section 6.4.1).  

Finally, the diffusion coefficient for radionuclides bound to colloids is given by the diffusion 
coefficient for a dissolved radionuclide divided by 100. That is, 

DCOIo&d = D1100 = (0.01)Dos'1849ol3f(T) (Eq. 3.6-3) 

The rationale for the factor of 100 reduction in diffusion coefficient for colloids is discussed in 
Section 3.5.6.2 of this document.  

Diffusive transport calculations through the invert also require boundary conditions on the top 
and bottom of the invert. The boundary condition on the top of the invert is simply the 
radionuclide concentration within the waste package. The boundary condition on the bottom of 
the invert, at the boundary with the UZ, is a zero concentration (swept away) boundary 
condition. The zero concentration boundary condition is implemented by defining a flow cell 
with a small volume of water but a very high advective outflow, effectively sweeping all 
radionuclides away from the lower boundary. This is a reasonable approximation when 
advective fluxes are large because advection will tend to sweep radionuclides away from the 
invert, diluting the local concentrations below the invert. This can be a conservative assumption 
if the dominant transport mechanism is diffusion and the advective flux beneath the waste 
package and invert is low.  

Products from the corrosion of the waste package and spent fuels have the potential to strongly 
sorb actinides. Sorption on corrosion products will be beneficial to performance because this 
process can retain radionuclides in the EBS and delay their release to the UZ. However, the 
effects of retardation are conservatively ignored in the EBS transport abstraction. Table 3.6-1 
summarizes the modes and parameters for the transport abstraction.  

Table 3.6-1. Summary of Transport Modes and Parameters for the EBS Transport Pathways 

Transport Pathway Transport Modes Transport Parameters and Data Sources 
7. Waste package to Diffusion through stress Fluid flux for advection, F7, equals the flux through the 

invert corrosion cracks (no waste package, F4; 
advective transport occurs Diffusive area for each stress corrosion cracks is given 
through stress corrosion by 4.08 x 10-6 m2 

cracks) Diffusive area for each patch is 2.346 x 104 (mm)2 

Diffusion and advection Diffusive length in waste package is 135 mm to 185 
through patches mm, depending on waste package type 
Diffusion and advection Free-water diffusion coefficient for all radionuclides is 
through pits (no pits are 5.299 x 1f i for al 25-C 
expected in Alloy-22 2.299 x 10 cm2/s at 25°C 
(CRWMS M&O 2000 - Corrected for porosity, saturation and temperature 
[144229]) (CRWMS M&O 2000 [129284), Section 6.4.1) 

- Reduced by a factor of 100 if radionuclide is 
attached to a colloid
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Table 3.6-1. Summary of Transport Modes and Parameters for the EBS Transport Pathways 
(Continued) 

Transport Pathway Transport Modes Transport Parameters and Data Sources 
8. Invert to UZ Diffusion and advection Fluid flux for advection, F8, equals the flux through the 

through the invert invert, F7; 
Flow cross-sectional areas Diffusive length = 0.606 m (maximum thickness of 
in the invert are given by invert); 
Ainvert = 4Rwp)Lwp Free-water diffusion coefficient for all radionuclides is 
.4uz = u(Rwp + Arinvewt)LwP 2.299 x 10 cm2/s at 250C 
where Rwp is radius of - Corrected for porosity, saturation and temperature 
waste package, Lwp is (CRWMS M&O 2000 [129284], Section 6.4.1) 
length of waste package, - Reduced by a factor of 100 if radionuclide is 
and Arinver is the thickness attached to a colloid 
of the invert (0.606 m) The flow cross-sectional areas, Ainve, and Auz, 

assume a cylindrical geometry, corresponding to the 
lower half of the waste package lying in contact with 
the invert. Ainve, is one-half of the surface area of the 
waste package and Auz is the corresponding surface 
area at a radius equal to the radius of the waste 
package plus the maximum thickness of the invert.  

The invert diffusion calculation uses radionuclide 
concentrations in the waste package as the boundary 
condition at the top of the invert and a zero 
concentration (swept away) boundary condition on the 
bottom of the invert, at the interface with the UZ.  

3.6.3 Results and Interpretation 

Results with the EBS flow and transport abstraction are presented in Section 5, Sensitivity 
Analyses. Rather than repeat this material, this section presents a discussion of the 
conservatisms in the abstraction.  

3.6.3.1 Applicability and Conservatisms 

The EBS flow and transport abstractions for the TSPA-SR are based on a reasonable approach 
that bounds the response of the EBS. The flow abstraction is based on typical flow processes, 
such as the advective flow of liquid water through the EBS and the potential for evaporation 
from the invert and condensation of water vapor on the underside of the drip shield. The 
transport abstraction is based on diffusive and advective transport of radionuclides dissolved in 
liquid water and bound to colloids. The use of reasonable bounds is appropriate because of 
potentially large uncertainties in the response of a very complex, engineered system over long 
periods of time. The EBS flow and transport abstractions are valid and appropriate for their 
intended use because they are designed to represent fundamental flow and transport processes in 
a bounding or conservative framework. Following are the noteworthy conservatisms in these 
abstractions: 

Seepage through the drip shield is assumed to always falls on a waste package-The 
current potential repository design has a small axial gap between adjacent waste 
packages. It is possible that the seepage through the drip shield will fall directly to the
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invert, avoiding the waste package entirely. This possibility is conservatively ignored.  
This is a minor conservatism when the spacing between adjacent waste packages is 
small compared to the length of each waste package.  

" Seepage is assumed to wet the drip shield and waste package uniformly-The 
pathways for seepage into the drifts are fractures or fracture sets. As a result, seepage 
will vary spatially and temporally over the approximately 10,000 waste packages in the 
potential repository. Therefore, the response of groups of waste packages is represented 
as averages for performance assessment. In addition, it is assumed that any breach is 
located so that it will collect all fluid that drips onto the drip shield or waste package at 
the same axial location as the breach. This assumption conservatively ignores the fact 
that fluid dripping onto the lower portion of the drip shield or waste package will not 
flow through a breach high on the drip shield or waste package. It also conservatively 
ignores the fact that seepage on the left half of a drip shield or waste package cannot 
flow through a breach on the right half. The assumption for breach location is thereby 
conservative by approximately a factor of two for the calculation of fluid flows into the 
drip shield and waste package.  

" Diffusion is maximized because diffusive transport is always possible through stress 
corrosion cracks and because the waste package is in contact with the invert-The 
waste form is assumed to be covered with a thin film of liquid that supports diffusive 
transport at all times. In addition, the waste package is assumed to be in contact with the 
invert, providing a continuous liquid pathway for diffusion. In this situation, 
radionuclides will be released by diffusion through a stress corrosion crack, even when 
the drip shield is intact, and there is no advective flux into the waste package. This 
assumption may be very conservative for several reasons. First, the beneficial effects 
from the partly saturated and degraded waste form on in-package transport and 
in-package sorption of radionuclides have been ignored. Second, the beneficial effects 
from the potential capillary and diffusive barrier formed by corrosion products between 
the two lids of the waste package have been ignored. Finally, a continuous liquid 
pathway cannot exist when the pallet is intact and there is no advective flow. Ongoing 
work for the TSPA-LA may quantify these effects in the future.  

" Release of radionuclides through advective transport is assumed to be independent 
of the location of breaches on the waste package-Advective transport out of the waste 
package is based on a flow-through model that is independent of the location of 
penetrations through the drip shield or waste package. This means that advective 
transport will occur, even if a waste package has only one penetration or has one or more 
penetrations on its upper surface and none on its lower surface.  

This assumption results in radionuclide release before patches exist in both the upper 
and lower halves of the waste package. In effect, the model is ignoring the delay until 
the patch geometry supports flow through the waste package. The magnitude of this 
delay is difficult to estimate because WAPDEG does not conveniently output the patch 
history for a single waste package and because the delay is a complex function of 
5 stochastic parameters.
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A preliminary estimate of the maximum delay, based on sampling the stochastic for the 
corrosion rate of Alloy-22 for 1,000 patches, indicates a value of approximately 
5,000 years. This delay can be decreased by a factor of 1 to 5 for the combined effects 
of aging and of microbially-induced corrosion on the general corrosion rate. This delay 
may be further increased or decreased by the stochastic parameters for patch-to-patch 
variability and package-to-package variability. These factors do not change the 
conservatism of the flow-through-model for a single patch, but do make it difficult to 
estimate the magnitude of this conservatism because of the complex statistical behavior 
of waste package degradation.  

"Evaporation within and on the waste package is ignored-Diffusive transport will 
cease if the heat from the waste form can evaporate any thin, liquid films on the waste 
form. Advective transport will cease if the heat from the waste form can evaporate the 
small seepage flux onto and into the waste package. The potential for evaporation to 
eliminate radionuclide transport is conservatively ignored in the current EBS 
abstractions. This is a minor conservatism for diffusive releases with the nominal 
(unintruded) scenario. The earliest breach of any waste package occurs beyond 
10,000 years and the mean waste package lifetime is tens of thousands of years.  
Thermal effects are most significant for the first few thousand years after repository 
closure. In this situation, diffusive transport begins after the main thermal pulse has 
dissipated throughout the local host rock, so evaporative effects on diffusive transport 
are probably modest at best.  

Thermal effects may have tremendous benefit for defense-in-depth and degraded barrier 
sensitivity studies, particularly those in which both the waste package and drip shield are 
degraded.  

"* Diffusion coefficient is based on a bounding abstraction-The free water diffusion 
coefficient for all radionuclides is based on the self-diffusivity of water at 25°C, Do.  
This approach provides a bounding value for the free water diffusivity of all 
radionuclide species relevant to the TSPA. Preliminary data indicate that the 
self-diffusivity of water, Do, is conservative (larger) than the radionuclide-specific 
values by a factor of approximately 1 for KI (Grey 1972 [138541], Table 2, p-2) to 3.3 
for Np(V)-carbonate (CRWMS M&O 2000 [129284], Table 7). This assumption 
enhances diffusive transport by a factor of 1 to 3.3, depending on the radionuclide and 
the chemistry of the aqueous solution within the waste package.  

The correction to the free water diffusion coefficient for the porosity of the (crushed 
tuff) invert is conservative by about 40 percent (CRWMS M&O 2000 [129284], 
Equations 6.4.1-9 to 6.4.1-10). In addition, the correction to the free water diffusion 
coefficient for saturation is being reevaluated for the TSPA-LA. This reevaluation is 
based on recent experimental data for the diffusion coefficient in crushed tuff at 
saturations representative of the invert. The magnitude of this reevaluation may reduce 
the diffusion coefficient by an order of magnitude or more, depending on the uncertainty 
in the experimental apparatus.
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One aspect of the conceptual model for flow through the EBS is potentially nonconservative.  
All seepage that is diverted by the drip shield, denoted as flow pathway 3 in Figure 3.6-7, passes 
directly into the UZ. This is reasonable from the viewpoint of contaminant transport because the 
liquid diverted by the drip shield never comes in contact with the waste form and does not 
transport radionuclides. On the other hand, this diverted liquid may increase the general 
saturation level and advective velocity throughout the invert because of capillary forces.  

The potential effect from capillarity in the invert is mitigated in the TSPA-SR model in two 
ways. First, the lifetime of the drip shields is generally less than the lifetime of the waste 
packages. The drip shields start to fail at 20,000 years and more than 50 percent have failed (one 
patch or more) by 40,000 years (see mean response curve in Figure 4.1-8). The waste packages, 
on the other hand, fail much more slowly, with less than 10 percent failed by 40,000 years (see 
Figure 4.1-9). The seepage through the waste package is therefore a much more limiting factor 
for radionuclide mobilization and transport than diversion around the drip shield. In other words, 
many drip shields have failed before a significant number of waste packages fail, so that there 
will be a substantial advective flux through the drip shields when the waste packages finally 
release radionuclides. The lifetimes of the drip shield and waste package therefore mitigate the 
potential nonconservatism in the EBS flow model.  

The second mitigation arises because the liquid saturation in the invert is computed 
independently of the EBS flow model. The liquid saturation in the invert is an important 
parameter for diffusive transport through the invert. The invert saturation is determined by the 
abstraction of the multi-dimensional thermal-hydrologic calculations of the near-field 
environment. This abstraction incorporates the shedding of water by the drip shield and capillary 
effects in determining the time-dependent saturation in the invert. The abstraction is independent 
of the EBS flow model. The EBS flow model therefore has no direct effect on the parameters 
determining diffusive transport through the invert.  

The flow assumption for liquid diverted by the drip shield is therefore anticipated to have at most 
a very minor impact on the TSPA-SR results. This conclusion will have to be reviewed for the 
TSPA-LA models if the Yucca Mountain site is designated by the President.  

3.7 UNSATURATED ZONE TRANSPORT 

UZ transport refers to the movement of radionuclides from the EBS of the potential repository, 
through the UZ, to the water table. Further movement of the radionuclides below the water table 
is discussed in Section 3.8. UZ transport is important as the first natural barrier to radionuclides 
that escape from the potential repository. UZ transport acts as a barrier by delaying radionuclide 
movement. If the delay is long enough that a given radionuclide decays significantly (i.e., if the 
transport time is large compared to the radionuclide half-life), then the UZ can have a large 
effect on decreasing the dose from that radionuclide at the biosphere.  

The following subsections discuss the important processes and assumptions, the implementation 
for use in the TSPA simulations, how uncertainty and variability are treated in TSPA 
simulations, and some results and interpretations. The relationships of these submodels with 
each other and with other TSPA components are diagrammed in Figure 3.7-1. More detailed 
information on UZ transport, including full description and justification of the models and data,
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can be found in the Unsaturated Zone Flow and Transport Model Process Model Report 
(CRWMS M&O 2000 [145774]) and associated AMRs.  

3.7.1 Features, Processes, and Conceptual Model 

The UZ water flow provides the background on which UZ transport takes place. The 
radionuclides can be carried along with the water, and can move within the water, by several 
mechanisms. As such, all of the UZ flow features and processes discussed in Section 3.2 affect 
UZ transport as well. This section discusses additional features and processes that affect 
transport of radionuclides. Some of the basic concepts for UZ transport are pictured in 
Figure 3.7-2. As shown in that figure, transport through welded tuff and nonwelded tuff tend to 
be rather different, with transport through fractures dominating in welded tuff and transport 
through pores in the rock matrix dominating in nonwelded tuff. Additionally, the existence of 
zeolitic alteration in some regions has an important effect on radionuclide transport, both because 
the zeolitic tuff has low permeability that affects the water flow, and because the zeolites have 
chemical properties that cause them to interact with many radionuclides.  

Features, events, and processes that are concerned with UZ flow and transport are discussed in 
detail in Features, Events, and Processes in UZ Flow and Transport (CRWMS M&O 2000 
[142945]). Many of those FEPs are related to climate, infiltration, and UZ flow. Such FEPs are, 
of course, relevant to UZ transport as well, but they are discussed in Section 3.2. Eleven of the 
primary FEPs are concerned strictly with radionuclide transport, and several others are 
concerned with both flow and transport issues. Many of the FEPs are standard processes that are 
fully included in the TSPA model, including four that relate strictly to radionuclide transport, 
such as "matrix diffusion in geosphere" (Section 3.7.1.2) and "colloidal transport in geosphere" 
(Section 3.7.1.5). Other FEPs are not included in the TSPA model (i.e., they are excluded), in 
some cases because it is conservative to neglect them (e.g., "radionuclide solubility limits in the 
geosphere"; CRWMS M&O 2000 [142945], Section 6.8.11), and in other cases, because they are 
argued to have insignificant impact on potential repository performance (e.g., "gas transport in 
geosphere"; CRWMS M&O 2000 [142945], Section 6.6.5). A complete list of primary FEPs 
and their status (whether included or excluded) is given in Appendix B.  

Radionuclides can migrate in groundwater as dissolved molecular species or by being associated 
with colloids. Five basic processes affect the movement of dissolved or colloidal radionuclides: 
advection, diffusion, sorption, hydrodynamic dispersion, and radioactive decay (CRWMS 
M&O 2000 [145774], Section 3.11.2). Sorption is potentially important because it slows, or 
retards, the transport of radionuclides. Diffusion of radionuclides out of fractures into matrix 
pores is also a potential retardation mechanism because matrix transport is generally slower than 
fracture transport. However, sorption and matrix diffusion have less effect on colloids, so 
radionuclides can be more mobile on colloids than if dissolved in the water. One aspect of 
potential significance with respect to chain decay is that daughter products may have 
significantly different sorption behavior than the parent radionuclide, thus affecting transport.  
The radionuclides and radioactive decay chains modeled in the TSPA are described in 
Section 3.5.1.
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3.7.1.1 Advection

Advection is the movement of dissolved or colloidal material along with the bulk flow of a fluid, 
which in this case is water. In many of the hydrogeologic units, advection through fractures is 
expected to dominate transport behavior. Advection through fractures is fast because of high 
permeability and low porosity, with few opportunities for radionuclides to interact with rock 
matrix. A few of the hydrogeologic units have much larger matrix permeability and are expected 
to capture most of the fracture flow by advection from the fractures to the matrix, causing much 
slower transport velocities and closer contact of the radionuclides with the matrix. Advective 
transport pathways are expected to be predominantly downward except in areas of perched 
water, where there is significant lateral flow. Flow that is diverted laterally ultimately finds a 
pathway to the water table through more permeable zones, which may be faults.  

As discussed in Section 3.2.3, a dual-permeability model is used to represent mountain-scale 
UZ flow. The same concept is used to model radionuclide transport-a dual-continuum model, 
in which fractures and matrix are distinct interacting continua that coexist at every point in the 
modeling domain. Each continuum is assigned its own transport properties in addition to having 
its own hydrologic properties. The properties can vary spatially among hydrogeologic units.  

Since mountain-scale UZ flow is represented as a sequence of steady states (Section 3.2.3.1), the 
flow field is abruptly changed from one to another at the time of a climate change. The transport 
calculation then continues with the new flow field. In addition to the change in the flow field, 
the location of the water table can also be changed abruptly at the time of climate change.  
The water table for the future climates (monsoon and glacial transition) is taken to be 120 m 
(390 ft) higher than the present-day water table (Section 3.2.3.1). When the water table rises 
with a climate change, the radionuclides in the UZ between the previous and new water-table 
elevations are immediately moved to the SZ.  

3.7.1.2 Matrix Diffusion 

Diffusion is the movement of dissolved or colloidal material because of random motion at the 
molecular scale. Diffusion results in mass flux at the macroscopic scale when the concentration 
is not uniform. Diffusion in the direction of transport is not an important mechanism for 
large-scale radionuclide transport, because other mechanisms (e.g., advection and hydrodynamic 
dispersion) lead to much faster radionuclide transport. However, diffusion can play an important 
role in radionuclide exchange between fractures and the rock matrix (Figure 3.7-3). Diffusion 
from fractures to the rock matrix can slow the advance of radionuclides undergoing advective 
transport through fractures (CRWMS M&O 2000 [141418], Section 6.1.3).  

The effective diffusion coefficient is reduced by tortuosity effects (i.e., diffusion is slower 
through a tortuous network of matrix pores than when it is through pure water). The diffusion 
coefficient is also a function of the size of the diffusing molecules or particles. It has been found 
in laboratory measurements that anionic species such as pertechnetate (TcO4, the predominant 
aqueous species of technetium) have lower diffusion coefficients than cationic species 
(CRWMS M&O 2000 [145774], Section 3.11.3.2). Colloids are much larger than these 
molecules and so have even smaller diffusion coefficients. Because of this, and possible size
exclusion effects, matrix diffusion is neglected for colloids.
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The incorporation of matrix diffusion in the UZ transport model is simplified by neglecting flow 
in the matrix continuum within the diffusion calculation. This allows use of an analytical 
solution for matrix diffusion (CRWMS M&O 2000 [141418], Section 6.1.3). In this method, 
radionuclides are not transferred from the fracture continuum to the matrix continuum, but rather 
the radionuclides stay in the fracture continuum and transport at a slower rate that takes into 
account the fraction of time that diffusion would cause them to spend in the matrix pores. The 
fracture properties (spacing, fracture-matrix interface area) are modified to take into account that 
only some fractures are actively flowing and transporting radionuclides (CRWMS M&O 2000 
[141418], Section 6.2.1). It has been shown that this approach has faster transport times relative 
to a dual-continuum implementation that includes the matrix flow (CRWMS M&O 2000 
[134732], Section 6.2.5).  

3.7.1.3 Sorption 

Sorption is a general term for describing a combination of chemical interactions between the 
dissolved radionuclides and the solid phases (Figure 3.7-4); the solid phases involved can be 
either the immobile rock matrix or colloids. Possible interactions include surface adsorption, 
precipitation, and ion exchange. However, the sorption approach does not require identifying the 
specific underlying interactions. Instead, batch sorption experiments are used to identify the 
overall partitioning between the aqueous and solid phase, characterized by a sorption coefficient 
K,. The strength of the sorption is a function of the chemical element, the rock type involved in 
the interaction, and the geochemical conditions of the water contacting the rock. The linear 
sorption model is used, which means that sorption is taken to be proportional to radionuclide 
concentration. Sorption reduces the rate of advance of a concentration front in advective and 
diffusive transport and amplifies the effects of matrix diffusion through its effect on the 
concentration gradient. The sorption coefficient can be combined with other terms in the 
transport equations to give an effective retardation factor.  

The surfaces of fractures are often lined with minerals that differ from the bulk of the rock 
matrix and may be capable of sorbing some of the radionuclides. However, there has been 
limited characterization of the distributions of the fracture-lining minerals and sorptive 
interactions with these minerals. For these reasons, it is conservatively assumed that there is no 
sorption in the fracture continuum.  

Although many different mineral types are present in Yucca Mountain, for purposes of 
characterizing sorption, the rocks are divided into three basic types: devitrified tuff, vitric tuff, 
and zeolitic tuff. The welded tuff is devitrified (this includes most of the Topopah Spring 
welded layers). The Topopah Spring basal vitrophyre is vitric tuff. The nonwelded tuff is either 
vitric or zeolitic depending on whether it underwent an alteration process during the original 
cooling period when the rock was formed. (This includes, in particular, the Calico Hills 
nonwelded layers.) There is more zeolitic tuff under the northern part of the potential repository 
and more vitric tuff under the southern part. It is important to note that the amount of sorption 
under actual transport conditions is not only a function of the sorptive strength, Kd, but also 
depends on the transport paths. The majority of the flow is through fractures in the devitrified 
tuff, and flow tends to bypass the zeolitic tuff because of its low permeability (Section 3.2.3).  
Thus, sorption is most effective in the vitric tuff. Its effectiveness in the devitrified tuff is tied to
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the effectiveness of matrix diffusion in pulling radionuclides out of fractures and into the rock 
matrix.  

In TSPA simulations, the sorption characteristics of the rock are taken to be constant in time.  
Changes in sorption (or other transport properties) brought about by potential repository-induced 
thermal effects or climate change have been considered and found to be insignificant 
(CRWMS M&O 2000 [142945], Section 6.3.8, several subsections of Section 6.8).  

3.7.1.4 Hydrodynamic Dispersion 

Hydrodynamic dispersion refers to the spreading of radionuclides as they transport, caused by 
localized variations in the flow field and by diffusion (Figure 3.7-5). These effects spread the 
radionuclides both along and transverse to the average flow direction (referred to as longitudinal 
and transverse dispersion). Dispersion smears sharp concentration gradients and reduces the 
amount of time required for the initial arrival of low concentration levels of an advancing 
concentration front at a particular location (CRWMS M&O 2000 [145774], Section 3.11.2.3).  

The dispersion resulting from variations in the flow field has an effect similar to diffusion, in 
which mass flux is modeled as being proportional to the concentration gradient. This 
proportionality, referred to as Fick's law, is the mathematical form used to represent 
hydrodynamic dispersion in the UZ transport model. The dispersion coefficient in the Fickian 
relationship is expressed as the product of a length scale called the dispersivity and the average 
linear water velocity. In principle, the diffusion coefficient would be added to this product, but 
the diffusion contribution to hydrodynamic dispersion is negligible.. Dispersion is independently 
represented in both the fracture and matrix continua.  

Dispersion is a way of including small-scale velocity variations in the transport model, but these 
small-scale variations are not very important to UZ transport, because they have less effect over 
long distances than the large-scale velocity variations that are explicitly modeled. Also, the 
explicitly modeled differences in transport velocity between fractures and matrix, and the 
transfer of radionuclides between them, introduce considerable dispersion into the transport 
simulations. Transverse dispersivities are normally small compared to longitudinal 
dispersivities. However, in the current implementation, dispersivity is simply taken to be 
isotropic. Any transverse spreading that does occur in the UZ is eliminated at the water table by 
starting the SZ transport at a small number of discrete points (Section 3.8.2.2).  

3.7.1.5 Colloid-Facilitated Transport 

Colloids, because they are small solids (from 1 nm to 10 ý.Lm), can interact with radionuclides 
through sorption mechanisms. Unlike sorption of radionuclides to the immobile rock matrix, 
however, radionuclides sorbed on colloids are potentially mobile. Therefore, colloids can 
facilitate radionuclide transport at a faster rate. Another form of colloidal radionuclide 
movement occurs when the radionuclide is an integral component of the colloid structure 
(Section 3.5.6). In this case, the radionuclide is irreversibly bound to the colloid, as compared to 
the reversible sorption mechanism. These two types of colloids will be referred to as reversible 
and irreversible colloids, according to whether the radionuclides are reversibly or irreversibly 
bound to the colloids (Figure 3.7-6).
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It was mentioned in Section 3.7.1.2 that colloids diffuse much more slowly than dissolved 
radionuclides because of their much larger size. As a result, matrix diffusion is neglected for 
colloids. Colloids can, however, still move between fractures and the rock matrix advectively 
(i.e., simply moving with the water), as long as they are smaller than the matrix pores. Most of 
the pores are quite small in the welded and zeolitic tuffs, so many colloids remain in the fractures 
in those hydrogeologic units (CRWMS M&O 2000 [145774]; Section 3. 11.3.4). Since transport 
in fractures is faster than transport in the rock matrix, this size-exclusion effect results in faster 
colloidal transport in those units. (Most flow and transport in those units is through fractures, 
though, so the result of this effect is not large.) In addition, a size-exclusion effect is possible at 
hydrogeologic unit interfaces. This exclusion is not applied to colloids transporting through 
fractures (fractures are relatively large compared to matrix pores), but it is applied to colloids 
transporting in the matrix from one hydrogeologic unit to another. In this situation, a portion of 
the colloids, corresponding to the fraction of them that are larger than the pores in the 
downstream unit, is stopped at the unit interface. This exclusion is taken to be a permanent 
filtration for irreversible colloids. It is not applied to reversible colloids, because the 
radionuclides can desorb from the colloids and continue to transport, even though the colloids 
may be stopped (CRWMS M&O 2000 [145774], Section 3.11.13.3).  

Colloids may be temporarily detained at the fracture-matrix interfaces or sorbed to fracture walls 
(reversible filtration), and this interaction can be captured in the colloid transport model as a 
retardation factor for colloid transport in the fracture system, denoted R, (CRWMS M&O 2000 
[145774], Section 3.11.13.3; CRWMS M&O 2000 [141418], Section 5.3). The effective 
transport velocity is reduced by this factor. However, the only data available on this effect are 
for the SZ, so R, is conservatively set to 1 in the UZ (which implies no retardation of the 
colloids).  

For reversible colloids, radionuclides sorbed to colloids are assumed to be in equilibrium with 
radionuclides in solution. The ratio of the concentration of a radionuclide sorbed on colloids to 
the concentration in solution is represented by a parameter called K, (CRWMS M&O 2000 
[141418], Section 5.3). The K, ratio is a function of the concentration of colloids and the 
sorption coefficient for the given radionuclide onto the given type of colloid. Because the 
radionuclides on reversible colloids are in equilibrium with radionuclides in solution, matrix 
diffusion can cause some effective slowing of the transport even though the colloids themselves 
do not diffuse into the matrix. (Diffusion of dissolved radionuclides into the matrix reduces the 
concentration in the fractures, which reduces the amount of radionuclides sorbed to the colloids 
and, thus, effectively slows the transport.) 

Most radionuclides included in the TSPA model are strongly sorbing. Only carbon, technetium, 
iodine, uranium, and neptunium have little or no sorption (see Section 3.7.3). Without 
facilitation by colloids, transport of strongly sorbing radionuclides is extremely slow. Thus, 
colloid-facilitated transport is used for all'strongly sorbing radionuclides in the TSPA model, 
including all radionuclides except for 14C, 99Tc,12 I, 237Np, and isotopes of uranium.  

3.7.2 Implementation in the Total System Performance Assessment 

Radionuclide transport in the UZ is implemented by using the residence-time transfer-fimction 
particle-tracking technique (CRWMS M&O 2000 [145774], Section 3.11.13.3; CRWMS
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M&O 2000 [141418]). This technique is a cell-based approach in which particles move from 
cell to cell in a numerical grid. Particle locations within cells are not tracked, as they are in some 
particle-tracking techniques, but, rather, movement from cell to cell is computed 
probabilistically, based on transfer functions. The transfer functions are defined using analytical 
or semianalytical solutions of the transport equations, and represent probability distributions of 
the residence time (the amount of time that a particle resides in a cell). The probability that a 
particle will move to a given neighboring cell is proportional to the water flow rate to that cell.  
Only outflows are included in this calculation; particles are not moved to a cell if water flows 
from that cell to the current cell. A dual-continuum conceptual model is used for transport, so 
there is a network of fracture cells and a network of matrix cells, with each fracture cell 
connected to a corresponding matrix cell.  

The connections between UZ transport and other TSPA model components are shown in 
Figure 3.7-7. The UZ transport model is directly coupled (i.e., dynamically linked) with the 
TSPA model. The UZ flow calculations are done ahead of time, and the flow fields are saved for 
use by the TSPA model (Section 3.2.3). During a TSPA simulation, radionuclide mobilization 
and transport through the EBS are calculated, and the radionuclide mass flux at the EBS 
boundary at each time-step is provided as the boundary condition for UZ transport (Section 3.6).  
The UZ transport model then provides radionuclide mass flux at the water table at each time-step 
as the boundary condition for SZ transport (Section 3.8).  

The use of pregenerated flow fields implies the assumption of quasi-steady flow. That is, flow is 
modeled as a sequence of steady states (Section 3.2.3.1). The transport calculation itself is fully 
transient, with radionuclides moving downward from the potential repository as they 
are released. Each TSPA realization uses one set of flow fields; there are sets for low 
infiltration, medium infiltration, and high infiltration. Each set has three flow fields-for 
present-day, monsoon, and glacial-transition climates (Section 3.2). The water table is higher in 
the future climates. At the time of a climate change, when the water table rises (only at 
600 years in the TSPA base case), any radionuclides in the interval below the new water table are 
immediately sent to the SZ for transport.  

Releases from the EBS are computed for 30 environmental groups, which are based on 
infiltration, waste type, and seepage condition (Section 3.3.2). Since infiltration is important for 
UZ transport as well, radionuclides are released into the UZ at locations consistent with the 
environmental group from which they are released. Each environmental group is associated with 
one of five infiltration bins, based on the infiltration at each spatial location during the 
glacial-transition climate. The ranges for the bins are 0 to 3 mm/yr (0 to 0.1 in./yr), 3 to 
10 mm/yr (0.1 to 0.4 in./yr), 10 to 20 mm/yr (0.4 to 0.8 in./yr), 20 to 60 mm/yr (0.8 to 2.4 in./yr), 
and 60+ mrn/yr (2.4+ in./yr). Figure 3.7-8 shows the locations in the UZ transport model where 
those infiltrations occur for the three infiltration cases. This figure corresponds to Figure 3.3-3, 
which shows the infiltration-bin locations as they are modeled in the EBS. The two figures are 
somewhat different because of different discretization. The potential repository outline shown in 
this figure, and used in TSPA simulations for determining releases to the UZ, is not quite the 
same as the final SR design.  

In order to avoid spreading out the radionuclides artificially, the injection of radionuclides into 
the UZ takes into account the number of waste packages that have failed within each of the five
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infiltration bins. If only one waste package has failed in a bin, the releases for that bin are put 
into a single UZ cell, sampled randomly from the cells in that bin (Figure 3.7-8). If two waste 
packages have failed, then releases are put into two randomly selected cells. This process 
continues for additional waste packages until the number of failed waste packages is equal to the 
number of cells in the bin. At that point, the releases are spread over all cells in the bin, and 
additional waste package failures cause no change to the release locations. For any number of 
failed waste packages in a particular bin, releases are always divided evenly among the cells that 
have been selected. Artificial spread of radionuclides in the UZ is further reduced by gathering 
the releases from the UZ into a few discrete locations at the water table for input to the SZ 
transport model. (For details on this procedure, see Section 3.8.2.2.) 

Releases from the EBS are injected into the fracture continuum of the UZ transport model, so 
radionuclide transport through the UZ is initially through fractures. The radionuclides remain in 
fractures unless flow transfers from fractures to the rock matrix, in which case radionuclides will 
be advectively transported into the matrix continuum. (If a portion of the fracture flow transfers 
to matrix flow, then a portion of the radionuclides are carried into the matrix.) In addition, 
radionuclides can be transported into the matrix by diffusion, but in the UZ transport model this 
process is modeled as retarded fracture transport rather than transport into the matrix 
(Section 3.7.1.2). It should also be noted that flow tends to divert around open drifts, resulting in 
reduced flow in the region immediately below an emplacement drift (see, e.g., Figure 3.2-12).  
Such perturbations of flow caused by the presence of the drift are neglected in the model.  
Neglecting the flux "shadow" below the drift is conservative because the drier conditions at the 
EBS-UZ interface would increase transport times if included.  

3.7.3 Treatment of Uncertainty and Variability 

In the UZ transport model, spatial variability is included by use of a three-dimensional model 
that incorporates the appropriate geometry and geology. Temporal variability is included by 
using different UZ flow fields for different climate states. None of the other transport properties 
changes with time. Of course, the radionuclide source term also varies with time.  

Uncertainty is included in the UZ transport model by defining uncertainty distributions for a 
number of input parameters. Values of these parameters for each TSPA realization are sampled 
from the distributions. Thus, each realization of the total system has a unique set of input 
parameters, each of which is within the range that is considered to be defensible. Normally, each 
realization is considered to be equally likely, unless importance sampling is used to emphasize 
some realizations (usually to increase the probability of sampling an unlikely event or parameter 
value).  

Some of the uncertainty in UZ transport results from uncertainties passed to it by other models: 
uncertainty in infiltration and UZ flow from the UZ flow model; uncertainty in the number of 
failed waste packages from the waste package degradation model; and uncertainty in numerous 
EBS parameters and processes in the radionuclide source term received from the EBS transport 
model. The uncertainty distributions for parameters of the UZ transport model itself are 
summarized in Tables 3.7-1 and 3.7-2. Some key parameters that are treated as certain in the 
TSPA (i.e., that have single values rather than uncertainty distributions) are also listed.
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Table 3.7-1. Sorption Coefficients for Unsaturated Zone Transport

Parameter Description Distribution 
Ked for Am and Th in devitrified tuff (mUg) Uniform; min = 100, max = 2,000 
Kd for Am and Th in vitric tuff (mL/g) Beta; mean = 400, COV =0.2, min = 100, max = 1,000 
Kd for Am and Th in zeolitic tuff (mUg) Uniform; min = 100, max =1,000 
Kd for Pu in devitdfied tuff (mUg) Uniform; min = 5, max = 70 
Kd for Pu in vitric and zeolitic tuff (mUg) Beta; mean = 100, COV = 0.25, min = 30, max = 200 
Kd for Np in devitrified tuff (mUg) Beta; mean = 0.3, COV = 0.3, min = 0, max = 1 
Kd for Np in vitric tuff (mUg) Beta; mean =0.3, COV = 1, min = 0, max = 1 
Kd for Np in zeolitic tuff (mUg) Beta; mean = 0.5, COV = 0.25, min = 0, max = 3 
Kd for U in devitrified tuff (mUg) Beta; mean = 0.5, COV = 0.3, min = 0, max = 2 
Kd for U in vitric tuff (mUg) Beta; mean = 0.5, COV = 0.3, min = 0, max = 1 
Kd for U in zeolitic tuff (mUg) Beta; mean = 4, COV = 1, min = 0, max = 10 
Kdfor Pa in all units (mUg) Uniform; min = 0, max = 100 
Kdfor I, Tc, and C in all units (mUg) Not sampled; 0 

Source: CRWMS M&O 2000 [145774], Table 3.11-1 

NOTE: COV = coefficient of variation = standard deviation divided by mean; Am = americium; Th = thorium; 
Pu = plutonium; Np = neptunium; U = uranium; Pa = protactinium; I = iodine; Tc = technetium; C = carbon 

Table 3.7-2. Additional Key Transport Parameters 

Parameter Description Distribution 

Diffusion Coefficient for Am, Pu, Beta; mean = 1.6 x 10", SD = 0.5 x 1010, min = 0, max = 10l 
Np, U, Pa, Th (m2/s) (CRWMS M&O 2000 [145774], Table 3.11-2; CRWMS M&O 2000 [148384], Table 6-78) 

Diffusion Coefficient for I, Tc, C Beta; mean = 3.2 x 10-", SD = 10-11, min = 0, max = 10-9 (CRWMS M&O 2000 
(m 2/s) [145774], Table 3.11-2; CRWMS M&O 2000 [148384], Table 6-78) 
Dispersivity for both fractures and Not sampled; 20 (CRWMS M&O 2000 [148384], Table 6-74) 
matrix (m) 

Log-normal; geometric mean is different for each hydrogeologic unit, varying 

Fracture aperture (mm) from 1.5 to 4.6 outside of fault zones and from 6.8 to 8.4 in fault zones 
(CRWMS M&O 2000 [141418], Table 3a); geometric SD = 1.9 (CRWMS M&O 
2000 [141418], Section 6.2.1) 

Not sampled; different for each hydrogeologic unit, varying from 0.23 to 25 
Fracture spacing (m) outside of fault zones and from 0.59 to 7.7 in fault zones (CRWMS M&O 2000 

[141418], Table 3) 
Colloid partitioning factor (K,) Log-normal; geometric mean = 3 x 10'3, geometric SD = 10 

(CRWMS M&O 2000 [1479721, Table 15); only used for reversible colloids 

Colloid retardation factor (Re) Not sampled; 1 
Not sampled; distribution of sizes from 1 to 450, median size approximately 75 

Colloid size distribution (nm) (CRWMS M&O 2000 [148384], Table 6-88); only used for irreversible colloids 
Fraction of colloids that can enter Not sampled; function of colloid size and hydrogeologic unit 
one matrix unit from another (CRWMS M&O 2000 [141418], Table 6); only used for irreversible colloids 
Fraction of colloids that can enter Not sampled; different for each hydrogeologic unit, varying from 4% to 79% 
the matrix from fractures (CRWMS M&O 2000 [141418], Table 5); only used for irreversible colloids 

NOTE: SD = standard deviation (geometric SD is 10 raised to the power equal to the standard deviation of the logs); 
Am = americium; Th = thorium; Pu = plutonium; Np = neptunium; U = uranium; Pa = protactinium; I iodine; Tc = 
technetium; C = carbon aThe values listed as fracture apertures in this reference are actually half-apertures.
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Sorption Kds have been quantified using results of batch sorption experiments for different 
radionuclides and rock types (CRWMS M&O 2000 [141440], Section 6.4). Experiments with 
crushed-rock and whole-rock columns have also been performed for some radionuclides 
(CRWMS M&O 2000 [141440], Section 6.5). The sorption values in Table 3.7-1 can be used to 
separate the nine elements included in base-case TSPA simulations into three groups: 
technetium, iodine, and carbon have little or no sorption and are modeled using a K, of zero; 
neptunium and uranium have small but nonzero Kds, with expected values in all rock types less 
than or equal to 4 mL/g; and americium, plutonium, protactinium, and thorium are strongly 
sorbing, with expected K& values of 50 mL/g or more in all rock types. Sorption coefficients for 
different rock types and different elements are not correlated in TSPA simulations.  

The matrix diffusion values for radionuclides are based on measured diffusion coefficients of 
tritium and technetium (CRWMS M&O 2000 [145774], Section 3.11.3.2). For technetium, the 
predominant aqueous species is pertechnetate (TcO4); the pertechnetate measurements are used 
to represent all anionic species. Measurements of tritium diffusion are used to represent all 
cationic species. Predictions of radionuclide transport for cationic radionuclides, using the 
diffusion coefficient for tritium and measured batch sorption coefficients, have been found to be 
conservative relative to measured diffusion behavior (i.e., slower than the actual diffusion) 
(CRWMS M&O 2000 [145774], Section 3.11.3.2). The uncertainty distributions for diffusion 
coefficients were defined to account for variations in rock type and water content.  

Dispersivity is a property of the flow geometry that is determined by the structure of the fracture 
paths (for dispersion in the fracture continuum) or pore structure (for the matrix continuum).  
There are no measured data at Yucca Mountain that can be directly applied to determining 
dispersivity in the UZ. However, a value of 20 m (66 ft) over the approximately 300 m (1000 ft) 
of UZ travel distance is consistent with the dispersivity versus scale correlation of Neuman (1990 
[101464]). Sensitivity studies indicate that radionuclide transport in the UZ is insensitive to 
dispersivity over a range from 0 to 75 m (250 ft) (CRWMS M&O 1998 [100364], 
Section 7.6.1.2.6).  

In the UZ transport model, radionuclide transport is not sensitive to fracture spacing, so single 
values are used for the fracture spacing of each hydrogeologic unit. For consistency, however, 
that fracture spacing is adjusted to obtain the spacing between active fractures 
(CRWMS M&O 2000 [141418], Section 6.2.1). The fracture-spacing values listed in 
Table 3.7-2 are the initial geometric spacings, and do not include the active-fracture adjustment, 
which is calculated as a function of fracture saturation within the transport model. Fracture 
aperture does have potentially significant impact on UZ transport, so uncertainty distributions 
were developed for fracture aperture for each hydrogeologic unit. Fracture aperture was 
calculated from the ratio of fracture porosity and fracture-matrix interface area 
(CRWMS M&O 2000 [141418], Section 6.2.1). The underlying quantities (fracture porosity and 
interface area) were originally derived for the mountain-scale UZ flow model (CRWMS 
M&O 2000 [145771], Section 6.1). Fracture apertures were also estimated for the UZ flow 
model, but based on fracture frequency and permeability rather than fracture porosity and 
fracture-matrix interface area (CRWMS M&O 2000 [145771], Section 6.1.2.2). The 
permeability-based values are considered to be more appropriate for estimating flow properties, 
since permeability is one of the most important flow parameters. However, the porosity-based 
values are considered to be more appropriate for purposes of the transport model, because
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fracture porosity and fracture-matrix interface area are key transport parameters. The 
permeability-based fracture apertures are typically about a factor of 10 smaller than the porosity
based fracture apertures. The uncertainty in fracture aperture was derived from the uncertainty 
in permeability and fracture frequency, because more data are available for those quantities 
(CRWMS M&O 2000 [141418], Section 6.2.1).  

The K, factor for reversible colloidal transport is a product of the mass concentration of colloids 
in the groundwater and the effective Kd for sorption of the given radionuclide onto colloids.  
Because of the scarcity of information on colloids, and to simplify the colloidal-transport model, 
conservative values were used for both of these factors. A bounding value was used for the 
colloid concentration, and a conservatively high distribution of values was used for Kd 
(CRWMS M&O 2000 [147972], Section 6.14). In each TSPA realization, the same K, value is 
used in the UZ and the SZ (Section 3.8.2.1.2). The colloid retardation factor, Re, is 
conservatively set to 1 for all colloids in the UZ (Section 3.7.1.5).  

As discussed in Section 3.7.1.5, two types of physical filtration are modeled for irreversible 
colloids: trapping of colloids at the interface between hydrogeologic units and exclusion of 
colloids from fracture-matrix transfer. Both filtration models require information about the 
distribution of pore sizes in the rock matrix. The pore size distributions were estimated from 
measured moisture retention curves (CRWMS M&O 2000 [141418], Section 6.2.5 ).  

For transfer of colloids from one hydrogeologic unit to another in the rock matrix, the 
distribution of colloid sizes is compared to the distribution of pore sizes in the downstream unit, 
and only the fraction of colloids that are small enough is allowed to enter. The larger colloids 
become permanently trapped at the interface. The irreversible colloids are basically small pieces 
of waste form (Section 3.5.6) that have been able to move through the EBS into the UZ, so the 
distribution of sizes was based on data from waste form degradation tests (CRWMS M&O 2000 
[147505], Section 6.3.1). The data include information on colloids between 6 and 450 nim, and a 
mean diameter of 120 nrm is reported for test times out to 140 days. For UZ transport 
calculations, the lower limit of colloid size was extended down to 1 nm. (The reported mean 
colloid size was higher at a later time, but that information was not used. Note that larger 
colloids are more likely to get trapped, so using the smaller mean size is conservative.) 

For exclusion of colloids at fracture-matrix interfaces, the same pore size distributions were used 
as for the hydrogeologic-unit trapping, but the model was simplified by calculating the exclusion 
fraction using a colloid size of 100 nim rather than considering a distribution of sizes (CRWMS 
M&O 2000 [141418], Section 6.2.5).  

3.7.4 Results and Interpretation 

Figure 3.7-9 shows breakthrough curves for transport of technetium and neptunium from the 
potential repository to the water table. Technetium and neptunium are used for illustration 
because technetium dominates dose results at early times and neptunium dominates dose results 
at later times (see Section 4.1). Technetium is modeled as a nonsorbing tracer, while neptunium 
has a small amount of sorption. Results are shown for all three climate states, using the medium
infiltration case. The breakthrough curves were generated by modeling a pulse release of 
particles at time 0, with the release spread uniformly throughout the potential repository.

TDR-WIS-PA-000001 REV 00 ICN 01 3-153 December 2000



The quantity plotted is the normalized cumulative breakthrough, which is the cumulative number 

of particles that have reached the water table at a given time, divided by the total number of 

particles released. In this and the following figures, it should be kept in mind that conservative 

approximations have been used in the UZ transport model (e.g., see Sections 3.7.1.2 and 3.7.2), 

which bias the breakthrough results toward lower transport times. The extent of the bias cannot 

be quantified without additional information.  

Note that the results in Figure 3.7-9 are only for illustration. They are different from the 

base-case TSPA simulations in several respects: 

1. In TSPA simulations, the present-day climate is used for the first 600 years, then the 
monsoon climate from 600 to 2,000 years, followed by the glacial-transition climate 
for the balance of the simulation (Section 3.2.1.4).  

2. In TSPA simulations, radionuclides are released from selected potential repository 
locations rather than being spread over the entire potential repository (Section 3.7.2).  
The breakthrough curves in the figure can be thought of as the average over all 
potential repository locations.  

3. The breakthrough curves in the figure were generated assuming no radioactive decay.  
However, 99Tc and 237Np have long enough half-lives (200,000 years and 2 million 
years, respectively) that inclusion of radioactive decay would only affect the portion of 
the plots at very late times.  

4. In TSPA simulations, the water table is raised by 120 m (390 ft) for monsoon and 
glacial-transition climates (Section 3.2.3.1). The simulations in Figure 3.7-9 were 
simplified by keeping the water table fixed at its present-day location. However, it has 
been shown that water table rise does not greatly affect the UZ transport time 
(CRWMS M&O 2000 [134732], Section 6.2.4).  

5. The neptunium sorption coefficients used for this illustration are somewhat higher than 
those used for the TSPA simulations, and the matrix-diffusion assumptions were 
somewhat different (see CRWMS M&O 2000 [134732], Section 6.1.1), for details of 
the parameter values used for Figure 3.7-9). The higher sorption makes the neptunium 
transport times longer than in the actual TSPA simulations, but the figure is still useful 
as an illustration of the effect of a small amount of sorption. Technetium is modeled 
as nonsorbing in all UZ hydrogeologic units (Table 3.7-1).  

The breakthrough curves in Figure 3.7-9 show that the transport-time distribution is bimodal, 
with approximately 40 percent of the particles arriving at the water table relatively quickly and 

the rest spread out over a long time. The fast part of the breakthrough curves represents particles 

that were able to travel very quickly (in fractures) from the potential repository to the water 

table, with perhaps a little delay because of matrix diffusion. The slow part of the breakthrough 
curves represents particles that spent at least part of their time transporting through the matrix.  

The breakthrough time for 50 percent of the particles varies from about 300 years to 2,000 years 

for nonsorbing technetium and is about a factor of 10 longer for neptunium. (As discussed 
above, neptunium sorption is lower in TSPA simulations, so the increase in transport time is
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probably less than a factor of 10) The figure shows that transport is significantly slower under 
the present-day climate, but there is little difference between the transport times for the monsoon 
and glacial-transition climates.  

UZ transport for the three infiltration cases is illustrated in Figure 3.7-10, which shows 
breakthrough curves for all three cases for the glacial-transition climate. The five differences 
from the TSPA base case discussed above apply also to this figure; the medium curves in 
Figure 3.7-10 are the same as the glacial-transition curves in Figure 3.7-9. The figure shows that 
there is a considerable spread in transport times for the three cases, and the medium-infiltration 
case is generally closer to the high-infiltration case than to the low-infiltration case. The 
breakthrough time for 50 percent of the particles varies from about 100 years to 4,000 years for 
nonsorbing technetium and, once again, is about a factor of 10 longer for neptunium. The 
low-infiltration case is much less bimodal than the others because its infiltration is low enough 
that fracture flow is not as pervasive.  

The distribution of particles at the water table is illustrated in Figure 3.7-11. As for the previous 
figures, this plot was generated by modeling a pulse release of particles spread uniformly over 
the potential repository area (the red outline). For this figure, transport of hypothetical 
nonsorbing, nondiffusing particles was modeled to focus on the water flow paths.  
The medium-infiltration, glacial-transition flow field was used, with the water table raised to an 
elevation of 850 m (2,800 ft), up from approximately 730 m (2,400 ft) for present conditions.  
In the northern part of the potential repository, particles do not transport vertically downward, 
but, rather, are diverted laterally at the perched water and then drain down the Drill Hole Wash 
fault (see Figure 3.2-10 for identification of some of the faults in the model). Concentration of 
particles along the Ghost Dance fault is also visible in the figure, but many of the particles do 
transport nearly vertically downward in the southern part of the potential repository. This figure 
can be compared to the right-hand plot in Figure 3.2-8, which shows the distribution of water 
flux at the water table. (Figure 3.2-8 is for present-day climate rather than glacial-transition 
climate, but the features are qualitatively the same.) As discussed in Section 3.2.3.4, the 
difference in behavior between the northern and southern parts of the model domain occurs 
because the Calico Hills nonwelded tuff is mostly zeolitic in the north, leading to a 
low-permeability zone and extensive perched water in the simulation (CRWMS M&O 2000 
[145774], Figure 3.7-9 ).  

A final example of UZ radionuclide transport times is given in Figure 3.7-12. The TSPA model 
was used to generate this figure, including all the parameter uncertainty distributions as shown in 
Tables 3.7-1 and 3.7-2. One hundred realizations were simulated, with each realization having a 
different set of transport parameters, sampled from the uncertainty distributions. In each 
realization, a pulse of radionuclides was released at time zero, spread uniformly over the 
potential repository area. The curves shown in the figure are the average breakthrough curves 
over all 100 realizations. Some realizations have faster than average transport, and others have 
slower than average transport. Results are shown for technetium and neptunium, as before.  
In addition, plutonium transport results are shown for the two types of colloid-facilitated 
transport: reversible and irreversible attachment to colloids. These simulations include the 
climate changes at 600 and 2000 years. The transport behavior clearly changes at 600 years 
because of the change from present-day to monsoon climate. A small change in slope is also 
observable at 2000 years (when the climate changes from monsoon to glacial-transition).
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It can be seen in Figure 3.7-12 that the irreversible colloids have the fastest transport in the 
model, with 50 percent of the irreversible colloids reaching the water table in about 500 years.  
The effects of physical filtration are noticeable, as the breakthrough curve for irreversible 
colloids levels off at a normalized breakthrough of about 90 percent. This occurs because 
approximately 10 percent of the irreversible colloids have been trapped at unit interfaces (on 
average). In comparison, the reversible colloids have the slowest transport in the model, taking 
about 300,000 years to reach a 50 percent breakthrough. And only 70 percent of the reversible 
colloids reach the water table within 1 million years. Technetium reaches 50 percent 
breakthrough in a little over 1,000 years, and neptunium reaches 50 percent breakthrough in 
about 3,000 years, with some particles taking much longer for both.  

3.8 SATURATED ZONE FLOW AND TRANSPORT 

The SZ at Yucca Mountain is the region beneath the ground surface where rock pores and 
fractures are completely saturated with groundwater. Groundwater is an important natural 
resource in Nevada and a possible avenue by which radionuclides, leaking from a potential 
repository at Yucca Mountain, could affect inhabitants of the region. The upper boundary of the 
SZ is called the water table. The potential repository is planned to be located approximately 
300 m above the water table in the UZ.  

As on the surface, underground water flows from higher levels to lower levels. Based on the 
water level observed in wells, groundwater in the vicinity of Yucca Mountain flows in a 
generally north-to-south direction. The recharge (input of water to the groundwater system) is 
predominantly from the highlands to the north, and the predominant outflows are pumping wells 
in the Amargosa Valley to the south. Of particular importance to the SZ component of the TSPA 
is this region from the potential repository to the place where people live in Amargosa Valley 
(Section 3.9). Around Yucca Mountain, groundwater flows through fractured volcanic rocks 
(and, deeper, through carbonate rocks), while closer to Amargosa Valley, the groundwater flows 
through alluvial deposits. The water table is typically 100 to 300 m below the ground surface 
near YMP, although in the Amargosa Valley, the water table can be at the ground surface as 
spring discharge.  

The major purpose of the flow and transport component of the TSPA for the SZ is to evaluate the 
migration of radionuclides from their introduction at the water table below the potential 
repository to the point of release to the biosphere (e.g., water supply well) (Figure 3.8-1).  
Radionuclides can move through the SZ either as solute (i.e., in the dissolved state) or associated 
with colloids (i.e., particles small enough to remain suspended indefinitely in water). The input 
to the SZ flow and transport calculations is the spatial and temporal distribution of mass flux of 
radionuclides from the UZ (Section 3.7). The SZ component outputs a mass flux of 
radionuclides and the concentration of radionuclides in the water used by a hypothetical farming 
community or the representative volume of groundwater is calculated by the TSPA model 
(Section 3.9). Radionuclide concentrations are used to evaluate compliance with the EPA's 
proposed groundwater protection standard and to evaluate the annual dose to the hypothetical 

receptor, who is an average member of the critical group of people assumed to be most at risk in 
the NRC standard (proposed 10 CFR 63.115 [64 FR 8640] [101680]), or is the reasonably 
maximally exposed individual in the EPA standard (proposed 40 CFR 197.21 [64 FR 46976] 
[105065]). The SZ component is included in several analyses directed at regulations concerning
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the safety of a potential repository at Yucca Mountain (Figure 3.8-2). For the individual 
protection standard, as addressed by the nominal-case and disruptive scenarios of TSPA, the SZ 
is a major pathway to the biosphere. The SZ pathway is also of interest in the Environmental 
Impact Statement, although at different lengths and time scales than for the individual-protection 
standard. For the groundwater-protection standard, radionuclide concentrations are determined 
for the SZ model domain. For the human-intrusion analysis, the SZ is the intact barrier between 
a damaged container and the biosphere. The SZ component requires different features to address 
these different analyses, including different radionuclides, distances, and time scales.  

For TSPA-SR, two models of SZ flow and transport are used: a three-dimensional process level 
model that is used to calculate, in detail, flow fields and the transport of individual radionuclides 
important to dose, and a one-dimensional flow tube model that is used to calculate the transport 
of daughter radionuclides (radionuclides that form by the decay of other radionuclides) of lesser 
importance. Results from these models that are salient to the performance of a potential 
repository at Yucca Mountain involve the transport time from the vicinity of Yucca Mountain to 
the geosphere-biosphere interface, located 20 km away. Transport time through the SZ for 
dissolved, nonsorbing, nonreactive radionuclides such as 14C can be very short, less than 100 yr.; 
however, the median transport time for the present-day climate is on the order of 600 yr. These 
short transport times are mainly caused in the volcanic rocks by fast transport through widely 
spaced flowing intervals, with limited interactions with water in the matrix, and in the alluvium 
by the lack of sorption to retard the migration. Transport time for dissolved, sorbing 
radionuclides such as 237Np is typically much longer, on the order of thousands to tens-of
thousands of years. Radionuclides that transport associated with colloids such as 239Pu also show 
similarly long or longer transport times, but a significant fraction of the calculations can show 
very short transport times. This wide range in radionuclide transport times is principally due to 
the uncertainty in parameters that define groundwater velocity, matrix diffusion, sorption, and 
colloid properties.  

3.8.1 Saturated Zone Flow 

The relationship between SZ flow and other components of TSPA, and the information that is 
contributed to TSPA, are diagrammed in Figure 3.8-3. The SZ flow subcomponent takes inputs 
from the UZ flow subcomponent and produces outputs, in the form of flow fields, for the SZ 
transport subcomponent. The SZ flow subcomponent incorporates a significant amount of 
geologic and hydrologic data taken from drill holes in the vicinity of Yucca Mountain.  

The SZ flow system at Yucca Mountain is part of the Alkali Flat-Furnace Creek groundwater 
subbasin of the larger Death Valley groundwater flow system. Groundwater flows regionally 
from recharge areas at higher elevations in mountain ranges to the north and east, toward natural 
discharge areas at springs, and through evapotranspiration at playas (Figure 3.8-4). Significant 
quantities of groundwater are also currently being discharged from the regional SZ system by 
pumping in areas such as the Amargosa Valley.  

Based on measured water levels in wells, the groundwater flow is generally to the southeast near 
the potential repository, with a transition toward the south and southwest farther south of the 
potential repository. Groundwater that has flowed beneath Yucca Mountain is probably captured 
at pumping wells 20 km or more to the south in the Amargosa Valley under present conditions.
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Under predevelopment conditions (before pumping began in the Amargosa Valley) and for the 
current climatic state, natural discharge of groundwater from beneath Yucca Mountain probably 
occurred further south at Franklin Lake Playa (Czarnecki 1990 [100376], p. 1-12), although 
spring discharge in Death Valley is a possibility (D'Agnese, Faunt et al. 1997 [100131], pp. 64 
and 69). Under past, wetter, climatic conditions, groundwater discharge probably occurred at 
locations nearer to Yucca Mountain within the Amargosa Valley.  

Groundwater flow in the SZ below and directly downgradient of the potential repository at 
Yucca Mountain occurs in fractured, porous volcanic rocks at relatively shallow depths beneath 
the water table and in fractured carbonate rocks of Paleozoic age at much greater depths.  
At distances greater than about 10 to 20 km downgradient from the potential repository where 
the volcanic rocks thin and are overlain by alluvium, groundwater flows either through the 
alluvium or the deep Paleozoic carbonates.  

Differences in hydraulic head measure the driving potential for groundwater flow that is inferred 
from water level measurements in wells, referred to as the hydraulic gradient. Near the Yucca 
Mountain site, hydraulic head in the deeper volcanic units and in the Paleozoic carbonate aquifer, 
based on one well, are generally higher than in the shallower SZ, indicating the potential for 
groundwater to flow upward. Variations in temperature and heat flow, measured in boreholes in 
the SZ, suggest significant redistribution of heat by vertical groundwater movement in some 
areas. These observations suggest that there is (an imperfect) confining unit separating the 
shallow volcanic flow system from the deeper flow system. Water levels in wells near Yucca 
Mountain indicate that north of the site is a region of possibly large hydraulic gradient 
(potentially 150 m/kin) although an alternative interpretation is that the higher apparent heads in 
wells north of the site are the result of perched water. West of the site is a region of moderate 
hydraulic gradient, corresponding to a 45-m increase in water table elevation. Water level data 
indicate a small horizontal hydraulic gradient (0.1 to 0.3 m/km) immediately southeast of the 
site. Groundwater flow from the potential repository site for a distance of 5 to 8 km is 
apparently to the southeast toward Fortymile Wash. From there, the apparent direction of 
groundwater flow for about 20 km is to the south-southwest.  

Variations in water table elevations have been directly monitored for a few decades and past 
variations have been inferred from geological and geochemical data. Recent water-level 
fluctuations in most wells have been small--on the order of a few tenths of a meter-primarily 
in response to barometric variations and Earth tides. Highly transient and longer-term variations 
in hydraulic head of a few meters to a few decimeters have been observed following earthquakes.  
Variations in water level have been greater in the Amargosa Valley area because of pumping.  
Significantly higher water-table elevations (80 to 120 m higher than current elevations) at Yucca 
Mountain have been inferred from the locations of nearby paleospring deposits and from 
geochemical and mineralogical evidence from the UZ at the site (CRWMS M&O 2000 
[145738]). Higher water-table elevations in the geologic past were apparently associated with 
wetter climatic conditions.  

The aquifer in volcanic rocks has been hydraulically tested at many of the wells near the Yucca 
Mountain site, although there are limited borehole data between approximately 10 and 20 km 
downgradient of the potential repository. Most of the available hydraulic data are from single 
borehole tests using constant discharge, fluid injection, pressure injection, and radioactive tracer
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methods. From these tests, estimates of hydraulic conductivity (a factor that determines the 
amount of water that can flow through a material) in the fractured volcanic rocks of the SZ 
generally range over three orders of magnitude, depending on the depth and the particular 
hydrogeologic unit. Wide ranges in permeability are typical of natural systems 
(Freeze and Cherry 1979 [101173], p. 27).  

The apparent hydraulic conductivity values determined from multiple-borehole hydraulic tests at 
the C-well complex tend to be much higher, by about two orders of magnitude, than the values 
from single-borehole tests for the same intervals (Geldon 1996 [100396], p. 69). The C-hole 
complex is located approximately 2.5 km to the southeast of the potential repository. Multiple
borehole hydraulic tests generally yield results that are more representative of large-scale 
hydraulic conductivity of the aquifer, suggesting that the single-borehole tests elsewhere at the 
site may have significantly underestimated the effective hydraulic conductivity (and, thus, the 
groundwater flow velocity). Results from the multiple-borehole tests are used in the SZ flow 
modeling for TSPA-SR because the multiple-borehole tests are more conservative in terms of 
transport time. The use of the single-borehole hydraulic test results in TSPA-SR would result in 
longer transport times.  

Measurements of flow in the deeper wells in the SZ near Yucca Mountain indicate that 
groundwater production in most of the wells occurred in a few discrete intervals within the 
volcanic units. For performance assessment calculations, these results suggest that most 
groundwater flow in the fractured volcanic units is through only a small fraction of the saturated 
thickness.  

3.8.1.1 Features, Processes, and Conceptual Model Related to Saturated Zone Flow 

The features, events, and processes (FEPs) concerning SZ flow that are addressed for Site 
Recommendation (SR) are presented in Appendix B. Justification of whether a FEP should be 
included in the TSPA-SR modeling or not is given in Features, Events, and Processes in SZ 
Flow and Transport (CRWMS M&O 2000 [137359]). FEPs not considered involve 
hydrothermal activity in the SZ, large-scale dissolution of the flow media, and water-table 
decline. FEPs included in the TSPA-SR modeling involve the presence of wells, saturated 
groundwater flow, water-conducting features, and other FEPs as described in Features, Events, 
and Processes in SZ Flow and Transport (CRWMS M&O 2000 [137359]). The remainder of 
this section contains a discussion of how features and processes deemed for inclusion in TSPA
SR are conceptualized.  

Saturated groundwater flow in vicinity of Yucca Mountain can be estimated by knowing the 
porosity of the flow media, the hydraulic conductivity, and the recharge of water into the flow 
media. The intergranular porosity is a measure of the void volume in the media through which 
water can flow, and it is determined by measurements of fracture and matrix porosity. Of more 
interest is the porosity through which flow actually occurs-fracture porosity in volcanic rocks 
and effective porosity in alluvium-which is determined by analysis of the degree that flow is in 
preferential paths through the media. The hydraulic conductivity is a measure of how easily flow 
occurs, and it is also dependent on the geologic structure.
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The geologic structure of the flow media in the vicinity of Yucca Mountain consists of stratified, 
faulted, and fractured volcanic rocks (Figure 3.8-5). The faults and fractures are several orders 
of magnitude more permeable than the tuff matrix; thus, almost all flow occurs in these features.  
However, not all of these features can be expected to be transmissive (because of incomplete 
connectivity and other heterogeneity), and, thus, flow tends to be in some fractured zones, here 
called flowing intervals as identified through borehole flow meter surveys. Note that all fracture 
zones do not transmit water. Flowing interval spacing is important to matrix diffusion. South of 
Yucca Mountain, flow transitions from volcanic rocks to alluvium. The alluvial deposits 
generally consist of gravels, sands, and silts. Flow is through the porosity within these deposits; 
however, it is possible that preferred flow paths still occur (e.g., through regions of more 
permeable material).  

Large-scale stresses on the geologic structure can cause differences in permeability in different 
directions (anisotropy) in the flow media. Because of the dominant north-south direction of the 
major faults in the region, it is suspected that such an anisotropy in permeability exists in the 
vicinity of Yucca Mountain. One estimate of the ratio of permeability in the approximately 
north-south direction to that in the east-west direction is 5 to 1 (Winterle and La Femina 1999 
[129796]). The importance of anisotropy to repository performance is that a more southward 
flow path would increase travel distances in the tuff and reduce the amount of flow in the 
alluvium (Ferrill, Winterle et al. 1999 [118941], p. 7). A reduction in the flow path length in the 
alluvium would decrease the amount of total radionuclide retardation that could occur for those 
radionuclides with greater sorption coefficients in alluvium than in fractured volcanic rock 
matrix. In addition, potentially limited matrix diffusion in the fractured volcanic units could lead 
to shorter transport times in the volcanic units relative to the alluvium. The SZ site-scale model 
incorporated two alternative cases, isotropic (no anisotropy) and anisotropic.  

Groundwater enters the region around Yucca Mountain, either laterally, from recharge primarily 
to the north around Pahute Mesa and from the east through Rock Valley, or vertically, as 
recharge through the UZ (Figure 3.8-6). Of the groundwater directly under Yucca Mountain, the 
major components appear to be local recharge and underflow from the west and north (CRWMS 
M&O 2000 [141399], pp, 107 to 108). The most recent recharge data from Fortymile Wash 

.(Savard 1998, [102213]) was incorporated into the TSPA-SR calculations. The significance of 
the recharge from Fortymile Wash to the flow system is uncertain; however, ongoing testing in 
the vicinity of Fortymile Wash is developing information to aid in determining the affects of 
recharge at Fortymile Wash.  

So far, this discussion has concentrated on present conditions at Yucca Mountain. Future 
conditions of the groundwater flow system at Yucca Mountain are unknown but can be estimated 
from past changes in climate (Section 3.2) and observations of paleospring deposits and other 
geochemical and mineralogical evidence that implies a higher water table in the past. If the 
water table were 120 m higher under Yucca Mountain, and if discharge of the flow system were 
at the Stateline paleospring deposits (on the border of Nevada and California in the Amargosa 
Valley), the hydraulic gradient would be approximately 3 m/km greater than the present-day 
approximately 1 m/km. Further, if the hydraulic conductivity were the same in the elevated flow 
system, the groundwater flux would increase by a factor of four (groundwater flux is directly 
proportional to changes in hydraulic gradient). This estimate corroborates the regional-scale 
model, which derived an estimated increase in groundwater flux of 3.9 for past, wetter conditions

TDR-WIS-PA-000001 REV 00 ICN 01 December 20003-160



in the region (D'Agnese, O'Brien et al. 1997 [100132]). A flux multiplier of 3.9 is used in the 
TSPA-SR for the glacial-transition climate. With this value, the SZ flow velocities are likely to 
be overestimated because the regional flow model calculated the 3.9 flux multiplier for a full 
glacial climate, and in TSPA-SR it is being applied to the drier glacial-transition climate. In this 
sense, the glacial-transition flux is considered to be reasonably conservative.  

The ratio of the groundwater flux multiplier for the glacial-transition climate to the present-day 
climate is the same as the ratio of the glacial-transition unsaturated zone infiltration to the 
present-day UZ infiltration (when averaged over the entire UZ model domain). Thus, the 
groundwater flux multiplier for the monsoon climate is estimated as the same fraction as the 
monsoon UZ infiltration is to the present-day UZ infiltration-a value of 2.7 (Table 3.8-1).  

Table 3.8-1. Climatic Alterations to Saturated Zone Flux

Climate State Saturated Zone Flux Multiplier 
Present-Day (0 to 600 yr.) 1.0 

Monsoon (600 to 2,000 yr.) 2.7 

Glacial Transition (2,000o 10,000 yr.) 3.9

3.8.1.2 Three-Dimensional Saturated Zone Flow Model 

The primary tool used in TSPA-SR to describe SZ flow is a numerical model formulated in 
three-dimensions. The three-dimensional SZ flow model has been developed specifically to 
determine the groundwater flow field at Yucca Mountain-the flow paths and groundwater 
velocities from the potential repository footprint, or outline, at the present-day water table to a 
distance 20 km downgradient, the approximate distance to the nearest domestic extraction of 
groundwater. The three-dimensional geometry allows explicit consideration of geologic 
structure and its effect on flow paths. The purpose of the three-dimensional SZ flow model is to 
calculate a library of flow fields, essentially maps of subterranean groundwater fluxes, with 
which SZ transport of radionuclides are calculated (Section 3.8.2). The domain and structure of 
the three-dimensional SZ flow model are illustrated in Figures 3.8-4 and 3.8-7.  

The three-dimensional SZ flow model is implemented using the FEHM computer program 
(CRWMS M&O 2000 [145738]). This computer program uses a control-volume finite-element 
method to solve for groundwater flux. The groundwater flux solution for the SZ flow field in 
TSPA-SR is for steady-state flow through a single-continuum, porous medium. The flow system 
is confined; i.e., the elevation of the water table does not change. As the three-dimensional SZ 
flow model only considers steady-state flow, changes in flux associated with climate changes are 
handled in the TSPA implementation (Section 3.8.2.5).  

The three-dimensional SZ flow model encompasses an area of 30 km east-west by 45 km 
north-south, to a depth of 2,750 m below the water table. The model grid is an orthogonal mesh 
with 500 by 500 m horizontal resolution and with variable vertical resolution (10 to 400 in).  
The hydrogeologic framework in the model is based on a refined version of the regional geologic 
framework model used by D'Agnese, Faunt et al. (1997 [100131], pp. 29 to 35). Nineteen 
different hydrogeologic units are represented in the model (transport actually occurs through 
seven of the units; the 19 units are needed to accurately determine the flow domain). Faults are
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represented in the model by offsets within the hydrogeologic units. Two linear, vertical features, 
with low permeabilities to the west and north of Yucca Mountain, are explicitly included to 
simulate the moderate and large hydraulic gradient regions, respectively.  

Inputs are the groundwater flux at the lateral boundaries of the model domain, groundwater 
recharge flux at the water table boundary, and the heterogeneous permeability of the elements 
within the model domain (Figure 3.8-6). The flux at the lateral boundaries on the sides of the 
model domain approximately match values estimated from a regional-scale flow model that 
describes flow over a large portion of southern Nevada and parts of eastern California, from 
Pahute Mesa in the north and the Spring Mountains in the east, down to Death Valley 
(D'Agnese, Faunt et al. 1997 [100131]). The recharge flux boundary condition on the top of the 
model domain is taken from the SZ regional-scale flow model and the lower boundary of the UZ 
site-scale flow model (CRWMS M&O 1999 [130979]). Focused recharge along Fortymile 
Wash, consistent with measurements, is included as a specified flux. Groundwater flow is not 
allowed to occur across the bottom boundary of the model. Average thermal conditions are 
applied everywhere as a function of depth below ground surface, and permeability is assumed to 
be uniform within each of the 19 hydrogeologic units in the model domain. (A discussion of this 
assumption is found in Input and Results of the Base Case Saturated Zone Flow and Transport 
Model for TSPA [CRWMS M&O 2000 [139440], Section 5.1]).  

The three-dimensional SZ flow model has been calibrated by an iterative process, using 
automated parameter estimation methods and the simulated water-table elevations were 
compared with measured water-table elevations that fall in the model domain. There is 
agreement between the simulation results and most of the well measurements, particularly in the 
area downgradient of the potential repository. The differences between simulated and measured 
water table elevations are less than 5 m for shallow wells downgradient of the potential 
repository, within a 10 km distance. This 5-m residual corresponds to one percent of the total 
change in head of 500 m across the entire model domain. The direction of groundwater 
movement in this flow model is consistent with the conceptual model of the system and is 
evident in the plot of the flux vectors and potentiometric surface (water-table elevation) shown in 
Figure 3.8-8 (Figure 3.8-8 corresponds to the model domain, which is also indicated as a solid 
blue line in Figure 3.8-4).  

It should be briefly mentioned that a one-dimensional model is also used in the SZ modeling for 
TSPA-SR, primarily for modeling the transport of radionuclide daughter products 
(Section 3.8.2.3). The one-dimensional model was implemented in the TSPA-SR calculation to 
account for decay and ingrowth because the radionuclide transport methodology used in the 
three-dimensional SZ site-scale flow and transport model is not capable of simulating ingrowth 
by radioactive decay.  

The one-dimensional SZ flow model is implemented with the GoldSim software (Golder 
Associates 2000 [151202]) in the TSPA model as a series of "pipes." Average specific discharge 
along different segments of the flowpath is estimated using the three-dimensional site-scale 
model. The resulting values of average specific discharge are applied to the individual pipe 
segments in the one-dimensional transport model. The pipe segments are defined at distances 
of 5, 20, and 30 km from the potential repository. The one-dimensional flow model describes 
steady-state flow as does the three-dimensional SZ flow model. But while the
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convolution-integral method can allow piecewise transport solutions from the three-dimensional 
SZ transport model to be fit together to allow changes in flux to approximate climate change, the 
one-dimensional SZ transport model cannot adjust for changes in flux. Hence, only the glacial
transition climate is implemented in the one-dimensional SZ flow model. This approach would 
tend to reduce transport times of radionuclides and, in this respect, is conservative.  

3.8.1.3 Treatment of Uncertainty and Variability 

The three-dimensional SZ flow model used in TSPA-SR is the best available representation of 
the physical system, that is consistent with the existing data. However, variability is inherent in 
a natural system covering hundreds of square kilometers, and uncertainty is inherent where data 
are only taken at a finite number of points. For TSPA-SR, uncertainty and variability in the 
groundwater system is managed in the TSPA calculations. For the TSPA SZ component, the 
transport time of radionuclides is the important factor to potential repository performance. The 
key parameters affecting radionuclide transport time in the SZ are defined by probability 
distributions to capture uncertainty and variability. Most of the uncertainty and variability in 
transport time is caused by transport processes (e.g., matrix diffusion and sorption; 
Section 3.8.2.3). The primary flow process affecting transport time is groundwater advection 
(flux) and, in the TSPA calculations, all of the uncertainty and variability of the groundwater 
flow system is concentrated in the probability distributions defining two parameters: 
groundwater flux and hydrologic anisotropy (Table 3.8-2).  

Table 3.8-2. Stochastic Parameters for Saturated Zone Flow 

Parameter Distribution Type Distribution Parameters (Bounds) 

Uniform [0,1] low--O to 0.13--0.06 m/yr (near potential repository); 

Groundwater Flux medium--O.13 to 0.87-0.6 m/yr (near potential 
repository); 
high-0.87 to 1-6 m/yr (near potential repository) 

Anisotropy Ratio (Volcanics) Uniform [0,1] isotropic--O to 0.5; anisotropio-0.5 to I 

Source: CRWMS M&O 2000 [147972], Table 16 

Groundwater flux is defined by three discrete cases-low, medium, and high. The magnitude 
(high is 10 times medium, and medium is 10 times low) and the weightings of these cases 
(the weightings determine the frequency each case is sampled during the TSPA calculations) is 
based on the SZ expert elicitation (CRWMS M&O 1998 [100353]) distribution for groundwater 
flux, which, in turn, is based primarily on uncertainty in hydraulic conductivity. Only the 
medium-flux flow field is calculated directly in the three-dimensional model. The low-flux flow 
field is calculated by multiplying all of the medium-case flux vectors by 0.1; the high-flux flow 
field is calculated by multiplying all of the medium-case flux vectors by 10.  

Hydrologic anisotropy is defined by two discrete cases-isotropic and anisotropic. The isotropic 
case is calculated with the permeabilities of the hydrogeologic units set to be equal in all 
directions. The anisotropic case is calculated, with the permeabilities of the fractured 
geohydrologic units in the area, to the south and east of the potential repository, modified to 
reflect a 5:1 ratio of permeability in the north-south direction relative to the east-west direction.
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In the TSPA calculations, either the isotropic case or the anisotropic case is selected at random 
for each realization.  

Of some importance here are the features and process that are not considered to be uncertain or 

variable in TSPA SZ flow. Uncertainty in the extent of, and the location of boundaries between, 
the 19 hydrogeologic units is not included. In particular, the alluvium size is held constant for 

the flow calculations. (For the transport calculations, the size of the alluvium is adjusted for each 

realization, but it is assumed that the flux through the alluvium does not change.) The hydraulic 

conductivity, although it differs between each of the 19 geohydrologic units, is considered to be 

constant within each unit. Uncertainty in present-day flow paths is considered only with regard 

to hydrologic anisotropy. No uncertainty or variability in climate-change time or magnitude 

(i.e., the climate-change flux multiplier) is considered. And when a climate change does occur, 
no uncertainty or variability in flow paths or water table elevation (in the SZ) is considered.  

Inclusion of the full range of these uncertainties could result in a broader range of TSPA results.  

3.8.1.4 Results and Interpretation of the Saturated Zone Flow Model 

Six flow fields are simulated for TSPA-SR, one each for the low-, medium-, and high-flux 
estimates for both the isotropic and anisotropic permeability cases (CRWMS M&O 2000 

[139440]). (A flow field consists of a set of groundwater flux vectors associated with the grid 
points of the three-dimensional model domain.) 

Figure 3.8-8 shows the flow field calculated by the three-dimensional SZ flow model for the 

present-day climate, medium-flux, and isotropic case. The results show flow primarily from 
north to south through the model domain. In the vicinity of Yucca Mountain, flow is to the 
southeast. Toward Fortymile Wash, flow becomes more southerly. On the plot, the 

potentiometric-surface contours are spaced by 1 m around Yucca Mountain and 5 to 100 m 
farther away, hence the bunching of lines at the mouth of Crater Flat. The potentiometric surface 
lines reflect lines of equal water table elevation and these contours indicate the direction of flow.  
This calculated potentiometric surface is in good agreement with observed water table elevations 
in drill holes.  

3.8.2 Saturated Zone Transport 

The relationship between SZ transport and other components of TSPA, and the information that 
is contributed to TSPA, are diagrammed in Figure 3.8-9. The SZ transport subcomponent takes 
inputs in the form of radionuclide mass fluxes from the UZ transport component and flow fields 

from the SZ flow subcomponent and produces outputs, in the form of radionuclide mass fluxes, 
to the Biosphere component. The SZ transport subcomponent incorporates a substantial amount 
of laboratory and field data taken from a variety of sources.  

Radionuclides released from a potential repository at Yucca Mountain into the groundwater 
would enter the SZ somewhere beneath the potential repository and would be transported first 

southeast, then south, toward the Amargosa Valley. The radionuclides could be transported by 
the groundwater in two forms: as solute (dissolved in the water) or associated with colloids 
(Figure 3.8-10). Solute typically consists of radionuclide ions complexed with various 

groundwater species, but still at a molecular size. Colloids are particles of solids, typically clays
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or silica fragments, or organics, such as humic acids or bacteria, that are larger than molecular 
size, but small enough to remain suspended in groundwater for indefinite periods of time.  
Colloids are usually considered to have a size range of between a nanometer and a micrometer.  
A radionuclide associated with a colloid can transport either attached to the surface or bound 
within the structure of the colloid.  

Radionuclide transport in the SZ depends not only on the flow of groundwater but also on the 
type of media through which the water is flowing. In the volcanic rocks that compose the 
saturated media in the immediate vicinity of Yucca Mountain, groundwater flows primarily 
through fractures, next to a large volume of water being held in relative immobility in the rock 
matrix. Radionuclides would travel with the moving fracture water but, if dissolved, could 
diffuse between the matrix water and fracture water, depending on concentration gradients. This 
transfer between water in the fractures and water in the matrix is characteristic of a dual-porosity 
system and is modeled as such in TSPA-SR. Further from Yucca Mountain, flow transfers into 
alluvial media. Here, radionuclides would travel through the pores in the gravels, sands, and 
silts.  

Also important to transport is the chemistry of the groundwater and the electrochemical affinity 
of the radionuclides and the media. The groundwater in the transport pathway is generally 
thought to be oxidizing (at least where there is substantial flow), and it is so considered for 
TSPA-SR. The electrochemical binding of substances (e.g., radionuclides) to the surface of 
other substances (e.g., the rock matrix and alluvium) is called sorption or adsorption. Sorption is 
usually considered to be a temporary or reversible process. Sorption usually serves to hinder the 
transport of radionuclides, except when the radionuclides are sorbed onto colloids.  

Data that support this description of radionuclide transport in the SZ come from several sources.  
Laboratory experiments have been used to investigate diffusion and sorption of radionuclides 
using groundwater and volcanic rocks and alluvium from the vicinity of Yucca Mountain. Field 
tests have investigated the chemistry of the groundwater and the mineralogy of the SZ.  
A complex of drill holes, known as the C-wells, have been used to investigate flow and transport 
on the scale of tens of meters in the natural groundwater system. In particular, forced-gradient, 
cross-hole tracer tests, conducted at the C-well complex, have provided data on in situ transport 
of the nonradioactive surrogate solutes and synthetic colloids (CRWMS M&O 1997 
[100328]; Geldon et al. 1997 [100397], p. Background-2). Test results indicate that tracers 
diffused from fractures into the rock matrix, and that sorption occurred. The results also suggest 
that flow may have occurred in both fractures and the rock matrix during the tracer tests. There 
was relatively good agreement between tracer test results and laboratory measurements of 
sorption coefficients (Kd) for transport of lithium. Lower recovery of microspheres, a uniformly 
sized surrogate colloid with a neutral surface charge, suggests significant filtration over the 30-m 
transport distance. For TSPA-SR, these results support the idea of accounting for matrix 
diffusion in fractured volcanic units.  

Groundwater sampling from fractured volcanic tuff in the SZ near the Benham underground 
nuclear test site on Pahute Mesa has found low concentrations of plutonium associated with 
colloidal material. The interpretation is that colloid-facilitated transport of plutonium in the SZ 
may be relatively rapid (Thompson 1998 [100788], p. vii), on the order of at least 1,300 m in
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28 years (Thompson 1998 [100788], p. 13). For TSPA-SR, this observation supports inclusion 

of colloid-facilitated transport for several radionuclides (see Section 3.8.2.1.2).  

3.8.2.1 Features, Processes, and Conceptual Model Related to Saturated Zone 
Radionuclide Transport 

A discussion of how FEPs are used in TSPA-SR, and how they are included or excluded based 

on low consequence or low probability, is given in Section 2.2.1 and Appendix B. The FEPs 

concerning SZ transport that are addressed for SR are presented in Table B-15 of Appendix B.  

Justification as to whether an FEP should be included in the TSPA-SR modeling or not is given 

in Features, Events, and Processes in SZ Flow and Transport (CRWMS M&O 2000 [137359]).  

For example, FEPs not considered in TSPA-SR involve radionuclide solubility limits in the 

geosphere, suspension of particles larger than colloids, isotopic dilution, and other FEPs as 

described in Features, Events, and Processes in SZ Flow and Transport (CRWMS M&O 2000 

[137359]). FEPs included in the TSPA-SR modeling involve advection and dispersion, matrix 

diffusion, colloid transport, radioactive decay, and ingrowth. The remainder of this section 

contains a discussion of how the most important features and processes included in TSPA-SR are 
conceptualized.  

For TSPA-SR, the most important aspect of transport in the SZ to potential repository 

performance is how quickly radionuclides move from the vicinity of the potential repository to 

the biosphere. Important processes that must be considered in describing radionuclide transport 
time in the SZ include advection, hydrodynamic dispersion, diffusion (in particular, matrix 

diffusion), and sorption (Figure 3.8-11). Advection is the transport of contaminants by flowing 
water. Hydrodynamic dispersion is the tendency for contaminants to travel at different velocities 

because of interaction with the flow media, and, thus, to spread out. Diffusion is movement of a 

molecule (or colloid) by Brownian motion, typically from a region of higher concentration to 

lower concentration. Matrix diffusion is diffusion from water in fractures, into water in the rock 

matrix. Sorption is the capture of molecules on mineral surfaces by electrochemical forces.  

Colloids can also sorb to mineral surfaces, and this process is often called chemical filtration.  
It is possible that physical filtration could occur in the alluvium, but it has been conservatively 
assumed to not occur in the TSPA calculations. At this time, data (e.g., grain-size data) are 

insufficient to support filtration in the alluvium at the Yucca Mountain site. How specific 

radionuclides are transported through the SZ is dependent on whether they transport as solute or 
in association with colloids.  

3.8.2.1.1 Solute Transport 

In the volcanic rocks, advective transport of solute is conceptualized by the dual-porosity model.  
The rock matrix holds immobile water and the radionuclides are carried by water flowing in the 

fractures. Radionuclides traveling down a fracture can diffuse across the short distance of the 

fracture width and into the immobile water in the matrix pores, then diffuse back into the 

fractures. This matrix-diffusion process can slow the contaminant movement, but, more 

importantly, it allows radionuclides access to sorption sites in the rock matrix. Sorption can 

significantly retard the transport of a radionuclide in groundwater, to the point where some 

strongly sorbing radionuclides, such as americium, plutonium, and thorium, cannot transport
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significant distances as solute and are only modeled as transporting when associated with 
colloids.  

Radionuclide transport time in the alluvium also depends on flux and porosity of the flow media.  
However, in the alluvium, advection is conceptualized as transport through a porous medium, 
and, in order to approximate preferred paths in the porous medium, the porosity is described 
using the effective porosity concept. The effective porosity is the fraction porosity of the total 
porosity through which the radionuclides are carried. Using an effective porosity 
conceptualization reduces transport time, as compared with using total porosity. In contrast to 
fractured media, transport in the alluvium is through the pores of the medium and the medium is 
available for sorption.  

3.8.2.1.2 Colloid-Facilitated Transport 

The greater the sorption potential of a radionuclide, the greater the possibility that the 
radionuclide transports in association with colloids. All strongly sorbing (243Am, 24 2 Pu, 241Am, 
240Pu, 239Pu, 238puN 2 32 Th, 230Th, and 229Th) and moderately strongly sorbing (231Pa, 137Cs, and 
90Sr) radionuclides considered in TSPA-SR are modeled as having their mobility assisted by 
colloids. Other radionuclides (228Ra, 227Ac, 226Ra, and 21°Pb) are modeled as being in secular 
equilibrium with parents that are associated with colloids, and, therefore, are effectively modeled 
as being transported by colloids. Secular equilibrium is the state where the activity of the 
daughter radionuclide is equal to the activity of the parent. Certain radionuclides that are 
daughter products of parent radionuclides that are irreversibly sorbed onto colloids (237Np, 238U, 236k 235u 234 23 

u, u, 4U, and 33U) are modeled as solute (the solute component from the initial source 
and the parents reversibly sorbed onto colloids are modeled separately). These moderately 
sorbing, relatively soluble radionuclides are assumed to disassociate from colloids when the 
parent decays, perhaps because of alpha recoil. Alpha recoil is the reaction of the nucleus when 
an alpha particle is emitted during radioactive decay. (This assumption is of little consequence, 
because these radionuclides are relatively mobile as solute.) Thus, most of the actinides and two 
of the fission products considered in TSPA-SR are being modeled as associated with colloids.  

Colloid-facilitated transport'can occur by two basic mechanisms. First, there are radionuclides 
that are permanently or irreversibly (on the time scales of interest) associated with colloids.  
These can be contaminants that are embedded within the structure of the colloids, such as a 
plutonium atom bound within the structure of a clay particle that formed by the degradation of a 
high-level waste glass waste form. Second, there are radionuclide contaminants that are 
temporarily or reversibly associated with colloids. These can be contaminants that are sorbed 
onto the surface of a colloid, such as a plutonium atom sorbed to the surface of a silica particle, 
or a particle of degraded spent nuclear fuel. Colloids that interact in reversible reactions with 
radionuclides are also called pseudo-colloids in the literature.  

Radionuclides that are irreversibly associated with colloids (called irreversible colloids) are 
conceptualized as solute with a very low rate of diffusion in order to keep them restricted in the 
fractures and not allow matrix diffusion. Chemical filtration of colloids (often called filtration) 
is essentially sorption of the colloid, in the Yucca Mountain SZ, onto fracture surfaces or 
alluvium. Physical filtration in the alluvium, as stated earlier in Section 3.8.2.1, is not included 
in the TSPA-SR calculations.
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The concept behind the model for radionuclides that are reversibly associated with colloids 
(called reversible colloids) is that they are in chemical equilibrium between (1) the dissolved 
state, (2) the state of being sorbed onto colloids, and (3) the state of being sorbed onto the aquifer 
material. The partitioning between these three states is defined by the Kc parameter-the 
product of the sorption coefficient for the radionuclide onto the colloid and the concentration of 

colloids available for sorption-and the Kd for the radionuclide on the matrix material.  

Conceptually, for the volcanic units, the Kc model keeps the radionuclides associated with 

colloids in the advective flow in the fractures more than if the radionuclides were solute.  

Conceptually, for the alluvium, the Kc model reduces the amount of the radionuclides associated 

with colloids that sorb onto matrix minerals compared to the amount that would sorb onto matrix 

minerals if the radionuclides were solute. This approach is conservative in the sense that the 

radionuclides associated with colloids result in faster transport times than if the colloids were 
solute.  

The values of K& in the SZ and UZ of the TSPA-SR probabilistic calculations are correlated.  
Filtration of reversible colloids is not considered, because even if the colloids filter, the 

radionuclides are free to dissociate and continue migrating (although filtration should retard 

movement to some extent). To simplify what could easily be an intractable problem, only one K, 
parameter is used in the transport modeling for TSPA-SR. This value is based on sorption of 

americium onto waste form colloids in a low ionic-strength groundwater-a combination of 

factors which tends to maximize the mobility of the radionuclides. Also, only two sets of matrix 

Kds are used in the K, transport modeling for TSPA-SR---one for the highly sorbing 
radionculides (Am, Pu, and Th) and one for moderately highly sorbing radionuclides (Sr, Cs, and 
Pa)--and these Kds are set to the minimum values that apply to all of the radionuclides in these 

categories. This combination of factors, maximized mobility and the lack of filtration in the 
alluvium, results in a conservative approach in terms of transport times.  

3.8.2.2 Three-Dimensional Saturated Zone Transport Model 

Transport in the SZ is modeled using a particle-tracking method. In concept, particles are 
released at a source point beneath the potential repository into the flow field produced by the 

three-dimensional SZ flow model. Then, as time progresses, the position of the particle is 

tracked down through the flow domain until it crosses a boundary (fence) at a distance of 20 km 
from the potential repository. The particle represents some mass of a given radionuclide. It also 

carries the properties of the radionuclide-specifically the sorption coefficient and whether it is 

associated with colloids or not. In the volcanics, matrix diffusion is accounted for by using a 

library of curves that specify transport time as a function of flow velocity, matrix porosity, 
effective diffusion coefficient, and flowing-interval spacing. The alluvium is considered to be a 

single porous medium, although preferred transport paths are still considered by using an 

effective porosity, which is less than the actual porosity. A set of particles are tracked in this 

manner in order to determine the breakthrough curves at the 20-km fence. Figure 3.8-12 shows 

particle tracks calculated by the three-dimensional SZ transport model.  

The three-dimensional transport model is not used directly by the TSPA model. It is used to 

generate a library of breakthrough curves-distributions of transport times-that are used along 
with a time-varying source from the UZ to calculate the releases at the geosphere/biosphere 
boundary using the convolution integral method (Section 3.8.2.5). The reason for performing
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this involved procedure is that three-dimensional flow and transport modeling take too long for 
multiple-realization, multiple-radionuclide, and multiple-source-region TSPA calculations.  
The advantage of using a three-dimensional transport model is the accuracy gained by taking the 
real geometry of the groundwater system into account. The disadvantage is that radionuclide 
decay chains are not handled explicitly, necessitating a one-dimensional model to examine 
daughter products of some of the important decay chains (Section 3.8.2.3). Radionuclides 
modeled with the three-dimensional SZ transport model are 14C, 90Sr, 99Tc, 1291, 13 7Cs, 2 34 U, 236U, 
238U, 237Np, 28pu, 239pu, 24°Pu, 242 Pu, 241An, and 243 AM (Figure 3.8-13).  

The three-dimensional SZ transport model is implemented as follows. The library of 
breakthrough curves contains 3,200 separate curves--one curve for each radionuclide class 
(there are eight), for each source region (there are four), and for each TSPA realization (there are 
100). The eight radionuclide classes with distinct transport characteristics are: 14C, 99Tc, 1291, 237Np, 238U, radionuclides irreversibly sorbed onto colloids (plutonium and americium isotopes), 
and two cases of radionuclides reversibly sorbed onto colloids-those that are strongly sorbing 
onto matrix materials (i.e., americium, plutonium, and thorium isotopes), and those that are only 
moderately strongly sorbing onto matrix materials (i.e., 90Sr, 137Cs, and 231Pa). Eight 
radionuclide classes are chosen in order to span the range of the transport characteristics for the 
radionuclides of interest. The four source regions are shown in Figure 3.8-14. The choice of 
four regions is arbitrary because one region could suffice, but four allows the possible effect of 
sensitivity to source location to be better discerned. (In fact, there is little sensitivity to source 
location with the TSPA-SR repository footprint.) Within each of the four regions, a source point 
is picked at random for each realization, and all the radionuclides that enter the region from the 
UZ are concentrated into the source point. (Note that this point-source method negates the need 
to track lateral-dispersion effects accurately in the UZ). The 100 realizations include variability 
and uncertainty in the breakthrough curves. The choice of 100 realizations is based on balancing 
the difficulty in performing large numbers of calculations with the need for accuracy in covering 
the range of possible transport behaviors in the results. Parameters that are described by 
probability distributions, including flow parameters (Section 3.8.1.3) and transport parameters 
(Section 3.8.2.3), are sampled for 100 values, and 100 separate calculations are made with these 
sampled values.  

To create a breakthrough curve for use in the TSPA model, 1,000 particles with the properties of 
a radionuclide class are released at the source point in a single pulse. These particles are tallied 
when they cross the 20-km fence and the simulation ends when all 1,000 particles are tallied.  
There is variation in the arrival times because of the stochastic treatment of transverse and 
longitudinal dispersion for each particle. For some realizations, not all particles cross the fence 
in a reasonable time. When this situation occurs, the results are conservatively normalized as if 
1,000 particles crossed the boundary. The resulting breakthrough curve is, thus, the cumulative 
relative mass released. Changes in groundwater flux because of climate change are handled in 
the TSPA model by scaling the breakthrough curves. Radioactive decay is also handled in the 
TSPA model.  

3.8.2.3 One-Dimensional Saturated Zone Transport Model 

A one-dimensional SZ transport model is used in the TSPA modeling to account for decay and 
ingrowth during transport in some of the daughter radionuclides considered in SR. The
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one-dimensional model is incorporated directly in the TSPA model (GoldSim [Golder 
Associates 2000] [151202]) as a series of pipes as described in Section 3.8.1.2. The advantage of 
using the one-dimensional SZ transport model is that radionuclide masses can be directly 
accounted for; the disadvantage is that the flow and transport geometry is necessarily simplified.  
In general, the radionuclides considered with the one-dimensional SZ transport model are of 
lesser significance to individual dose, but of significance to groundwater protection and, in some 
cases, to the million-year EIS calculations (Figure 3.8-15). Radionuclides considered with the 
one-dimensional SZ transport model are 21°pb, 226Ra, 228Ra, 227Ac, 2 29Th, 230Th, 232Th, 231Pa, 
233U, and 235U (Figure 3.8-13).  

The one-dimensional SZ transport model is based on an analytic solution to the 
advective/dispersive equation, with terms for sources and storage. The transport media consists 
of two units-a generic volcanic unit (from beneath the potential repository to the alluvium, a 
distance that varies between 12 and 19 kin, depending on the realization) and alluvium (for the 
20 km regulatory distance, a length that varies between 1 and 8 km, depending on the 
realization). Only a single source region, in the middle of the repository footprint, is considered 
in the model. During a TSPA calculation, 100 realizations are calculated, with the same 
parameter samplings as the three-dimensional SZ transport model. Because the transport 
equation only considers steady-state flow, changes in groundwater flux, because of climate 
change, cannot be implemented, and, therefore, the flux for the Glacial Transition climate is used 
in the model for all simulation times (see Section 3.8.1.2).  

3.8.2.4 Treatment of Uncertainty and Variability 

Uncertainty and variability in radionuclide transport through the SZ is incorporated into the 
modeling primarily by defining key model input parameters with probability distributions.  
These parameter distributions are defined either realistically or, in the absence of sufficient data, 
conservatively. Key model parameters are those that are uncertain and could significantly affect 
results, by changing the mean or variance in the transport time. The uncertainty and variability 
contained in the probability distributions is reflected in the library of breakthrough curves that is 
generated for TSPA-SR (Section 3.8.2.6). The distributions are sampled to define parameter for 
the library of 100 SZ breakthrough curves input to the TSPA-SR calculations. The uncertainty 
and variability contained in the library of breakthrough curves is then reflected in the TSPA 
results by using sampled breakthrough curves when each of the TSPA realizations is calculated 
(Section 3.8.2.5). The remainder of this subsection deals with the uncertainty and variability 
within the key model input parameters.  

The primary transport processes that influence radionuclide transport time are those that control 
groundwater velocity, interaction with the matrix (especially matrix diffusion), sorption, and 
colloid-facilitated transport. The stochastic parameters used to model these processes in the SZ 
transport model are presented in Table 3.8-3.

TDR-WIS-PA-000001 REV 00 ICN 01 December 20003-170



Table 3.8-3. Stochastic Parameters for Saturated Zone Flow and Transport

Parameter Distribution Type Distribution Statistics [Bounds] 

Flowing Interval Spacing (Volcanics) (m) Log normal Mean logio=1.29; SD logio=0.4 3 

Flowing Interval Porosity (Volcanics) Log uniform [-5.,-l.] 

Effective Porosity (Alluvium) Truncated Normal Mean=0.18, SD=0.051 [0, 0.35] 

Effective Diffusion Coefficient (m2/s) Log uniform [-13.,-10.] 

Longitudinal Dispersivity (All Units) (m) Log normal Mean logio=2.0, SD loglo=0.75 

Kd for Np (Alluvium) (mUg) Beta Mean=18.2, SD=18.8, [0,100].  

Kd for Np (Volcanics) (mUg) Beta Mean=0.5, SD=0.5, [0,2].  

Kd for I (Alluvium) (mUg) Uniform [0.32, 0.63] 

Kd for Tc (Alluvium) (mUg) Uniform (0.27, 0.62] 

Kd for U (Alluvium) (mUg) Uniform [0., 8.] 

Kd for U (Volcanics) (mUg) Uniform [0., 4.1 

Kd for Am, Pu, Th (for K, model) (mUg) Uniform [0., 100.] 

Kd for Pa, Cs, Sr (for K& model) (mUg) Uniform [0., 50.] 

Irreversible Colloids Retardation Factor Piecewise CDF [1.06, 800.] 
(Volcanics) 

Irreversible Colloids Retardation Factor (Alluvium) Piecewise CDF Logio [0.0011, 6.32] 

K& for Am, Pu, Pa, Th, Cs, Sr (All Units) Log normal Geo Mean=3xl03; Geo SD=10.  

Alluvium Northern Boundary Uniform [0., 1.] (See Text) 

Alluvium Western Boundary Uniform [0., 1.] (See Text) 

Source: CRWMS M&O 2000 [147972], Table 16 

NOTE: SD = standard deviation 

Groundwater velocity is the quotient of the groundwater flux and the porosity of the medium.  
The parameters that control groundwater velocity in the SZ transport model are groundwater 
flux, flowing interval porosity, and effective porosity. Groundwater flux is discussed in 
Section 3.8.1.3. Flowing interval porosity is the porosity of those fractures in the volcanics that 
actually support significant flow. The distribution is estimated from several sources, including 
the C-wells' tests. Effective porosity is the porosity of the alluvium that actually supports 
significant flow; it is estimated to be approximately half the estimated total alluvial porosity.  
Longitudinal dispersivity (a parameter quantifying the spreading of the concentration front that 
occurs because of hydrodynamic dispersion) can also shorten radionuclide transport times for the 
leading edge of the concentration front. The 'distribution is based on the SZ expert elicitation 
(CRWMS M&O 1998 [100353]).  

Interaction of the radionuclides with the matrix in the three-dimensional SZ transport model is 
controlled in the volcanics by the effective diffusion coefficient, flowing interval spacing, and 
flowing interval porosity. The effective diffusion coefficient is based on laboratory experiments 
and estimates of the tortuosity of the pore paths in the volcanic matrix. The flowing interval 
spacing is the separation distance between fractured zones that transmit significant flow.  
Flowing interval spacing is based on flow meter surveys from drill holes in the Yucca Mountain
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vicinity. In the alluvium, the interaction with the matrix is assumed to be complete, within the 
bounds of the effective porosity.  

Sorption Kd distributions are based on laboratory measurements, with an estimate of the 
variability in mineralogy and groundwater chemistry that the radionuclides might actually 
encounter. Recent measurements have shown that even radionuclides previously thought to be 
nonsorbing (99Tc and 1291) do adsorb to the alluvium. No sorption for the fracture surfaces is 
modeled, although there is sorption in the matrix for uranium and neptunium.  

For colloids with irreversibly sorbed radionuclides, a filtration parameter provides a retardation 
to transport (CRWMS M&O 2000 [129286]). For the volcanics, the retardation distribution is 
based on the C-Wells' tests. The median retardation factor is approximately 160. For these 
colloids, the diffusion coefficient is also set to restrict them to the fractures. For the alluvium, 
the lower end of the distribution is based on filtration theory, and the upper end is based on field 
tests taken from the literature. The median retardation factor is approximately 25. (Because the 
retardation applies to the transport velocity, this resulting transport time is typically slower in the 
alluvium than it is in the volcanics).  

For colloids with reversibly sorbed radionuclides, the Kc and Kd parameters are highly uncertain, 
and, as discussed above in Section 3.8.2.1.2, several assumptions tending to minimize transport 
times were made to bound the many possible combinations of radionuclides and colloid types.  
The sorption potential is based on estimates of americium sorbed to colloids from degraded 
waste forms. The colloid concentration is based on the ionic strength of groundwater from drill 
hole J-13 and is consistent with colloid concentrations measured in J-13 groundwater.  

For the three-dimensional SZ transport model, the areal extent of the alluvium is parameterized 
by two values, one that restricts the western extent and one that restricts the northern extent, as 
outlined by the solid yellow line in (Figure 3.8-16). The transport path always goes through 
approximately 1 km of alluvium. The average is approximately 4 km, and the maximum is 
approximately 8 km of alluvium. For the one-dimensional SZ transport model, the length of the 
alluvium is randomly picked to be between 1 and 8 km.  

Not shown in Table 3.8-3 is the set of parameters used to specify the source point locations in the 
four source regions (Figure 3.8-14). These parameters pick a point at random in each of the 
regions. They allow the variability in the source location, and the concomitant variability in the 
transport path, to be incorporated in the three-dimensional SZ transport model.  

3.8.2.5 Integration of the Saturated Zone Component into Total System Performance 
Assessment-Site Recommendation 

The three-dimensional SZ transport model is used to determine concentration breakthrough 
curves at a distance of 20 km (and other distances) for unit releases of radionuclides. Then, 
within the TSPA calculations, the convolution integral technique is used to combine the 
breakthrough curves with the time-varying radionuclide sources from the UZ. The result is the 
mass flux for a given radionuclide at the geosphere-biosphere interface. These radionuclide 
mass fluxes are used to calculate radionuclide concentrations in the water usage volume (in the 
biosphere component; Section 3.9). This radionuclide concentration is used to calculate dose.
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The one-dimensional SZ transport model is incorporated directly in the TSPA model and does 
not require the convolution integral method. In this section, the convolution integral method is 
discussed. Also, incorporation of climate change is addressed.  

The convolution integral method is a computationally efficient method that combines 
information about the unit response of the system, as calculated by the three-dimensional SZ 
transport model, with the radionuclide source history to calculate transient system behavior 
(Figure 3.8-17). The most important assumptions of the convolution method are linear system 
behavior (i.e., doubling mass input results in doubling of concentration) and steady-state flow 
conditions in the SZ. (A discussion of this assumption is found in Input and Results of the Base 
Case Saturated Zone Flow and Transport Model for TSPA [CRWMS M&O 2000 [139440], 
Section 5.5, #13 ]). To use the convolution integral method, the first derivative of the 
cumulative breakthrough curve is used. Also, within the convolution integral method is an 
adjustment to the amount of a radionuclide transported to account for radioactive decay. And 
because ingrowth from radionuclide parents is not handled in the three-dimensional SZ transport 
model, nor the convolution integral method, ingrowth is indirectly accounted for by increasing 
the mass flux of a radionuclide entering the SZ according to its parent's decay rate and the time 
scale of the calculation.  

The effects of climate change on radionuclide transport in the SZ were incorporated into the 
analysis by assuming instantaneous change from one steady-state flow condition to another 
steady-state condition in the SZ. Changes in climate state were assumed to affect the magnitude 
of groundwater flux through the SZ system but have a negligible impact on flowpaths.  
(A discussion of this assumption is found in Input and Results of the Base Case Saturated Zone 
Flow and Transport Model for TSPA [CRWMS M&O 2000 [139440], Section 5.6, #16]). These 
effects were incorporated into the convolution method by scaling the velocity of radionuclide 
breakthrough curves proportionally to the change in SZ specific discharge. The scaling factors 
are presented in Table 3.8-1. As mentioned in Section 3.8.1.2, the groundwater flux could not be 
arbitrarily changed in the one-dimensional SZ transport model, and, thus, only the groundwater 
flux for the Glacial Transition climate is used in this model.  

3.8.2.6 Results and Interpretation of the Saturated Zone Transport Model 

Although the actual results of the modeling of the SZ are hidden in the TSPA-SR calculations by 
several layers of detail (two different models, the convolution integral method, and dispersion 
circumvented by calculation of radionuclide concentration in a water-usage volume), the 
contribution of the SZ to potential repository performance can be evaluated here by examining 
radionuclide transport times. The breakthrough curves for unit concentration for the eight 
radionuclide classes at 20 km from the potential repository are shown in Figure 3.8-18. These 
curves were generated using the median values of the stochastic parameters and the flow field for 
the present-day climate, with radionuclides released at time zero.  

Differences in the median arrival times of different radionuclide classes are because of variations 
in sorption and whether or not the transport is facilitated by colloids. The slopes of the curves 
decrease over time (note the logarithmic time axis). This increase is related to longitudinal 
dispersion and matrix diffusion. The influence of matrix diffusion is especially apparent when 
comparing the curve for irreversible colloids, which do not undergo matrix diffusion, to uranium,
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which does undergo matrix diffusion. Matrix diffusion causes a long tail on the uranium 
breakthrough curve. The curves all end up at the same maximum flux because they are all based 
on 1,000 particles, and radioactive decay is not included, though it is included in the convolution 
integral method.  

In Figure 3.8-18, the radionuclide with the shortest transport times is carbon, a nonsorbing 
solute. The arrival of the median particle is at approximately 600 years. (For the glacial 
transition climate, groundwater flux is increased by a factor of 3.9, and this median particle 
would arrive at approximately 150 years. Other parameters [e.g., those that influence matrix 
diffusion] can also cause this transport time to be much different-either much longer or 
shorter.) The next shortest transport times are for technetium and iodine, two elements with only 
a slight sorption potential only in the alluvium; even this slight sorption retards transport by a 
factor of two. More strongly sorbing elements, uranium and neptunium, have transport times 
that are retarded by an order of magnitude or more. Much of these long transport times are due 
to significant sorption in the alluvium. Radionuclides that transport associated with colloids 
show a wide range in transport times, although typically the transport times are relatively long 
(e.g., on the order of tens of thousands of years). Radionuclides that are irreversibly sorbed onto 
the colloids have the shortest transport times of the colloid-facilitated species, but the retardation 
caused by filtration is still significant, causing the median particle to arrive in approximately 
10,000 yr. For the radionuclides that are reversibly sorbed onto the colloids, those with the 
lower sorption potential onto the matrix are the faster (median particle arrival in approximately 
60,000 years) than those with the higher sorption potential, by approximately a factor of two.  
Note that these times would be delayed in the actual TSPA calculations by the waste-package 
lifetime and the transport time through the UZ.  

To include parameter uncertainty in the TSPA, 100 breakthrough curves were simulated for each 
radionuclide class by sampling 100 values for each parameter from their respective probability 
distributions (Table 3.8-3). The impact of uncertainty in the three-dimensional SZ transport 
model for the SZ is illustrated in Figure 3.8-19. This figure shows the breakthrough curves for 
carbon and for irreversible colloids for all 100 realizations used in the base-case analyses.  
The breakthrough curves are for the groundwater flux for the Present Day climate. Transport 
times for the nonsorbing 14C vary from less than 100 years to greater than 100,000 years. For the 
irreversible colloids, the transport times vary from less than 100 years to on the order of 
1 million years. Again, radioactive decay is not included in the breakthrough curves. Note that 
over time, inclusion of radioactive decay would cause the breakthrough curves to reach lower 
maximum values. The variance in the transport times is directly related to uncertainty in key 
parameters: the groundwater velocity (a function of the flux and the flowing interval porosity 
and the effective porosity in the alluvium), the amount of matrix diffusion (a function of the 
diffusion coefficient and the flowing interval spacing), and the amount of retardation (a function 
of sorption, colloid filtration, and other colloid-related parameters). In general, uncertainty in 
transport of radionuclides associated with colloids is greater than uncertainty in transport of 
solute. Both, however, are influenced by uncertainty in groundwater flux.  

Delay in radionuclide migration in the SZ is significant for transport times long relative to the 
10,000-year proposed regulatory standard. For nonsorbing (or slightly sorbing) radionuclides, 
such as carbon and technetium, transport times in the SZ are typically less than 10,000 years.  
Transport times for plutonium and americium subject to transport by irreversible attachment to
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colloids and uranium are near 10,000 years for the median-value case. Neptunium and 
radionuclides subject to reversible attachment to colloids have transport times in the range of 
about 20,000 years to 100,000 years in the SZ expected-value case, indicating that they are of 
lesser importance in the context of a 1 0,000-year regulatory standard.  

3.9 BIOSPHERE 

The biosphere is that part of the Earth characterized by biological activity. It includes the soil, 
surface water, the air, and all living organisms. Living organisms, including humans, residing in 
the biosphere could be affected by radionuclide release from a potential repository at Yucca 
Mountain only if these contaminants reach the biosphere.  

The biosphere component of TSPA-SR is designed to predict radiation exposure to a person 
living in the general vicinity of the potential repository if there is release of radioactive material 
after closure of the potential repository. The biosphere component includes the following 
features. The human receptor and the reference biosphere is as proposed by the NRC (proposed 
10 CFR 63.115 [64 FR 8640 [101680]]), and also applies to the receptor and biosphere proposed 
by the EPA (proposed 40 CFR 197.15, 197.21, and 197.37 [64 FR 46976 [105065]]).  
Radionuclides transported in groundwater are mixed in the annual water usage of a hypothetical 
farming community as recommended in the supplementary information for proposed 10 CFR 63 
(64 FR 8640 [101680], p. 8646). Radionuclide buildup in soils because of continuing periods of 
irrigation with contaminated water is considered in the analyses, and estimates of soil and 
radionuclide removal by erosion, leaching, crop removal, and radioactive decay are incorporated 
into overall dose calculations.  

The biosphere is the last component in the chain of TSPA-SR modeling subsystem components.  
Upstream from the biosphere, there are two connections. One is for the groundwater irrigation 
scenario (nominal case), in which the biosphere is coupled to the SZ flow and transport model; 
and the other is for the disruptive scenario, in which the biosphere is coupled to the volcanic 
dispersal model (see Section 3.10 for a description of the biosphere modeling for the volcanic 
scenario). Figure 3.9-1 shows the major connections between the biosphere component and the 
other components in TSPA-SR. An overview of the biosphere component is presented in 
Figure 3.9-2.  

GENII-S (Leigh et al. 1993 [100464]), a computer program accepted by regulatory agencies 
including the NRC and the EPA, for predicting radiation dose, is used to calculate radionuclide
specific BDCFs. The biosphere modeling does not explicitly perform the dose assessment for 
TSPA-SR. The biosphere modeling provides an estimate of the dose incurred by a receptor 
when a unit amount of a radionuclide reaches the geosphere-biosphere boundary. This estimate 
(the BDCF) is in the form of a probability distribution to reflect biosphere model uncertainty. In 
the TSPA model, when a concentration of a radionuclide in groundwater has been calculated 
(within the computer program a mass flux is calculated and converted to a concentration), the 
BDCF sampled from the distribution is used as a multiplier to convert the concentration into 
annual dose.  

A comprehensive list of FEPs is used to distinguish the attributes of the biosphere model.  
A discussion of the biosphere FEPs is presented in Appendix B of this document. These FEPs

TDR-WIS-PA-000001 REV 00 ICN 01 3-175 December 2000



have been screened to determine those that should be included in the biosphere modeling and 

those that should be excluded from consideration. FEPs excluded from consideration concern 

those related to long-term environmental changes (e.g., erosion and denudation, fluvial, aeolian, 

and lacustrine deposition, or human influences on the atmosphere), capillary rise above the water 

table, transport and mixing by surface water, burrowing animals, contamination of clothing, 

furniture, and pets, radon, and various inapplicable FEPs (e.g., marine processes, urban and 

industrial water use, and nonradiological toxicity). Twenty-two primary FEPs have been 

recognized for inclusion (in part or in total) in the biosphere modeling. These FEPs concern 

present-day human lifestyles, dietary habits, household activities, agricultural land uses, and 

bioaccumulation in plants and animals. These FEPs are included in the biosphere modeling and 

are further discussed in this section.  

The primary result of the biosphere modeling for TSPA-SR is the construction of BDCF 

distributions, for both the groundwater-release scenario and the volcanic-ash-release scenario 

(Section 3.10). Additionally, sensitivity studies were conducted for the groundwater-release 

scenario to determine the most important parameters in the model that contribute the most to the 

variance in the BDCF distributions (i.e., the parameters that cause the most spread in the final 

BDCFs), as well as a pathway analysis to identify which exposure pathways are the most 

important contributors to the BDCFs. For almost all radionuclides, the majority of the dose 

could be attributed to two pathways in the groundwater-release scenario: drinking water and 

leafy vegetables. The parameters that contributed most to uncertainty in the BDCFs include: the 

crop interception fraction (the fraction of contamination in rainfall, irrigation water, or aerosols 

that adhere to plant surfaces) and the soil-plant transfer scale factor (a factor representing 

uncertainty in the amount of radionuclides taken up by plants).  

3.9.1 Definition of the Receptor 

For TSPA-SR, the receptor (the person who incurs a radiation dose) is the "average member of 

the critical group," where the "critical group resides within a farming community consisting of 

approximately 100 individuals, and exhibits behaviors or characteristics that will result in the 

highest expected annual doses" (proposed 10 CFR 63.115 [64 FR 8640 [101680]]). The receptor 

in TSPA-SR is also the reasonably maximally exposed individual as defined by the EPA 

(proposed 40 CFR 197.21 [64 FR 46976 [105065]]). (The primary quantitative difference 

between the two concepts is that the average member of the critical group consumes the average 

amount of drinking water for individuals in Amargosa Valley, 752.8 L/yr [Section 3.9.2.3], and 

the reasonably maximally exposed individual is prescribed to consume 2 L/day or 730.25 L/yr.  

For TSPA-SR, the receptor is characterized as drinking the average amount, as it is the greater of 

the two.) In the following subsections, the characteristics of the local environment, the critical 

group, and the receptor are defined.  

Amargosa Valley Environment-Yucca Mountain is located within the sparsely populated 

region between the Great Basin and the Mojave Deserts in southern Nevada. The climate in the 

vicinity is arid to semiarid. The natural vegetation is predominantly desert scrub and grasses.  

The nearest community in the direction of groundwater flow from the potential repository site is 

Amargosa Valley (Figure 3.9-3). Amargosa Valley is an area of approximately 500 mi2, defined 

as a tax district by the Nye County commissioners in the early 1980s. The closest inhabitants to
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Yucca Mountain are at a location known as Lathrop Wells within Amargosa Valley, 
approximately 20 km south of the potential repository at the intersection of US 95 and Nevada 
State Route 373. There are approximately eight inhabitants at this location. This area is the 
general site of the hypothetical farming community that has been proposed by the NRC 
(proposed 10 CFR Part 63 [64 FR 8640 [101680]]). The Amargosa Farms area, a triangle of 
land bounded by the Amargosa Farm Road to the north, Nevada State Route 373 to the east, and 
the California border running from the northwest to the southeast, is the closest agricultural area.  
It is approximately 30 km south of the potential repository.  

The Amargosa Valley area is sparely populated and primarily rural in nature (Figure 3.9-4). The 
area supports a population of approximately 1270 in about 450 households (DOE 1997 [100332], 
Section 2.4 ). The area has a general store (Figure 3.9-4A), a community center, a senior center, 
an elementary school, a public library, a medical clinic, a restaurant, a hotel-casino, and a motel.  
Agricultural activity is directed primarily toward livestock feed production, but gardening and 
animal husbandry are common. Commercial agriculture in the Amargosa Valley farming 
triangle currently includes a diary operation (approximately 4,500 dairy cows) employing about 
50 people, a catfish farm that sustains approximately 15,000 catfish, and a garlic farm that 
annually produces about one ton of garlic. However, alfalfa is the predominant crop produced in 
the Amargosa Valley (Figure 3.9-4B), and alfalfa and forage grasses comprise a major 
proportion of Nye County agricultural land (LaPlante and Poor 1997 [101079], p. 2-6).  
Approximately 1,800 acres are dedicated to alfalfa production, 30 acres to oats production, 
80 acres are in pistachios, and 10 acres in grape vineyards. Water for all uses---domestic, 
agricultural, commercial, and mining-is taken from local wells, mostly privately owned.  

Regulatory Considerations-Regulation proposed by the NRC (10 CFR 63.115 [64 FR 8640 
[101680]]) establishes the characteristics of the critical group considered in the TSPA-SR 
analysis: 

o The critical group shall reside within a farming community located approximately 20 km 
south from the underground facility (in the general location of U.S. 95 and Nevada State 
Route 373, near Lathrop Wells, Nevada).  

o The behaviors and characteristics of the farming community shall be consistent with 
current conditions of the region surrounding the Yucca Mountain site. Changes over 
time in the behaviors and characteristics of the critical group including, but not 
necessarily limited to, land use, lifestyle, diet, human physiology, or metabolics, shall 
not be considered.  

o The critical group resides within a hypothetical farming community consisting of 
approximately 100 individuals, and exhibits behaviors or characteristics that will result 
in the highest expected annual doses.  

o The behaviors and characteristics of the average member of the critical group shall be 
based on the mean value of the critical group's variability range. The mean value shall 
not be unduly biased based on the extreme habits of a few individuals.
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* The average member of the critical group shall be an adult. Metabolic and physiological 
considerations shall be consistent with present knowledge of adults.  

Regional Survey of Inhabitants-In order to determine the characteristics of the population in 

the vicinity of Yucca Mountain, a survey was conducted of inhabitants residing within an 80-km 

grid centered on Yucca Mountain (DOE 1997 [100332]). Figure 3.9-5 shows the grid with the 

color coding indicating the population density and the number in each sector indicating the 

approximate number of permanent inhabitants within the sector. The survey was conducted in 

the spring of 1997 and was focused on the Amargosa Valley region, but included Beatty, Indian 

Springs, and Pahrump. The survey was designed to provide for more comprehensive survey 

representation of the inhabitants closer to Yucca Mountain. It was estimated that 13,000 adults 

reside in the survey area, with 900 adults (seven percent) residing in the Amargosa Valley. Over 

one thousand interviews were completed for the survey, including interviews of 43 percent of the 
households in the Amargosa Valley.  

The survey followed the principles developed by the U.S. Office of Management and Budget 

(e.g., Subcommittee on Questionnaire Design 1983 [100483]). Underlying the entire project 

were total design method principles and interviewing standards promulgated by the Institute for 
Social Research, University of Michigan (Guenzel et al. 1983 [101072]) to maintain high 

response rates and accuracy. To ensure accuracy, the survey aimed at minimizing sample error 
and nonsampling error. The survey included Spanish language interviews to accommodate 
respondents whose primary language is Spanish. Measures were taken to compensate for 
subjects who were difficult to interview. Additionally, demographic information was used to 

compensate for any gender bias that may have arisen.  

The survey was designed to permit an accurate representation of dietary patterns of inhabitants in 
the region. Of special interest was the proportion of locally grown foodstuffs that was consumed 
by local residents (i.e., irrigated with groundwater potentially contaminated in the future), and 

details of what food types were eaten on a regular basis. In general, a higher percentage of 
locally produced food is consumed by residents in the Amargosa Valley than by residents in the 
remainder of the survey area. Nearly 80 percent of the survey respondents reported consuming 
locally produced food of some type over the past year in the Amargosa Valley, while only about 

57 percent did so in the remainder of the survey area. Thus, Amargosa Valley residents have 

food consumption habits that make them more susceptible to radionuclide intake through the 
ingestion pathway than do their immediate neighbors, supporting their designation as a likely 

population that includes the critical group. Nearly 88 percent of Amargosa Valley residents 
consumed well water, 79 percent did so in the remainder of the survey area. No person 
interviewed in Amargosa Valley fit the description of a subsistence farmer; i.e., no respondent 
consumed only locally grown foodstuffs.  

The biosphere modeling required estimates of annual consumption of selected food groups in 

terms of weight. Although it was not feasible to collect this type of information directly through 
the survey, it was feasible to collect frequency information on food consumption. Therefore, 
data taken from tables compiled through national surveys on food intake (USDA 1993 [101089], 
pp. 18 to 29) were combined with information from the survey to produce estimates of annual 
quantities, in kilograms, of the various food groups consumed (DOE 1997 [100332], Section 
3.6). Because the regulation proposed by the NRC (proposed 10 CFR 63.115 [64 FR 8640
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[101680]]) prescribes that the receptor be based on the average member of the critical group, the 
mean values of the estimated annual consumption quantities for residents of Amargosa Valley 
are used in the biosphere modeling (see Section 3.8.2.3 and Table 3.9-41).  

Lifestyle Characteristics-In addition to the regional survey, other sources of data have been 
utilized to describe the receptor. Related to lifestyle characteristics, 1990 Census Data 
(U.S. Census Bureau 1999 [135344]) have been examined to evaluate employment attributes.  
Based on existing employment classifications, the highest exposure due to outdoor employment 
activity would be for agricultural or construction workers. For the recreational attribute, outdoor 
activities on contaminated land have the highest potential for exposure. As with food 
consumption, the mean values of the lifestyle data are used in the biosphere modeling (see 
Section 3.8.2.3 and Table 3.9-1).  

3.9.2 Biosphere Model 

The biosphere model describes the movement of radionuclides through the environment to the 
receptor and the subsequent radiation dose that the receptor incurs. Here, the characteristics of 
the biosphere model are defined. A diagram of how the biosphere model fits within the TSPA 
effort is shown in Figure 3.9-6.  

3.9.2.1 Features, Processes, and Conceptual Model Related to the Biosphere 

The biosphere model is based on a conceptual description of the surface environment in the 
vicinity of Amargosa Valley, taking into account the FEPs (Appendix B of this document and 
above), the proposed 10 CFR Part 63 (64 FR 8640 [101680]), and internationally accepted 
practices in modeling the biosphere (e.g., BIOMOVS 111996 [100363]). A complete description 
of the biosphere conceptual model can be found in the Biosphere Process Model Report 
(CRWMS M&O 2000 [151615], Section 3.1).  

Conceptual Model-After the permanent closure of the potential repository, radionuclides could 
eventually leach to the underlying groundwater and, subsequently, migrate downgradient to a 
location beneath the critical. group. The contaminated water could then eventually reach the 
biosphere through the pumping of well water.  

For the nominal-case scenario, well withdrawal of groundwater is considered the source of water 
for drinking, irrigation, and other uses. The affected farming community is located 20 km south 
of the potential repository in the Amargosa Valley region. All radionuclides reaching the 
farming community in groundwater are assumed to be mixed in the volume of water that the 
community uses. The exposure pathways-routes taken by radionuclides through the biosphere, 
from the source to a receptor-are typical for a farming community in this environment.  
Farming activities usually involve more exposure pathways than other human activities in the 
Yucca Mountain region and can include ingestion of contaminated water and locally produced 
foodstuffs, as well as inhalation and direct exposure from soil contamination intensified by the 
significant outdoor activity inherent with a farming lifestyle (Figure 3.9-7).  

The biosphere conceptual model is restricted to the parts of the biosphere that directly contribute 
to ways that radionuclides could affect a human receptor. The parts of the biosphere considered 
include the soil, the atmosphere, and flora and fauna. The soil is considered down to the lower
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bounds of the plant root zone. Radionuclides could move into the soil by irrigation (or volcanic 
eruption-see Section 3.10). Radionuclides could be removed from the soil by being transported 
to lower depths or by other processes, such as by plants that are subsequently harvested. The soil 
itself could be removed by erosion. The atmosphere is a repository for dust particles, some of 
which could be contaminated by radionuclides. The dust could be available for contaminating 
plants, animals, and a human receptor. Radionuclides could also affect a human receptor 
through consumption of the plants, animals, or animal products. Also, a human receptor living 
in an environment contaminated by radionuclides could be directly irradiated.  

Pathways-Once the characteristics of the receptor and environment are known, the biosphere 
model tracks the pathways by which radionuclides could travel-from the geosphere through the 
biosphere to the human receptor (e.g., from well water to soil via irrigation, from soil to dust via 
resuspension, from dust to human lungs via inhalation). There are three exposure pathways by 
which the human receptors can receive radiation dose: ingestion, inhalation, and external 
exposure (Figure 3.9-8).  

Primary ingestion subpathways include the consumption of drinking water, the consumption of 
locally produced crops irrigated with contaminated water, and the consumption of meat and dairy 
products from livestock given contaminated water and fodder. Another ingestion subpathway is 
the inadvertent ingestion of contaminated soil (e.g., while eating vegetables). The inhalation 
pathway involves breathing contaminated dust. Important to the inhalation pathway is the 
amount of time a human receptor spends outdoors. The external-exposure pathway results from 
proximity to a radiation source that is external to the body. The only external-exposure pathway 
considered in the biosphere model is exposure to radiation in contaminated soil.  

Water Usage-The receptor is modeled as resident in a hypothetical farming community of 
between 15 to 25 farms supporting about 100 people. The radionuclide concentration in the 
groundwater is estimated by assuming that all the radionuclides transported across the 20 km 
boundary in a year are uniformly distributed in the annual quantity of groundwater used by this 
community-the water usage. This approach eliminates speculation regarding the relative future 
location of the contamination plume and the individual wells in the proposed community.  

The annual water usage by this community is determined from present-day (1997 data) usage, as 
reported by the State of Nevada. These data allow a statistical estimate of the mean and standard 
deviation of water usage by the Amargosa Valley residents who could be considered to reside on 
properties that are used for agricultural activities. Using statistically defined bounds (95-percent 
confidence limits) for the estimated mean groundwater usage allows a stochastic algorithm to be 
defined to predict the range of anticipated groundwater usage by the 15 to 25 farms (CRWMS 
M&O 2000 [151615], Section 3.4).  

The water-usage data for Amargosa Valley illustrate that irrigation is the significant consumer of 
groundwater. Domestic water usage is small in comparison and is ignored in estimating the total 
water usage (domestic water usage is considered, however, in the modeling of exposure 

pathways). This approach only impacts, on average, the quantity of groundwater used by about 
one percent. Figure 3.9-9 shows the water-usage ranges used in the TSPA-SR calculations.
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Buildup of Radionuclides in the Soil-To account for the radionuclide buildup in the soil, 
BDCFs are calculated for each of six periods of cumulative years of irrigation with contaminated 
groundwater (CRWMS M&O 2000 [151615], Table 3-6, Section 3.2.4.1.2). The periods of 
previous irrigation are correlated with the period of time it takes until the equilibrium 
radionuclide concentration in the soil is reached under the continuous irrigation conditions.  
The first of the six BDCFs are always calculated under the assumption of no prior irrigation (i.e., 
no radionuclide contamination in soils). The remaining five irrigation periods were selected so 
that the BDCFs at each period would be approximately equally spaced between their no-prior 
irrigation values and their long-term asymptotic (leveling off) contamination levels.  
The radioactive-decay rate, the leaching rate, and the soil-erosion rate are used in the 
determination of the prior build-up. A major portion of the data related to the modeled soil layer 
was obtained from a U.S. Department of Agriculture Natural Resource Conservation Service 
database (CRWMS M&O 2000 [136281], Section 4.1.1) that provides chemical and physical 
properties for the soils for southern Nye County, including the Amargosa Valley. Figure 3.9-10 
presents the processes considered in the calculation of radionuclide buildup in soil.  

Not every pathway component is influenced by the changing radionuclide concentration in the 
soil. For example, the contributions to BDCFs from ingestion of drinking water and the intake of 
the radionuclide that enters the food chain by deposition on the plant's surfaces during irrigation 
with contaminated water, are unaffected by radionuclide buildup in the soil. Examples of 
pathways that are sensitive to radionuclide buildup in soil include external exposure to radiation 
from contaminated soil, inhalation of resuspended soil particles, and radionuclide uptake by 
edible plants through their roots.  

3.9.2.2 Computer Implementation 

The computer program chosen to implement the biosphere conceptual model is GENII-S, a 
program for statistical and deterministic simulations of radiation doses to humans from 
radionuclides in the environment (Leigh et al. 1993 [100464]). GENII-S has been accepted by 
regulatory agencies, including the NRC and the EPA, for the purpose of environmental dose 
assessment (CRWMS M&O 2000 [151615], Section 3.2.1.3 ). GENII-S is flexible enough to 
address the FEPs applicable to Yucca Mountain. Using a comprehensive set of environmental 
pathway models, the GENII-S program calculates the environmental transport of radionuclides 
for both of the scenarios considered in TSPA-SR: the use of contaminated groundwater or the 
use of contaminated soil, resulting from the deposition of volcanic ash containing radionuclides 
(Section 3.10). Based on the defined source term and exposure scenario, human uptake and 
exposure to key radionuclides are assessed, and radionuclide media concentration and intake 
rates are subsequently converted to radiation doses. The output from GENII-S is the set of 
BDCFs used by the biosphere component of TSPA-SR.  

GENII-S has also been subjected to the DOE's software qualification process (CRWMS 
M&O 1998 [107723]). The qualification process makes use of test cases supplied by the 
software developer to verify that the software, as installed on project computers, produces 
outputs that are consistent with values expected for a prescribed set of inputs. Additionally, a 
special test case, tailored to exercise all the GENII-S pathways and features relevant to Yucca 
Mountain analyses, has been executed. The expected results of the analysis were calculated by 
hand, using the equations from the GENII-S mathematical model. Agreement of the GENII-S
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results and hand calculations were found to be within ±5 percent, and the code was subsequently 
designated as qualified software. An analysis has also been conducted to compare the BDCFs 
for the Yucca Mountain scenarios with other BDCF calculations using GENII-S and its 

predecessor, GENII. The results of this analysis showed a high degree of consistency.  

GENII-S and the implemented biosphere model have been validated for use by the YMP.  
(Validation is a process used to establish confidence that a model adequately represents the 

phenomenon, process, or system under consideration.) As part of the validation process, an 

independent technical review concluded that the methods, references, and data sources used were 

sound and that the GENII-S input values were reasonable for the environment conditions of the 

biosphere model (CRWMS M&O 2000 [151615], Section 3.2.3).  

3.9.2.3 Treatment of Uncertainty and Variability 

Because the biosphere system is complex in nature, and much of the general characterization is 

prescribed by regulation, any biosphere model is a simplified version of the reality on which it is 

based. To represent uncertainty in some of the model input parameters, the parameters are 
represented by probability density functions. BDCFs are calculated with GENII-S in a series of 
probabilistic runs using Latin Hypercube sampling of the probability density functions to 
determine the set of parameter values used in each run. Thus, uncertainties in the input 
parameters become propagated in the output BDCF distributions. This technique is known as the 
Monte Carlo method, and it is the same technique used in the TSPA model to handle 
uncertainties. (The Latin Hypercube sampling technique is also used to handle uncertainties in 
the TSPA model.) An individual calculation in the series of runs is called a realization. For the 

biosphere modeling, 130 realizations are calculated for each radionuclide, and the results-the 
BDCFs-are 130 equally probable outcomes that are combined to form a probability 
distribution. Variability is handled in the same manner.  

Not all parameters are defined by probability distributions. Parameters are defined by fixed 
values, if they are well-known or can be shown to be relatively unimportant to the biosphere 
modeling (e.g., feed storage times). Also, because the receptor is prescribed by regulation to be 
the average member of the critical group, the lifestyle and consumption parameters are defined 
as fixed values by taking the average of the probability distributions that were constructed from 
the regional-survey results. (The original probability distributions for these parameters are used 
in the parameter sensitivity study, because fixed values do not contribute to the variance in the 
results [Section 3.9.2.5].) If there is some knowledge of the uncertainty or variability in the 
parameter values, and if there is indication that the parameters are important to the results, the 
parameters are defined by probability distributions. In general, for both fixed and distributed 
parameters, the assessment philosophy is to use generally conservative assumptions to ensure 
that the results are unlikely to underestimate the corresponding values of BDCFs for the 
radionuclide transport and uptake conditions and mechanisms considered.  

The parameters used in the biosphere model can be classified in two ways: as parameters that 
influence, or are related to, the transport through (and accumulation of) radionuclides in the 
biosphere; or as parameters related to characteristics of the human receptor (i.e., consumption 
patterns, lifestyle characteristics, and land use). Some modeling-input parameters were obtained 
through field observations and the regional survey, while others were derived from other
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published sources (see CRWMS M&O 2000 [151615], Section 3.2.4 ). The GENII-S computer 
model uses almost 300 input parameters. Many of these parameters are control parameters, 
many are not applicable to the Yucca Mountain scenarios, and many can only be defined in 
GENII-S by fixed values. For the TSPA-SR biosphere modeling, 28 parameters are defined by 
probability distributions. Table 3.9-1 presents a selection of parameters important to the 
biosphere model and their values.  

Table 3.9-1. Selected Input Parameters Used in Biosphere Modeling 

Parameter Distribution Typea Fixed Value for BDCF Calc.  
Soil-to-Plant Transfer Scale Factor Log normal (0.0275,36.4) 
Animal Uptake Scale Factor Log normal (0.117,8.51) -_ 

Inhalation Exposure (hr/yr) Triangular (3483.38,3918.5,6353.5) 3918.5 
Inhalation Exposure Mass Load (g/m3) Log normal (7.4E-7,6.4E-5) 
Breathing Rate (m3/day) Constant (23.) _ 

Soil Ingestion Rate (mg/day) Constant (50.) _ 

Home Irrigation Rate (in/yr) Uniform (52.,97.) -_ 
Crop Resuspension Factor (/m) Log normal (9.6E-12,7.2E-10) __ 

Crop Interception Fraction (-) Normal (0.044,,0.474) _ 

Drinking Water Consumption (L/yr) Uniform (0.,1500.) 752.8 
Leafy Vegetable Grow Time (days) Triangular (45,64.5,75.) 
Leafy Vegetable Irrigation Rate (in/yr) Triangular (28.17,42.11,80.37) 
Leafy Vegetable Irrigation Time (mo./yr) Triangular (2.0,3.2,4.9) 
Leafy Vegetable Yield (kg/m2) Triangular (0.59,1.82,4.11) 
Leafy Vegetable Consumption Rate (kg/yr) Log uniform (1.2,60.) 15.14 
Root Vegetable Consumption Rate (kg/yr) Log uniform (0.65,30.) 7.81 
Fruit Consumption Rate (kg/yr) Log uniform (0.18,98.) 15.57 
Grain Consumption Rate (kg/yr) Log uniform (8.6E-11,12.) 0.48 
Beef Consumption Rate (kg/yr) Log uniform (7.1 E-7,53.) 2.93 
Fish Consumption Rate (kg/yr) Log uniform (6.6E-8,8.8) 0.47 
Poultry Consumption Rate (kg/yr) Log uniform (2.1 E-5,1 1.) 0.8 
Milk Consumption Rate (L/yr) Log uniform (3.E-9,100.) 4.14 
Egg Consumption Rate (kg/yr) Log uniform (0.23,33.) 6.68 

Source: CRWMS M&O 2000 [136285], Table 1; CRWMS M&O 2000 [151615], Tables 3-4, 3-5, 3-16, Sections 
3.2.4.1.2, 3.2.4.1.3, 3.2.4.1.4, 3.2.4.1.6, 3.2.4.2.1, 3.2.4.2.  

NOTE: aThe distribution types are parameterized as follows: constant (fixed value), uniform (min, max), triangular 
(min, mode, max), log uniform (min, max), normal (0.1 percentile, 99.9 percentile), log normal (0.1 
percentile, 99.9 percentile). The normal and log-normal distributions are not defined by the typical mean 
and standard deviation.  

No alternative conceptual models or major opposing views to the overall biosphere modeling 
process are considered in TSPA-SR. The reason for considering only the reference biosphere 
described here is because it is for the most part prescribed by proposed 10 CFR Part 63 
(64 FR 8640 [101680], Section 115). In addition, the biosphere model for the TSPA-SR is 
consistent with modeling activities being pursued by the international scientific community 
(BIOMOVS 1 1994 [100361]; BIOMOVS H 1996 [100363]; National Research Council 1995 
[100018]).
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3.9.2.4 Integration of the Biosphere into Total System Performance Assessment 

The biosphere is incorporated into the TSPA calculations by the following methodology.  

The first step of the process involves the calculation of the BDCF distributions, which represent 

radionuclide-dependent, receptor-dependent doses per unit activity concentration in groundwater 

(or volcanic ash; see Section 3.10) introduced into the biosphere. The second step of the process 

involves the determination of the water-usage volume by the hypothetical farming community 

that contains the critical group and the receptor. The BDCF distributions and the water-usage

volume distribution are input parameters to the TSPA model; at each TSPA realization the 

BDCF and water-usage-volume values are sampled from the distributions. The third step is 

within the TSPA model and involves the calculation of the amount of each radionuclide reaching 
the geosphere/biosphere interface in a given year. The fourth step involves converting the 
amount of each radionuclide into a concentration, by dissolving the entire amount into the 
water-usage volume. The fifth step is the calculation of the annual dose incurred by the receptor.  

Details of the steps that occur within the TSPA model are as follows. Radionuclide amounts in 
groundwater are specified in terms of mass flux (specified in units of grams per year [g/yr]) 
which, when multiplied by the activity for the particular radionuclide (in units of curies per gram 
[Ci/g]), is converted to an activity flux. When divided by the water-usage volume of the 
hypothetical farming community (specified in units of liters per year [L/yr]), the activity flux is 
converted to an activity concentration, specified in units of picocuries per liter (pCi/L).  
The BDCFs, expressed as annual dose per unit activity concentration in groundwater, are 
calculated in units of rem/yr per pCi/L. Thus, the radionuclide concentration of a specific 
radioactive isotope in the water-usage volume is multiplied by the appropriate BDCF to 
determine the annual radiation dose (in units of rem/yr).  

(The annual dose is actually the TEDE received in a single year by the average member of the 
critical group only as a result of radioactive materials released from the potential geological 
repository. The TEDE is the sum of the deep-dose equivalent, for external exposures, and the 
committed effective dose equivalent, for internal exposures. The deep-dose equivalent is the 
dose equivalent at a tissue depth of 1 cm. The committed effective dose equivalent is the sum of 
the products of the weighting factors applicable to each of the body organs or tissues that are 
irradiated and the committed dose equivalent-the product of the absorbed dose in tissue, the 
quality factor, and all other necessary modifying factors at organs or tissues of reference, that 
will be received from an intake of radioactive material by an individual during the 50-year period 

following the intake-to these organs or tissues. This quantity is called the annual dose here for 
brevity.) 

Annual doses are calculated in the TSPA calculation for all radionuclides under consideration.  
The BDCFs for all the radionuclides are completely correlated in the TSPA model; i.e., if a large 
BDCF is sampled for one radionuclide, then large BDCFs are sampled for all radionuclides. The 
sum of the annual doses for all radionuclides is the total annual dose from radionuclide intake 

and external exposure to radionuclides in the environment for that year. The total annual dose at 
a given year, averaged for that year over all TSPA realizations, is the mean annual dose for that 
year. The end product of TSPA-SR is the mean annual doses calculated over time periods of 
interest to give a mean-annual-dose time history (Section 4).
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3.9.2.5 Biosphere Model Results and Their Interpretation

The principal results of the biosphere modeling are BDCFs, which represent doses received 
annually by the receptor (allowing for the additional accrued dose as a result of the time each 
radionuclide spends within the receptor) for each unit of radionuclide concentration in 
groundwater (or volcanic ash; Section 3.10) introduced into the biosphere. For each 
radionuclide, GENII-S was used to perform 130 realizations of the biosphere model to generate a 
set of BDCFs. These results were fitted with a log-normal or shifted log-normal distribution, and 
a statistical test was used to verify the goodness of fit. In the TSPA calculations, the BDCF 
values were sampled from these log-normal or shifted log-normal distributions for each 
radionuclide for each TSPA realization.  

The stochastic biosphere modeling shows that for a given radionuclide, the BDCF varies only in 
a tight range about the mean value, primarily because the consumption parameters are treated as 
fixed values to model an average member of the critical group. Figure 3.9-11 presents the 
histogram and log-normal distribution fitted to the 130 BDCFs calculated by GENII-S for 237Np.  
BDCF distributions have been developed for 18 radionuclides. The radionuclide were selected 
through an analysis designed to determine which radionuclides should be included in the 
TSPA-SR, based on their potential contribution to dose (Section 3.5.1; 16 radionuclides for the 
nominal scenario plus two radionuclides- 9 °Sr and 137Cs-for the Human Intrusion analysis).  
Table 3.9-2 shows the BDCFs for the 18 radionuclides and the distribution parameters used in 
the TSPA model.  

Table 3.9-2. Biosphere Dose Conversion Factors and Soil Buildup Factors for Radionuclides 
Introduced into the Biosphere through Irrigation with Contaminated Groundwater 

d iBDCF (mremlyr per pCi/L) Soil Buildup 
Radionuclide Geometric Factor 

Geometric Mean Standard Deviation Offset 
14c 0.5536E-03 1.5177 3.4675E-03 1.00 

°Sr 1.121E-01 2.736 1.525E-01 1.93 
"Tc 1.4948E-03 1.8423 2.1631E-03 1.01 

1291 3.562E-01 1.187 - 1.00 
137Cs 1.841E-01 1.163 - 2.21 
227Ac 1.801E+01 1.162 - 1.01 

2'Th 5.392E+00 1.167 - 2.85 
232U 2.064E+00 1.150 - 1.13 
233U 3.848E-01 1.161 - 1.03 

23U 3.769E-01 1.162 - 1.03 
236u 3.564E-01 1.164 - 1.03 

238 U 3.512E-01 1.159 - 1.04 
237Np 6.738E+00 1.163 - 1.01 
23 8pu 4.109E+00 1.161 - 1.01
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Table 3.9-2. Biosphere Dose Conversion Factors and Soil Buildup Factors for Radionuclides 
Introduced into the Biosphere through Irrigation with Contaminated Groundwater 
(Continued) 

BDCF (mremlyr per pCilL) Soil Buildup 
Radionuclide Geometric Factor 

Geometric Mean Standard Deviation Offset 
2 39 PU 4.976E+00 1.151 - 1.10 
2 40PU 4.953E+00 1.151 - 1.10 
241 Am 5.012E+00 1.156 - 1.08 
21Am 5.030E+00 1.163 - 1.62" 

Source: CRWMS M&O 2000 [151615], Tables 3-19 to 3-20 

NOTE: BDCF = biosphere conversion factor 

Table 3.9-2 also presents soil buildup factors calculated for each radionuclide. Most of the 
BDCFs presented in Table 3.9-2 increased with the duration of previous irrigation (the readily 
leached, nonsorbing radionuclides, e.g., 14C and 1291, showed little or no increase) (CRWMS 
M&O 2000 [151615], Table 3-17, Section 3.3.1.1.1), reflecting radionuclide buildup in the soil.  
For most radionuclides, however, the increase in dose because of soil buildup is less than 15 
percent. For these radionuclides, the conservative BDCF distributions appropriate to the longest 
periods of irrigation are used in TSPA-SR. Five radionuclides, 9°Sr, 137Cs, 229Th, 232U and 
243Am, display greater than 15 percent increase in dose because of soil buildup. For 90Sr, 137Cs, 

and 232U, the time to approach the maximum buildup is within a few hundred years; for 229Th and 
243Am, the time to approach the buildup limit is a few thousand years. Soil loss thus has a 
greater effect on dose for 229Th and 243Am than for 9°Sr, 137Cs, and 232U. The estimated annual 
rate of soil loss for the major soil series present in the 5-km area surrounding the proposed 
location of the critical group (junction of U.S. 95 and Nevada State Route 373) is generally 
between 0.06 and 0.08 cm/yr (CRWMS M&O 2000 [136281], Table 4, p. 16), implying that a 
15-cm soil layer would be eroded in less than 250 yr. Once soil loss is considered, the maximum 
buildup factor for 229 Th and 243AM is relatively small-less than 20 percent. For TSPA-SR, the 
conservative approach of using the asymptotic (i.e., long-time irrigation buildup period) BDCF 
mean is used.  

Sensitivity and Uncertainty Analyses-Sensitivity analyses have been conducted to determine 
the factors that influence the BDCFs for the contaminated-groundwater-use scenario (CRWMS 
M&O 2000 [151615], Section 3.3.1.2 ). Two aspects of the biosphere modeling have been 
investigated: the pathways that contribute most of the BDCF, and the uncertain or variable 
parameters that contribute most of the variance in the BDCF distributions.  

Analysis of the contaminated-groundwater-use results of the biosphere modeling shows that 
ingestion exposure accounts for essentially all of the magnitude of the BDCFs. For most 
radionuclides, the most important pathway within ingestion exposure is the drinking-water
ingestion pathway, followed by the leafy-vegetables pathway. For most radionuclides, all other 
pathways generally affect the BDCFs at a relatively insignificant level. For the 14C BDCF, 
consumption of fish raised in ponds filled from groundwater sources is the greatest contributor 
(more than 90 percent). Fish consumption is also the leading contributor to the BDCF for 137Cs, 
followed by drinking water, leafy vegetables, and meat.

TDR-WIS-PA-000001 REV 00 ICN 01 December 20003-186



To determine the parameters to which the dose distributions are most sensitive, rank regression is 
employed to assess the relationship between the model input and the output. The standard 
regression coefficient is the metric used to judge the contribution of the variance in the parameter 
to the variance in the dose (i.e., how much the spread in the distribution of the parameter causes 
spread in the distribution of the dose). Although many of the receptor parameters used to 
calculate the BDCF distributions are set to fixed values because of the need to model an average 
member of the critical group, for the sensitivity study, the distributions of these parameters are 
used. These parameters include the consumption rates for drinking water and foodstuffs. Forty 
independent variables (defined by probability distributions) are evaluated in the sensitivity study 
for 18 different radionuclides. (Twenty-eight stochastic variables are used to calculate the 
BDCFs.) 

The results of the regression analysis show that the leafy-vegetable consumption rate 
(a stochastic parameter in the sensitivity studies, but a fixed parameter in the BDCF calculations) 
is the most significant contributor to variance in the dose for all radionuclides, except 14C, 99Tc, 
and l3 7Cs. For 99Tc, the leafy-vegetable consumption rate is the second-most contributor. The 
drinking-water consumption rate is the second leading contributor to variance for all of the 
radionuclides, except 14C, 99Tc, and I37 Cs. Crop-interception fraction (the fraction of 
contamination from irrigation that is intercepted by and adheres to the plant surface) is the 
third-leading contributor to variance, except, again, for 14C, 99Tc, and 137Cs. For 14C and 1'7Cs, 
variance in fish consumption rate accounts for most of the variance in dose. For 99Tc, most of 
the variance in dose comes from the milk consumption rate. Of the parameters that are actually 
treated stochastically in the calculation of the BDCFs, the ones that are important to variance are 
the crop-interception fraction and the soil-plant transfer scaling factor (a factor adjusting the 
amount of radionuclides taken up by plants).  

3.10 VOLCANISM 

As described in Section 2.1, igneous activity has been identified as a disruptive event that has a 
potential to affect long-term performance of the potential repository. Yucca Mountain is in a 
region that has had repeated volcanic activity in the geologic past, and the site-specific analysis 
summarized in the following sections indicates that, although the probability of recurrence at 
Yucca Mountain is small during the next 10,000 years, it is greater than the one chance in 
10,000 in 10,000 years probability criterion defined by the NRC in proposed 10 CFR 63.114(d) 
(64 FR 8640 [101680]). Volcanic activity therefore cannot be excluded from the TSPA-SR on 
the basis of low probability. The following sections describe the likelihood and characteristics of 
igneous activity at Yucca Mountain and the scenarios selected for quantitative analysis in the 
TSPA.  

If igneous activity occurs at Yucca Mountain, possible effects on the potential repository can be 
grouped into three broad areas depending on the nature of the igneous event.  

* Does igneous activity occur at Yucca Mountain without directly intersecting the 
potential repository? Igneous events that do not intersect the potential repository are 
examined in the context of FEPs related to the indirect effects of intrusion. As discussed 
in Section 3.10.2.1, the FEPs associated with igneous intrusions that do not intersect the
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potential repository have been shown to have insignificant consequences on expected 
annual dose, and are not included in the TSPA model.  

" Does a volcanic eruption occur at the potential repository? Volcanic eruptions within 
the potential repository could entrain waste within rising magma and pyroclastic 
material, bringing waste to the surface. As discussed in Section 3.10.2.2, a volcanic 
eruption scenario is included explicitly in the TSPA, with simulation of atmospheric 
transport of volcanic ash contaminated with radioactive waste and subsequent human 
exposure downwind.  

"* Does an igneous intrusion intersect the potential repository? Essentially all 
circumstances under which an eruption might occur at the potential repository would 
also include the intrusion of magma or pyroclastic material into the potential repository.  
An intrusive dike could intersect the potential repository without resulting in an eruption 
directly at the potential repository location, however. Regardless of whether or not an 
eruption occurs, an intrusion could damage waste packages and expose waste to 
groundwater. As discussed in Section 3.10.2.3, an igneous intrusion groundwater 
transport scenario is explicitly included in the TSPA, with simulation of radionuclide 
transport away from damaged packages and subsequent human exposure from 
contaminated groundwater.  

The volcanic eruption and igneous intrusion groundwater transport scenarios together form the 
Igneous Activity Scenario Class (see Section 2.1 for a discussion of scenario classes), shown 
schematically in Figure 3.10-1. Because volcanic disruption of the potential repository has the 
potential to cause major changes in the behavior of the disposal system, the TSPA wheel used in 
previous sections of this chapter to describe the linkage between the main model components 
needs extensive modification for igneous activity.  

Figure 3.10-2 shows the model components for the volcanic eruption scenario. Each of these 
components is described in more detail in Section 3.10.2.2. The scenario begins with an eruptive 
event, which is characterized in the TSPA by both its probability and its physical properties such 
as energy and volume of the eruption, composition of the magma, and properties of the 
pyroclastic ash. Interactions of the eruption with the potential repository are described in terms 
of the damage to the EBS and the waste package. Characteristics of the waste form in the 
eruptive environment are described in terms of waste particle size. Atmospheric transport of 
waste in the volcanic ash plume begins with entrainment of waste particles in the pyroclastic 
eruption and is affected by wind speed and direction. BDCFs are developed specifically for 
exposure pathways relevant to atmospheric deposition of contaminated ash, rather than for the 
groundwater pathways considered for nominal performance, as described in Section 3.9. As a 
final step, the volcanic eruption BDCFs are used to determine radiation doses resulting from 
exposure to contaminated volcanic ash 20 km from the potential repository.  

Figure 3.10-3 shows the model components for the igneous intrusion groundwater transport 
scenario. As described in more detail in Section 3.10.2.3, many model components in this 
scenario are essentially unchanged from the nominal scenario. The scenario begins with an 
intrusive event, which is characterized in the TSPA by its probability and physical properties.  
Although the intrusion damages waste packages and other components of the EBS, FEPs
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analyses have concluded that it does not significantly alter the long-term flow of water through 
the mountain (CRWMS M&O 2000 [146681], Section 6.2.16), and the scenario, therefore, uses 
nominal scenario models to describe groundwater flow and radionuclide transport through the 
mountain. Treatment of the biosphere is unchanged from the nominal scenario, and the BDCFs 
are those developed for exposure pathways related to contaminated groundwater.  

The remainder of Section 3.10 is organized into three main topics. Section 3.10.1 describes the 
construction of the TSPA-SR conceptual model for igneous activity in the Yucca Mountain 
region, summarizing the history of volcanic activity in the region and the likelihood and nature 
of possible future activity. Section 3.10.2 describes the implementation of the model in the 
TSPA. Specifically, Section 3.10.2 identifies the important FEPs that are potentially relevant to 
igneous activity at Yucca Mountain and describes the conceptual and computational models for 
volcanic eruption and igneous intrusion groundwater transport implemented in performance 
assessment. Section 3.10.3 provides interpretation of selected results from the TSPA-SR models 
for igneous disruption.  

3.10.1 The Conceptual Model for Igneous Activity at Yucca Mountain 

The conceptual model for igneous activity at Yucca Mountain provides the basis for the 
characterizations of uncertainty in the probability of igneous disruption and its consequences that 
are required by the TSPA-SR. There are three main components of the conceptual model: a 
review of the history of past igneous activity in the Yucca Mountain region; development of an 
estimate of the likelihood of future igneous activity at the potential repository site; and an 
analysis of the possible characteristics of a future eruption at the site. Each of these components 
is based on observations of the past geologic record and, for the characteristics of an eruption, 
observations of modem analogs. Basing the conceptual model for possible future igneous 
activity on the past record and modem analogs is consistent with the proposed regulatory 
requirement to assume that the "[e]volution of the geologic setting shall be consistent with 
present knowledge of natural processes" (proposed 10 CRF 63.115(a)(4), [64 FR 8640 [101680], 
p.8677]).  

Discussions below of the volcanic history of the Yucca Mountain region and the probability of 
future igneous activity are taken from Characterize Framework for Igneous Activity at Yucca 
Mountain, Nevada (TOO15) (CRWMS M&O 2000 [141044]). The discussion of the 
characteristics of an eruption is based on Characterize Eruptive Processes at Yucca Mountain, 
Nevada (CRWMS M&O 2000 [142657]) and Dike Propagation Near Drifts (CRWMS M&O 
2000 [142635]). Additional detail on each topic is available in these AMRs, which were 
developed as part of a set of analyses supporting the Disruptive Events Process Model Report 
(CRWMS M&O 2000 [141733]).  

3.10.1.1 Volcanic History of the Yucca Mountain Region 

Two major types of volcanism have occurred in the Yucca Mountain region: an early phase of 
Miocene (approximately 24 to 5 million years ago) silicic volcanism that is not expected to 
recur; and, a more recent phase of Miocene and post-Miocene basaltic volcanism that is the basis 
for the TSPA-SR analysis of igneous disruption).
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Silicic volcanism in the region occurred between 15 and 7.5 million years ago, forming the major 
calderas and ash-flow tuffs of the southwestern Nevada volcanic field (Sawyer et al. 1994 
[100075]). Silicic volcanism was approximately coincident with a major period of extensional 
tectonics that occurred primarily between 13 and 9 million years ago (Sawyer et al. 1994 
[100075], Figure 4). In terms of eruption volume, magmatic activity of all types p eaked in the 
region between 13 and 11 million years ago, with the eruption of over 5,000 km• of ash-flow 
tuffs, and has been in decline since. Yucca Mountain itself is an uplifted, erosional remnant of a 
tuff deposit formed during this early phase of volcanic activity.  

Basaltic volcanism began, as extension rates waned, about 11 million years ago (CRWMS 
M&O 1998 [100129], Figure 3.9-2 ), during the latter part of the caldera-forming phase, and 
small-volume basaltic volcanism has continued into the Quaternary (the last 1.6 million years).  
Approximately 99.9 percent of the volume of the southwestern Nevada volcanic field had 
erupted by about 7.5 million years ago, when the Stonewall Mountain volcanic center was active 
as the last silicic caldera system of the field. The last 0.1 percent of eruptive volume of the 
southwestern Nevada volcanic field consists entirely of basalt erupted since 7.5 million years ago 
(CRWMS M&O 1998 [100129], Figure 3.9-5). Based on total eruption volume, the 
southwestern Nevada volcanic field has virtually ceased eruptive activity since about 7.5 million 
years ago. Although basaltic volcanic activity has continued in the Quaternary, the Yucca 
Mountain region is reasonably characterized as one of the least active basaltic volcanic fields in 
the western United States (e.g., CRWMS M&O 1998 [106491], Figure 4-2), for post-Miocene 
basalts of Crater Flat.  

Post-caldera basalts in the Yucca Mountain region can be divided into two episodes: Miocene 
(eruptions between approximately 9 and 7.3 million years ago) and post-Miocene (eruptions 
between approximately 4.8 and 0.08 million years ago). The time interval of about 2.5 million 
years between these episodes is the longest eruptive hiatus of basalt in the Yucca Mountain 
region during the last 9 million years (CRWMS M&O 1998 [135988], Table 3.1). This eruptive 
hiatus also marks a distinct shift in the locus of post-caldera basaltic volcanism in the Yucca 
Mountain region to the southwest (CRWMS M&O 1998 [100129], Figure 3.9-6). The Miocene 
basalts and post-Miocene basalts are, thus, both temporally and spatially distinct. This 
observation emphasizes the importance of considering the age and location of the post-Miocene 
basalts (approximately the past 5 million years of the volcanic history of the Yucca Mountain 
region) when calculating the volcanic hazard to the potential Yucca Mountain repository.  

The post-Miocene basalts formed during at least six episodes of volcanism (based on age 
groupings) that occurred within 50km of the potential repository (Figure 3.10-4). These six 
episodes, in order of decreasing age, consist of: (1) Thirsty Mesa, (2) Pliocene Crater Flat and 
Amargosa Valley, (3) Buckboard Mesa, (4) Quaternary Crater Flat, (5) Hidden Cone and Little 
Black Peak (the Sleeping Butte centers), and (6) Lathrop Wells. Three basalt episodes are in or 
near the Crater Flat topographic basin, within 20 km of Yucca Mountain. The total eruption 
volume of the post-Miocene basalts is about 6 km3. The volume of individual episodes has 
decreased progressively through time, with the three Pliocene (approximately 5 to 1.6 million 
years ago) episodes having volumes of approximately 1 to 3 km each and the three Quaternary 
episodes having a total volume of less than 0.5 km3 (CRWMS M&O 1998 [100129], 
Figure 3.9-2; Table 3 ). All of the Quaternary volcanoes are similar in that they are of small 
volume (approximately 0.1 km3 or less, Table 3.10-1), and typically consist of a single main
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scoria cone surrounded by a small field of aa basalt flows, which commonly extend 
approximately 1 km from the scoria cone.  

Table 3.10-1. Estimated Volume and 4Ar/39Ar Age1 of Quaternary Volcanoes in the Yucca Mountain 
Region 

Volcano Volume (km3)2  Volume (km 3)3  Age (m.y.)6 
Makani Cone 0.006 1.16-1.17 
Black Cone 0.105 0.07 0.94-1.10 
Red Cone 0.105 0.92-1.08 
Little Cones 0.002 >0.014 0.77-1.02 
Hidden Cone 0.03 0.32-0.56 
Little Black Peak 0.03 0.36-0.39 
Lathrop Wells Cone 0.14 0.074-0.084 

Source: CRWMS M&O 2000 [141044] 

NOTES: 14°Ar/39Ar dates provide the most complete and self-consistent chronology data set for Quaternary 
volcanoes of the Yucca Mountain region. A full discussion of other chronology methods used to 
date basaltic rocks in the Yucca Mountain region can be found in Synthesis of Volcanism Studies 
forthe Yucca Mountain Site Characterization Project (CRWMS M&O 1998 [105347]). Other 
chronology methods may not provide consistent or accurate estimates of the time of eruption.  
2CRWMS M&O 1998 [135988], Table 3.1; DTN: LA0004FP831811.002 [149593] 
3 Stamatakos et al. 1997 [138819], p. 327 
4Accounts for volume of buried flows detected by ground magnetic surveys 
5 Range of ages from Synthesis of Volcanism Studies for the Yucca Mountain Site Characterization 
Project (CRWMS M&O 1998 [105347], Table 2.B ) and Heizler et al. (1999 [107255], Table 3) 
(DTN: LAFP831811AQ97.001 [144279D).  

The seven (or eight, if Little Cones is counted as two) volcanoes associated with the three 
Quaternary volcanic episodes occur to the south, west, and northwest of Yucca Mountain in a 
roughly linear zone defined as the Crater Flat Volcanic Zone (Crowe and Perry 1990 [100973], 
p. 328). Five of seven Quaternary volcanoes are in or near Crater Flat and lie within 20 km of 
the Yucca Mountain Site (Figure 3.10-4). Models that relate volcanism and structural features in 
the Yucca Mountain region have emphasized the Crater Flat basin because of the frequency of 
volcanic activity associated with Crater Flat and its proximity to the potential Yucca Mountain 
repository (e.g., Smith et al. 1990 [101019], p. 84; Connor and Hill 1995 [102646], p. 10,122).  

3.10.1.2 Estimating the Probability of Future Igneous Activity in the Yucca Mountain 
Region 

The probability of future igneous activity in .the Yucca Mountain region that is used in the 
TSPA-SR is based on the Probabilistic Volcanic Hazard Analysis conducted by the DOE in 
1995 and 1996 (CRWMS M&O 1996 [100116]). Ten experts in the field of volcanology 
evaluated available data on past volcanic activity in the region and provided expert judgement on 
the probability of future igneous activity. Their judgments (elicitations) were then combined to 
produce an integrated assessment of the volcanic hazard that reflects a range of alternative 
scientific interpretations. Details of the identification of the experts, presentation of available 
data to them, and the elicitation process are available in the summary report of the probabilistic 
volcanic hazard analysis (CRWMS M&O 1996 [100116]).
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The probabilistic volcanic hazard analysis focused on the volcanic hazard at the site expressed as 
the probability of intersection of the potential repository by an intrusive basaltic dike, rather than 

on the probability of a volcanic eruption. Each of the 10 experts independently arrived at a 

probability distribution for the annual frequency of intersection of the repository footprint by a 

dike that typically spanned roughly 2 orders of magnitude (CRWMS M&O 1996 [100116], 
Figure 4-31). From these individual probability distributions, an aggregate probability 
distribution for the annual frequency of intersection of the potential repository footprint by a dike 
was computed that reflected the uncertainty across the entire expert panel (CRWMS M&O 1996 
[100116], Figure4-32). The individual expert's distributions were combined using equal 
weights to obtain the aggregate probability distribution. The mean value of the aggregate 
probability distribution defined by the probabilistic volcanic hazard analysis was 1.5 x 10-8 dike 

intersections per year, with a 90 percent confidence interval of 5.4 x 10-10 to 4.9 x 10-8 

(CRWMS M&O 1996 [100116], p. 4-10). These probabilities have been recalculated for the 
TSPA-SR to account for the current repository footprint and probabilistic volcanic hazard 
analysis results have been further interpreted to yield the probability of a volcanic eruption 
within the potential repository footprint, conditional on the occurrence of an intrusive dike 
(CRWMS M&O 2000 [141044]). Probability values for the current potential repository footprint 
are summarized in Table 3.10-2. Probabilities used in the TSPA-SR are sampled from the 
distribution calculated for the full potential repository footprint, including both the primary and 
contingency disposal blocks.  

Table 3.10-2. Summary Frequencies of Disruptive Events 

Annual Frequency Weighted Annual Frequency of 
of Intersection of Conditional Occurrence of One or 

Repository Repository by Probability of No More Eruptive Centers 
Footprint (EDA II) Hazard Level a Dike Eruptive Centers within Repository 

Primary Block 5th percentile 6.6 x 10.10 0.58 2.8 x 10"1° 

Mean 1.4 x 10. 0.53 6.7 x 10"9 

95th percentile 4.7 x 10. 0.53 2.2 x 10" 

Primary + 
Contingency Blocks 5th percentile 7.6 x 10.10 0.56 3.3 x 10"10 

Mean 1.6 x 10'8 0.50 7.7 x 10i9 

95th percentile 5.0 x 108 1 0.51 2.5 x 10-8 

Source: Output data. DTN: LA0004FP831811.004 [151391]; CRWMS M&O 2000 [141044], Table 13 

3.10.1.3 Characteristics of a Hypothetical Future Igneous Event at Yucca Mountain 

Models of the consequences of an igneous intrusion into, or a volcanic eruption through, the 
potential Yucca Mountain repository require specific information about the nature of the igneous 
event and the response of the potential repository. Direct observations of volcanic processes in 
the subsurface are extremely rare and there are no precedents for modeling the intrusion of 
Yucca Mountain-type basaltic magmas into a mined repository. Information used in the 
TSPA-SR model to characterize the intrusive and eruptive processes comes from three sources: 
examination of the geologic record of past intrusive and eruptive events in the Yucca Mountain 
region; observations of eruptive processes during analogous modem volcanic events elsewhere 
in the world; and consideration of the range of physical processes that might occur during the 
interaction between the potential repository and an igneous dike or conduit. The first two
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sources of information are described in Characterize Eruptive Processes at Yucca Mountain, 
Nevada (CRWMS M&O 2000 [142657]), and, to a lesser extent, Characterize Framework for 
Igneous Activity at Yucca Mountain (TOO15) (CRWMS M&O 2000 [141044]). Analyses of the 
interactions between a dike and a drift are described in Dike Propagation Near Drifts (CRWMS 
M&O 2000 [146681]). Additional information regarding the response of the waste package and 
waste form to the igneous environment is provided in Miscellaneous Waste-Form FEPs 
(CRWMS M&O 2000 [146498]) and the calculation Waste Package Behavior in Magma 
(CRWMS M&O 1999 [121300]).  

Specific information developed to support the TSPA-SR conceptual models for igneous 
disruption of the potential repository includes the following: 

"* The geometry of an intrusion: dike width, length in the potential repository, azimuth, 
and the number of dikes that could occur as part of a single intrusive event.  

" The geometry of an eruption: conduit diameter at the potential repository depth, and the 
number of conduits (also called eruptive centers and vents) that intersect drifts and that 
could be associated with a single intrusive event.  

"* Physical and chemical properties of the magma: temperature, density, volatile content.  

"* Intrusive properties: magmatic ascent velocity, fragmentation depth.  

"* Eruptive properties: pyroclastic ascent velocity, eruption power, eruption duration, 
eruption volume (mass discharge rate), ash particle size and shape, ash density.  

" Dike and potential repository interactions: environmental conditions in the drift, 
response of the waste package, extent of the magmatic damage in the drifts (including 
the number of waste packages damaged by both intrusion and eruption), behavior of the 
waste form in the eruptive environment.  

"* Atmospheric properties: wind speed and direction, ash dispersion, air density and 
viscosity.  

Uncertainty regarding the estimates is typically included in the TSPA-SR through the 
specification of distributions of reasonably possible values. Quantitative values for selected 
parameter distributions used in the TSPA-SR are given in Section 3.10.2, and are not repeated 
here.  

3.10.2 Implementation of the Performance Assessment Model 

The TSPA-SR model for igneous disruption of the potential repository has been constructed 
following evaluation of a comprehensive list of relevant FEPs that have a potential to affect 
long-term performance. As described in Section 2.1, these FEPs have been screened against 
regulatory criteria of consequence and probability. Those FEPs that have been found to either 
have no significant impact on expected annual dose or to occur with a probability below one 
chance in 10,000 in 10,000 years have been excluded from the quantitative TSPA on the basis of
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low consequence or low probability. The remaining FEPs relevant to igneous activity have been 
included in the TSPA-SR through two separate models for igneous disruption: a model for 
volcanic eruptions that intersect drifts and bring waste to the surface; and a model for igneous 
intrusions that damage waste packages and expose radionuclides to groundwater transport 
processes.  

Section 3.10.2.1 summarizes the evaluation of the FEPs relevant to igneous activity, based on 
work documented in Disruptive Events FEPs (CRWMS M&O 2000 [146681]). Section 3.10.2.2 
describes the TSPA-SR model for volcanic eruption, based on work documented in Igneous 
Consequence Modeling for the TSPA-SR (CRWMS M&O 2000 [139563]) and other supporting 
analyses. Section 3.10.2.3 describes the TSPA-SR model for possible radionuclide releases 
resulting from igneous intrusions. As contrasted to a volcanic eruption, in which radioactive 
waste could be transported directly to the location of the critical group in an ash plume, releases 
from an intrusion could occur as groundwater transports radionuclides from damaged waste 
packages. The TSPA-SR model for radionuclide releases occurring by groundwater transport 
following igneous intrusion is documented in Igneous Consequence Modeling for the TSPA-SR 
(CRWMS M&O 2000 [139563]).  

3.10.2.1 Features, Events, and Processes Potentially Relevant to Igneous Activity 

The eight Primary FEPs related to igneous activity are listed in Table 3.10-3, together with a 
statement of their screening status (included in or excluded from the TSPA-SR system-level 
analysis). For FEPs that are excluded from the TSPA-SR, the table contains a summary 
statement of the screening criterion used (low probability or low consequence), as described in 
Section 2.1. Full discussions of the technical bases for the screening decisions and discussions 
of the more detailed secondary FEPs associated with these FEPs are contained in Disruptive 
Events FEPs (CRWMS M&O 2000 [146681]).  

Table 3.10-3. Summary of Primary Igneous FEPs Screening Decisions 

YMP FEP 
Database Number FEP Name Screening Decision Screening Basis 

1.2.03.03.00 Seismicity associated with igneous activity Exclude for indirect Low Consequence 
effects / Include for 
drip shield and fuel-rod 
cladding damage 

1.2.04.01.00 Igneous activity (Note: Also effects on Include: for direct Low Consequence 
faults, topography, rock stresses, effects / Exclude: for of Indirect Effects 
groundwater temperatures & drift integrity) indirect effects 

1.2.04.02.00 Igneous activity causes changes to rock Exclude Low Consequence 
properties 

1.2.04.03.00 Igneous intrusion into repository Include 

1.2.04.04.00 Magma interacts with waste Include
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Table 3.10-3. Summary of Primary Igneous FEPs Screening Decisions (Continued)

YMP FEP 

Database Number FEP Name Screening Decision Screening Basis 

1.2.04.05.00 Magmatic transport of waste Exclude for transport in Low Consequence 
liquid magma and 
other types of transport 
I Include for transport 
through eruptive 
events 

1.2.04.06.00 Basaltic cinder cone erupts through the Include 
repository (Note: Also entraining waste) 

1.2.04.07.00 Ashfall Include 

1.2.06.00.00 Hydrothermal Activity Exclude Low Probability 

1.2.10.02.00 Hydrologic response to igneous activity Exclude Low Consequence 
(Note: Includes groundwater flow 
directions; water level, chemistry, 
temperature; change in rock properties) 

Source: CRWMS M&O 2000 [146681] 

As discussed in the following section, FEPs that are listed as "include" have been included in the 
TSPA models through a variety of approaches. In some cases, such as the FEP "Magma 
Interacts with Waste," many of the possible types of interactions have been included, through 
conservative assumptions, about the behavior of the waste packages and waste form in the 
magmatic environment. For example, although the TSPA-SR does not explicitly model 
degradation of the waste package in an eruptive conduit, this aspect of the FEP has been included 
through the bounding assumption that any waste package intersected by an eruptive conduit is 
sufficiently damaged that it provides no further protection for the waste and that all waste 
contained within it is available to be entrained in the eruption. Other FEPs, such as "Ashfall," 
are modeled in a more realistic and explicit manner, as described in Section 3.10.2.2.  

The FEPs listed as "exclude" in Table 3.10-3 have been evaluated and shown to have no 
significant effect on overall performance. Screening arguments are summarized from Disruptive 
Events FEPs (CRWMS M&O 2000 [146681]) and, for hydrothermal activity, from Features, 
Events, and Processes in UZ Flow and Transport (CRWMS M&O 2000 [142945]) in the 
following paragraphs.  

Seismicity Associated with Igneous Activity-Seismicity related to igneous processes, such as 
basaltic volcanoes and dike injection, has been treated in the TSPA-SR in the same manner as 
seismicity from all sources. For example, indirect effects of seismicity on groundwater flow are 
excluded from the TSPA on the basis of low consequence (CRWMS M&O 2000 [142945]).  
Other effects of seismicity, such as damage to cladding due to ground motion during seismic 
events, are included in the TSPA (see Section 3.x.x, Waste Form). Screening of all seismic FEPs 
is based on work done as part of the expert elicitation Probabilistic Seismic Hazard Analyses for 
Fault Displacement and Vibratory Ground Motion at Yucca Mountain, Nevada (USGS 1998 
[100354]). Because the probabilistic seismic hazard analyses considered seismicity related to 
igneous activity in the development of the probability models for fault displacement and ground 
motion, screening decisions based on the probabilistic seismic hazard analyses apply to 
seismicity associated with igneous activity as well as other causes.
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Igneous Activity-Direct effects of igneous activity, including intrusion, cinder cone formation, 
and ashfall, are included in the TSPA as described in the following section. Indirect effects that 
have been excluded on the basis of low consequence include effects on faults, changes in 
topography, seismic effects, changes in rock properties, and changes in local and regional 
hydrology. Seismic and hydrologic aspects of igneous activity and changes in rock properties 
are addressed as separate FEPs discussed elsewhere in this section and are excluded on the basis 
of low consequence. Faulting associated with igneous activity was considered in the overall 
analysis of faulting in the Probabilistic Seismic Hazard Analyses and is excluded on the basis of 
low consequence for reactivation of existing faults and low probability for the creation of new 
faults. Changes in topography due to volcanic activity have been excluded on the basis of low 
consequence because of the relatively small volumes of the cinder cones associated with the type 
of igneous activity possible in the Yucca Mountain region.  

Igneous Activity Causes Changes to Rock Properties-Igneous activity could cause changes in 
the physical, chemical, and hydrologic properties of rock near intrusive bodies. Such changes 
are potentially important to performance if the affect groundwater flow and radionuclide 
transport in large regions of rock. Analog studies at other sites on the Nevada Test Site show, 
however, that effects of igneous activity, including mineralogic changes, are generally limited to 
regions within 10 meters of dikes, and that fracturing and jointing in the surrounding rock is 
generally parallel to the contacts of the dike (CRWMS M&O 1998 [123201], pp. 5-32, 5-41).  
Because of the limited extent of the effects and because the preferred orientation of dikes in the 
Yucca Mountain region (NE-SW) is subparallel to the maximum principal transmissivity 
direction in the SZ of approximately N3OE (Ferrill, Winterle et al. 1999 [118941], p. 1) 
intrusions are not expected to significantly affect groundwater flow patterns. Changes in rock 
properties due to igneous activity that does not intersect the potential repository are, therefore, 
excluded from the TSPA on the basis of low consequence.  

Magmatic Transport of Waste-Transport of waste in a pyroclastic eruption is included 
explicitly in the TSPA-SR model. However, transport of waste in liquid magma (e.g., dissolved 
or entrained in lava that might reach the surface) has been excluded on the basis that surficial 
lava flows associated with this type of volcanism are of very limited extent and could not reach 
the location of the critical group. Consequences of such transport are therefore insignificant 
compared to the consequences of the pyroclastic transport pathway that has been modeled.  

Hydrothermal Activity-Hydrothermal activity usually represents the last cooling stage of 
magmatic intrusion when residual water is passed from the crystallizing melt, and/or its heat flux 
is sufficient to set up local deep groundwater convection such that hot, mineral laden solutions 
pass upwards to cool and precipitate in a halo around the intrusion; the country rock literally 
stews in hot fluid for periods of hundreds to thousands of years. Evidence of past hydrothermal 
activity associated with Miocene silicic volcanism is conspicuous in the Calico Hills and along 
the south flank of Shoshone Mountain, but comparable hydrothermal activity has not been 
identified at Yucca Mountain in association with basaltic activity. Yucca Mountain is located 
outside the caldera margin (see Figure 3.10-4), and was never sufficiently close to a 
hydrothermal source. Because silicic volcanism has not occurred in the Yucca Mountain region 
in approximately 7.5 million years and is not expected to recur in the future, the effects of 
hydrothermal activity are excluded from TSPA on the basis of low probability.
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Hydrologic Response to Igneous Activity-Changes in groundwater flow that might occur in 
response to igneous activity will be controlled by changes in the hydrologic properties of the 
rocks near the intrusive dike. As noted above, these changes will be limited in extent and 
generally parallel to existing trends in hydrologic properties, and thus would have no significant 
effect on the calculation of the expected annual dose. Hydrologic effects, therefore, are excluded 
on the basis of low consequence.  

3.10.2.2 TSPA-SR Model for Volcanic Eruption 

The TSPA model for the consequences of a volcanic eruption at Yucca Mountain is a 
simplification of the complex processes that could occur during an eruptive event intended to 
yield a reasonable estimate of the concentrations of radionuclides that could reach the critical 
group following an eruption. At a conceptual level, the overall model is straightforward 
(Figure 3.10-5). An igneous dike rises through the earth's crust and intersects one or more drifts 
in the potential repository. An eruptive conduit forms somewhere along the dike as it nears the 
land surface, feeding a volcano at the surface. Waste packages in the path of the conduit are 
sufficiently damaged that they provide no further protection, and the waste is available to be 
entrained in the eruption. Volcanic ash is contaminated, erupted, and then transported by wind 
toward the critical group. Ash settles out of the plume as it is transported downwind, resulting in 
an ash layer on the land surface. Members of the critical group receive a radiation dose from 
various pathways associated with the contaminated ash layer, including inhalation and ingestion.  

Implementation of this model in the TSPA-SR is shown in Figure 3.10-6. Information about 
eruption characteristics, the probability of eruptive conduits forming within the potential 
repository, and the potential repository response to eruption are used to develop a distribution of 
parameter values characterizing uncertainty in the extent of damage to waste packages and the 
amount of waste available to be entrained in the eruption. Entrainment of waste and atmospheric 
transport of contaminated ash is modeled using the ASHPLUME code, Version 1.4LV (CRWMS 
M&O 1999 [150744]), yielding a distribution of results characterizing uncertainty in the 
concentration of waste particles on the ground surface. BDCFs calculated for the volcanic 
eruption scenario using the GENII-S code (CRWMS M&O 1998 [107723]) are used to calculate 
doses, and results are weighted by the eruption probability to determine the probability-weighted 
dose needed to calculate the expected annual dose required by proposed 10 CFR 63.113(b) 
(64 FR 8640 [101680]).  

Individual components of the model addressing the behavior of the dike and conduit, response of 
the waste package, the modeling of the ash plume, and the calculation of BDCFs for the volcanic 
eruption scenario are discussed in the following sections. Process model factors, as introduced in 
Section 3.1 for the entire modeling system, are summarized for volcanic eruption in 
Table 3.10-4. TSPA parameter distributions associated with these factors and used in the 
computational model are also summarized in Table 3.10-4. Figure 3.10-7 shows the key 
elements of the eruption scenario, major model inputs and outputs, and the major bases for 
confidence that the model results provide a suitable basis for evaluation of the impact of the 
scenario on expected annual dose.
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3.10.2.2.1 Behavior of the Dike and Conduit

As described in Igneous Consequence Modeling for TSPA-SR (CRWMS M&O 2000 [139563]) 

an intrusion is assumed, for the purposes of the TSPA-SR, to be basaltic magma rising from a 

deep source in the form of one or more vertical tabular bodies of uncertain width, length, and 

azimuth. The intrusion is generally referred to as a dike, but it may actually be a set, or swarm, 
of multiple dikes that intrude essentially simultaneously. Each intrusive event (i.e., a swarm of 

one or more dikes) is assumed to generate one or more volcanoes somewhere along its length, 
but eruptions need not occur within the potential repository footprint. Based on the analysis 
documented in Characterize Framework for Igneous Activity at Yucca Mountain (TOO15) 

(CRWMS M&O 2000 [141044]), 50 percent of dike intrusions will result in one or more 

eruption within the repository footprint (see Table 3.10.2). As described in Igneous 

Consequence Modeling for TSPA-SR, Section 6.1.2.9 (CRWMS M&O 2000 [139563]), adjusting 
this number to account for the area within the footprint that is occupied by waste-emplacement 
drifts yields approximately a 36 percent probability that an intrusive event that intersect the 

potential repository will result in one or more (up to a maximum of 5) eruptive conduits that 
intersect waste. The number of eruptive conduits is independent of the number of dikes in a 
swarm.  

As shown in Figure 3.10-5, the eruptive conduit appears to form at the potential repository 
elevation. This representation is unrealistic, in that dikes are likely to rise relatively close to the 
surface before they focus into eruptive centers from which conduits propagate downward, but the 
figure is conceptually consistent with the simplifying assumption made in the TSPA that the 
effects of the dike and the conduit on the potential repository are independent. For the purposes 
of TSPA modeling of the eruptive scenario, all conduits within the repository footprint exist at 
the repository elevation, regardless of the elevation at which they form. For modeling of the 
intrusive scenario, all dikes that intersect the potential repository are also assumed to exist at the 
repository elevation, regardless of the elevation at which flow focuses into an eruptive conduit.  
Fragmentation of liquid magma into a pyroclastic flow is assumed to occur within eruptive 
conduit below the potential repository depth regardless of the depth at which the conduit forms.  
This assumption is consistent with analyses of water content of basalts in the Yucca Mountain 
region suggesting that volatile phases will exsolve at pressures corresponding to depths below 
that of the potential repository (CRWMS M&O 2000 [142657], Section 6.2.2).  

Table 3.10-4. Process Model Factors and Associated Parameters for Volcanic Eruption 

Distribution 
Factor TSPA-SR Parameter Type Distribution or Value 

Probability of Igneous Event Probability CDF Mean = 1.6 x 108 /yr.  
Volcanic Eruption Probability of >0 Conduit in 

repository given an igneous event Point Value 0.36
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Table 3.10-4. Process Model Factors and Associated Parameters for Volcanic Eruption (Continued) 

Distribution 
Factor TSPA-SR Parameter Type Distribution or Value 

Eruption 15 - 150 m, 
Characteristics Conduit Diameter Log-normal median = 50 m 

Event Eruptive Volume Log-uniform 0.002 - 0.44 km3 

Event Power CDF 1 x 109 -6.3 x 1013 W 

Initial Eruption Velocity CDF 2196 - 22294 cm/s 
Event Duration CDF 33 minutes - 73 days 

0.001 - 0.1 cm, 
Ash Mean Particle Diameter Log-triangular mode = 0.01 cm 
Ash Particle Size Standard 
Deviation Uniform 1 - 3 phi 

Repository Number of Packages Hit per Drift 3-29, 
Response to (Volcanic Eruption) CDF median = 10 
Volcanic Eruption 1 -2, 

conduits with diameter _> 80 m 
Number of Drifts Hit per Conduit CDF may hit two drifts 
Number of Conduits Intersecting 1 -5, 
Waste PDF Probability of 1 = 0.86 
Percent of Hit Packages that Fail 
(Volcanic Eruption) Point Value 100 % 

0.0001 - 0.05 cm, 
Waste Particle Size Log-Triangular mode = 0.002 cm 

Atmospheric Particle Shape Factor Point Value 0.5 
Transport in Constant (C) Relating Eddy 
Volcanic Ash Diffusivity and Particle Fall Time Point Value 400 cm2/s5Q 
Plume 

Incorporation Ratio Point Value 0.3 
Ash Dispersion Controlling 
Constant Log-uniform 0.01 - 0.5 
Ash Settled Density Point Value 1.0 g/cm3 

S0- 2000 cm/s, 
Wind Speed CDF median = - 650 cm/s 
Wind Direction PDF Variable or fixed 
Soil Removal Factor uniform 0.06 - 0.08 cm/yr 

Volcanic Volcanic Eruption Biosphere Dose 
Biosphere Conversion Factors CDF Variable, see Sec. 3.10.3 
Source: CRWMS M&O 2000 [139563] (for all parameters except BDCFs and soil removal factor); CRWMS 

M&O 2000 [136281](for soil removal factor); 
DTN: M0006SPAPVE03.001 [ 151768] (for BDCFs) (The data in this DTN were preliminary at the 
time of the analyses and have since been updated. However, changes to the data are measurably 
minor and have no significant impact on any analyses reported in this document.) 

NOTE: PDF = probability density function 

Characteristics of the eruption such as eruptive power, style (violent versus normal), velocity, 
duration, column height, and the total volume of erupted material are included in the analysis 
through the ASHPLUME version 1.4LV code (CRWMS M&O 1999 [150744]). This code does 
not attempt to model the subsurface physics of the igneous event, but instead uses input
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parameters that characterize these properties to calculate the material available for atmospheric 

dispersal following a violent strombolian eruption. Earlier versions of the ASHPLUME code 

used by the Center for Nuclear Waste Regulatory Analyses for past analyses of Yucca Mountain 

(Jarzemba et al. 1997 [100987]) used inputs of event duration and event power to calculate event 

volume and column height. ASHPLUME version 1.4LV uses total erupted volume as the 

primary independent input parameter that characterizes the energy of the volcano, and calculates 
event duration and column height. This modification allows the code to sample from a 

distribution of event volumes that is based on observations of both past eruptions in the Yucca 
Mountain region (for which direct observations of duration and power are unavailable) and 
modem analog events. Observations of both modem and past analog volcanoes indicate that the 
violent phases account for only a portion of the total eruption, but available data do not support 
quantification of the ration of violent to nonviolent phases in potential future eruptions at Yucca 
Mountain. For the purposes of the TSPA-SR, the entire volume of erupted material in the analog 
volcanoes is assumed to have been ejected during a violent phase. This assumption is 
unrealistic, but ensures that the energy and size of future eruptions are not inappropriately 
underestimated in the TSPA-SR.  

The number of waste packages damaged by a single eruptive conduit is determined by the 
diameter of the conduit and its location within the potential repository footprint (CRWMS 
M&O 2000 [139563], Section 6.1.2.9 ). Conduit diameter is a sampled parameter in the 
TSPA-SR calculation, with a distribution based on examination of analog sites that ranges from 
15 to 150 m, with a median value of 50 m. Conduits that are less than 80 m in diameter (the 
approximate distance between drifts) can only intersect a single drift, and all waste packages that 
are fully or partially within the region intersected are assumed to be sufficiently damaged that 
they provide no further protection (Figure 3.10-8). Conduits that are greater than 80 m in 
diameter have an increasing probability of intersecting two drifts and damaging more packages.  
Multiple conduits associated with a single intrusion are assumed to have identical properties: 
i.e., a range of consequences are calculated for a single conduit, and if sampling selects more 
than one eruptive conduit within the repository footprint, consequences are scaled accordingly.  

3.10.2.2.2 Behavior of the Waste Package and Waste Form in the Eruptive Conduit 

For the purposes of the TSPA-SR, the contents of all packages that are fully or partially damaged 
by an eruption (i.e., that lie in part or entirely within the .circumference of the conduit) are 
assumed to be fully available for entrainment in the eruption. Waste packages, drip shields, 
cladding, and all other components of the EBS are assumed to be sufficiently damaged that they 
provide no further protection for the waste.  

This assumption provides a conservative bound to the possible behavior of the engineered 
barriers in the eruptive conduit in the absence of defensible models and data to support a more 
realistic treatment of the processes. The degree to which this assumption causes an 
overestimation of the eruptive releases has not been quantified, but available information 
indicates that packages are likely to fail. Actual conditions in the conduit and the response of the 

engineered barriers are uncertain, but temperature alone may be sufficient to cause failure of the 
waste packages. Magmatic temperatures for Yucca Mountain region basalts are estimated to be 

approximately 1,050 to 1,1700 C (CRWMS M&O 2000 [142657], Section 6.2.4). Calculations of 
the waste package strength at high temperatures indicate that failure of end cap welds will occur
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at 1,200°C from thermal stresses alone (CRWMS M&O 1999 [121300]). Mechanical and 
chemical conditions in the conduit will further contribute to degradation of the waste packages.  

Physical properties of the waste in the eruptive environment are estimated based on the 
assumption that the waste form is directly exposed to the eruption, consistent with the 
assumption that the waste packages provide no protection. As discussed in the following section, 
the extent to which waste particles are entrained in the eruption is controlled by an incorporation 
ration based on the ratio of the waste particle diameter to the ash particle diameter, with smaller 
waste particle sizes resulting in greater entrainment and transport. The range of waste particle 
diameters used in the TSPA-SR, 1 to 500 microns with a mode of 20 microns, is based on 
laboratory observations of particle sizes of unaltered spent nuclear fuel following mechanical 
grinding (CRWMS M&O 2000 [146498]). All waste in damaged packages is assumed to exist 
as particles in this size range throughout the eruption, neglecting the time required to degrade the 
waste package and fuel rods. (The assumption of instantaneous degradation is conservative in 
principal, but is a reasonable simplification that will have little or no effect on eruptive releases if 
the eruption continues long enough for full degradation to occur.) Other waste forms may have 
different particle diameters in the eruptive environment, depending both on the initial type of the 
waste (commercial spent fuel or glass waste) and the degree and type of alteration of the waste.  
Treating all waste as unaltered commercial spent fuel is conservative with respect to the 
unaltered glass waste forms because this waste is likely to have particle diameters comparable to 
those of the ash, larger than the values used for spent fuel. The assumption that the waste form is 
unaltered is reasonable for analyses of the 10,000-year postclosure performance period, given the 
relatively small number of waste packages expected to fail under nominal conditions during that 
period and the expected stability of the waste form within the undisturbed waste packages 
(CRWMS M&O 2000 [139563], Section 5.3.5).  

3.10.2.2.3 Modeling Transport of Waste in the Ash Plume 

The volcanic eruption and subsequent transport of radioactive material in the ash plume are 
modeled using ASHPLUME version 1.4 LV (CRWMS M&O 1999 [150744]), which is a 
modification of ASHPLUME version 1.0, developed at the Center for Nuclear Waste Regulatory 
Analyses (Jarzemba et al. 1997 [100987]). The model is an implementation of an approach 
developed by Suzuki (1983 [100489]) that uses a parametric characterization of the properties of 
the eruption to calculate a source term of ash for atmospheric transport. For a single eruptive 
event, the code calculates particle dispersal and vertical settling from a vertical line source in a 
constant wind stream, yielding a concentration of ash particles at selected points on the ground 
downwind of the source (Figure 3.10-9). The quantity of ash deposited at any specified point is 
a function of the wind speed and direction, the volume of ash erupted (which determines the 
duration and height of the eruption), and the ash particle diameter. The ash particle diameter 
distribution used in the TSPA-SR, 0.01 to 1 mm, is based on observations from violent eruptions 
at modem analog volcanoes (CRWMS M&O 2000 [142657], Section 6.5.1).  

No data are available regarding wind conditions at Yucca Mountain during the distant future, and 
the values for speed and direction are therefore sampled from distributions developed from past 
observations in the Yucca Mountain region (Quiring 1968 [119317], pp. VI-1 to VI-21). Speed 
and direction data from an eight-year period (1957 to 1964) are reported from 1,500 to 5,000 m 
(5,000 to 16,000 ft) above sea level for four different months of the year. As is typical of
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weather data, short-term variability is relatively high in this data, providing coverage of a broad 
range of uncertainty appropriate for the analysis of relatively brief volcanic events.  

Although speed and direction are reported as paired data for each observation at each elevation, 
the two parameters are sampled independently in the TSPA-SR, allowing for a full coverage of 
wind speeds at each direction. Data from all elevations, time of year, and time of day are 
weighted equally in constructing the distributions, consistent with the ASHPLUME code's use of 
a single velocity at all elevations. This aggregation of data into a single distribution ensures that 
extreme values from higher and lower altitudes are fully represented in the analysis. Speeds 
range from 0 to approximately 2000 cm/s, with a median speed of approximately 650 cm/s.  
Direction is variable, consistent with the observed data, but the decision to treat direction and 
speed as uncorrelated parameters allows flexibility in the TSPA to consider cases in which the 
wind direction is fixed toward a specific location in all realizations, rather than allowed to vary 
(CRWMS M&O 2000 [139563], Section 5.1.2).  

Waste particles are entrained in the eruption based on the ratio between the diameter of the ash 
particles and their diameter. For the incorporation ratio used in the TSPA-SR, waste particles 
one half the diameter of the ash, or smaller, are incorporated into the ash particles and 
transported downwind. The code then calculates downwind transport of waste-contaminated ash 
taking into account wind speed and gravitational settling (CRWMS M&O 2000 [139563]).  

3.10.2.3 Total System Performance Assessment-Site Recommendation Model for 
Groundwater Transport of Radionuclides Following Igneous Intrusion 

"The TSPA-SR model for radionuclide mobilization and transport away from packages that have 
been damaged by igneous intrusion is described in Igneous Consequence Modeling for TSPA-SR 
(CRWMS M&O 2000 [139563]) essentially the same as the nominal model for radionuclide 
mobilization and transport, modified to include an igneous intrusion that intersects the potential 
repository (Figure 3.10-10). As shown in Figure 3.10-11, the igneous intrusion groundwater 
transport model uses information about the probability of intrusion, the characteristics of the 
intrusion, and the response of the potential repository to calculate damage to waste packages.  
Groundwater transport away from the damaged packages is calculated using the nominal 
scenario models, and doses to humans from contaminated groundwater are determined using 
nominal BDCFs. Igneous intrusion groundwater doses are weighted by the probability of 
intrusion to yield the probability-weighted dose needed to calculate the expected annual dose 
specified by proposed 10 CFR 63.113(b) (64 FR 8640 [101680]).  

There is no separate set of computational models used in the TSPA to simulate the consequences 
of intrusion. Instead, the igneous intrusion groundwater transport model consists of a set of 
process model factors and associated input parameters (Table 3.10-5) used to define a modified 
source term for calculations using the flow and transport models developed for the nominal case.  
There are three main components to the model, (1) assumptions regarding the behavior of waste 
packages and other elements of the EBS that have been damaged as a result of proximity to an 
igneous intrusion, (2) assumptions regarding the use of the nominal models for groundwater flow 
and radionuclide transport away from the waste packages, and (3) calculation of the number of 
packages that are damaged. Figure 3.10-12 shows the key elements of the igneous groundwater
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transport scenario, major model inputs and outputs, and the major bases for confidence that the 
model results provide a suitable basis for evaluation of the importance of the scenario.

Table 3.10-5. Process Model Factors and Associated 
Transport Scenario

Parameters for the Igneous Intrusion Groundwater

Factor TSPA-SR Parameter Distribution Type Distribution or Value 

Probability of Igneous 
Intrusion Igneous Event Probability CDF Mean = 1.6 x 108 /yr.  

Intrusion Characteristics Number of dikes per event Minimum = 1, mean = 3 
(number of dikes in a swarm) Log-normal 95k" percentile =10 

Minimum = 0.5 m, mean = 1.5 m, 
Dike width Log-normal 95w' percentile = 4.5 m 

Number of packages 
damaged on either side of a 
dike in each intersected drift 
(with backfill) Point value 3 

Number of packages 
damaged on either side of a 
dike in each intersected drift 
(without backfill) Point value all 

Repository Response to Percent of damaged 
Igneous Intrusion packages that Fail (Igneous 

Intrusion) Point Value 100 

Number of Packages 
damaged (Igneous Intrusion 
with backfill) CDF 105- 227, median = 192 

Number of Packages 
damaged (Igneous Intrusion 
without backfill) CDF 0 - 11180, median = 1720 

Groundwater transport 
following Igneous Nominal performance models 
Intrusion and parameters 

Biosphere Nominal performance model 
and parameters 

Source: CRWMS M&O 2000 [139563]; CRWMS M&O 2000 [142657] 

3.10.2.3.1 The Number of Waste Packages Damaged by Igneous Intrusion 

Magma entering the drift will undergo rapid depressurization as the confining pressure drops 
from lithostatic to atmospheric. For most of the range of water contents estimated for Yucca 
Mountain region basaltic magmas (CRWMS M&O 2000 [142657]) depressurization may be 
accompanied by rapid exsolution of volatile phases and explosive fragmentation of the magma 
into pyroclasts. As discussed in Dike Propagation Near Drifts (CRWMS M&O 2000 [142635]), 
damage to the packages immediately adjacent to the point of intrusion is likely to be extensive.  
The force of the shock wave accompanying the fragmentation will be sufficient to move 
packages off their emplacement pallets, and to cause displacement of 3 or 4 packages on either 
side of the dike. Rather than use a variable number of packages that are partially damaged (3 or 
4), the TSPA-SR input is based on a calculation in which 3 packages on either side of an 
intrusive dike are fully damaged in each drift that is intersected (CRWMS M&O 2000 [142663]).  
The number of drifts intersected is calculated probabilistically, based on the drift spacing and
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distributions for the azimuth and length of intrusive dikes. In the absence of data characterizing 
the spacing of future dikes at Yucca Mountain, multiple dikes in a swarm are assumed to be 
sufficiently far apart that they behave independently, with 6 packages damaged between them.  

For potential repository design alternatives that include backfill, damage within a drift is limited 
to the 3 packages on either side of the intrusion. Backfill pushed up by displaced waste packages 
and debris from damaged drip shields will stop magmatic material as it moves away from the 
dike, and the drift is assumed to be plugged by debris and magma relatively close to the 
intrusion. Pressure will increase in the isolated section of the drift on either side of the dike to 
the lithostatic pressure of the magma (further damaging the waste packages), and the dike will 
continue to propagate upward. Damage will have been severe within the affected region, but 
will be relatively minor further down the drift, behind the plug of backfill and debris.  
For analyses of design alternatives that include backfill, the TSPA-SR assumes that packages 
beyond plug of backfill and debris are undamaged.  

For the SR reference potential repository design, which does not include backfill, damage within 
the drift will be more extensive. Actual conditions are uncertain, but the shock wave following 
decompression of the magma could propagate the full length of the affected drift. Immediate 
mechanical damage from displacement of waste packages may be limited to the region adjacent 
to the point of intrusion, as in the backfill model, but extensive damage to the drip shield and 
ground support and some damage to the waste packages may occur throughout the drift. More 
importantly, debris from remains of the EBS will likely not be sufficient to create a plug 
anywhere before the right angle intersections at the ends of the drifts. Pyroclastic material 
(or liquid lava, in the possible case of an extremely dry magma) will quickly fill the entire length 
of the drift, and pressure will rise from atmospheric to lithostatic before the dike can continue to 
propagate upward. The combination of high temperature (approximately 1,040 to 1,170°C) and 
high pressure (approaching the magmatic lithostatic pressure of 7.5 MPa at the potential 
repository depth) will be more than sufficient to cause failure of the packages (CRWMS 
M&O 2000 [142635]). Therefore, for the no-backfill design, the TSPA-SR assumes that all 
packages in drifts that are intersected by intrusive dikes are damaged by the intrusive event. The 
number of drifts intersected is calculated probabilistically, based on the drift spacing and 
distributions for the azimuth and length of intrusive events. Based on an average number of 
215 waste packages per drift and a median number of 8 drifts intersected per intrusion, the 
median number of packages damaged per intrusion is 1,720. Approximately 10 percent of 
realizations result in damage to 5,000 or more packages. As discussed in the following section, 
3 packages on either side of the dike are assumed to be sufficiently damaged that they provide no 
further protection for the waste, as in the backfill case, and the remaining packages in each 
intersected drift are assumed to undergo end cap weld failure.  

3.10.2.3.2 Waste Package Behavior in the Intrusive Environment 

Waste package behavior in immediate vicinity of the intrusion is bounded by the assumption that 
3 packages on either side of dike are sufficiently damaged that they provide no further protection 
for the waste. As is the case for the eruptive environment, actual conditions are uncertain, and 
damage is likely to range from moderate to extensive. Complete destruction of these waste 
packages seems unlikely, but thermal stresses alone may be sufficient to cause failure of the end 
caps (CRWMS M&O 1999 [121300]), and there is insufficient evidence to support a less

TDR-WIS-PA-000001 REV 00 ICN 01 3 -204 December 2000



conservative approach to the package behavior given the likely mechanical stresses and elevated 
pressures. Drip shields and cladding are also assumed to provide no further protection for the 
waste in the region adjacent to the dike.  

If backfill is present, damage is assumed to be limited to the region containing the 3 packages on 
either side of the dike. For the SR reference potential repository design without backfill, all 
remaining waste packages in all drifts intersected by a dike are assumed to be breached with a 
hole of uncertain cross-sectional area, and all drip shields and cladding in the intersected dikes 
are assumed to be fully destroyed. Breaching of the waste packages is consistent with the 
analysis reported in Dike Propagation Near Drifts (CRWMS M&O 2000 [142635]) which 
concludes that end cap welds will fail on these packages due to high temperatures and pressures.  
The area of the hole created by end cap weld failure represents the cross-sectional area that might 
open in a failed weld before gas flow into the failed package equalizes internal and external 
pressures, halting the propagation of the crack. This value is uncertain, and sampled from a 
log-normal distribution with a mean value of 10 cm 2 (CRWMS M&O 2000 [139563]). The 
minimum value of the distribution is 1 cm2, and the maximum is 1.9 x 104 cm 2, which is an 
approximation of the full cross-sectional area of a representative end cap with a radius of 77 cm.  
Although the mean value can be thought of conceptually as corresponding to a 1-mm-wide crack 
that propagates for 1 m along a weld, or a 2 mm-wide crack that extends 50 cm, it was not 
chosen to represent any specific dimensions of a weld failure because failures are likely to have 
variable shapes. Rather, it was chosen as a conservative approximation of the size of opening 
necessary to permit rapid gas flow and pressure equilibration. Sampling the area of the breach 
from a distribution that includes much larger hole sizes is intended to account for both 
uncertainty regarding the nature of the magmatic fluids and the package response and spatial 
variability in the extent of damage within the drifts.  

3.10.2.3.3 Radionuclide Transport following Igneous Intrusion 

As described in Igneous Consequence Modeling for TSPA-SR (CRWMS M&O 2000 [139563], 
Section 3.4), nominal models for radionuclide mobilization and transport are used in lieu of a 
separate set of detailed source term, flow, and transport models for the conditions in the drift 
following intrusion. All waste in damaged packages is available for transport in the UZ, 
dependent on solubility limits and the availability of water, which is determined using the 
seepage model for nominal performance. Thermal, chemical, and mechanical effects of the 
intrusion on the drift environment are neglected for transport modeling. No credit is taken for 
water diversion by the remnants of the drip shield, and cladding is assumed to be fully degraded.  
Remnants of waste packages within the zone of extensive damage adjacent to the dikes are 
assumed to provide no barrier to flow or radionuclide transport. Actual thermal, chemical, 
hydrological, and mechanical conditions in the drift following igneous intrusion are unknown, 
but the conservatism of assuming complete failure of engineered barriers in the zone of greatest 
damage and partial failure elsewhere in intruded drifts is considered sufficient to compensate for 
uncertainty associated with conditions in the drift.

TDR-WIS-PA-000001 REV 00 ICN 01 3-205 December 2000



3.10.3 Exposure Pathways and the Biosphere Dose Conversion Factors for the Igneous 
Disruption Scenarios 

The TSPA-SR biosphere model described in Section 3.9 has been adopted without change for the 
igneous intrusion groundwater release pathway, because this release mechanism introduces no 
new exposure pathways beyond those considered in the nominal scenario. BDCFs for igneous 
groundwater releases are identical to those described in Section 3.9 for the nominal scenario.  

The biosphere model requires considerable modification for conditions following a volcanic 
eruption, however, because it must consider radionuclide transport and uptake following the 
deposition of contaminated volcanic ash. As shown schematically in Figure 3.10-13, biosphere 
processes that must be considered after the ash is deposited include ash resuspension, 
redistribution, and erosion, as well as radionuclide uptake in plants and animals. Human 
exposure may occur as a result of inhalation of fine particles of contaminated ash during the 
eruptive event, inhalation of resuspended ash after deposition, ingestion of larger particulates 
after inhalation both during and after the event, and ingestion of contaminated crops and animal 
products. Consumption of contaminated water, which is an important pathway for the nominal 
scenario and the igneous intrusion groundwater transport scenario, is not included a pathway for 
volcanic eruption because there is no significant surface water in the Yucca Mountain region that 
might be contaminated by volcanic ash.  

3.10.3.1 Exposure Pathways during Volcanic Eruption 

Ash concentrations in the air may be extremely high during the eruptive event, and humans who 
do not leave the region may be exposed to radiation by both inhalation and ingestion of 
particulates. Dose factors that account for both inhalation and ingestion pathways have been 
developed for the relatively brief period of the eruptive event (between 33 minutes and 73 days, 
from Characterize Eruptive Processes at Yucca Mountain, Nevada (CRWMS 2000 [142657], 
Table 5 ). Dose factors for each radionuclide represent doses per day resulting from exposure to 
air containing unit activity concentration of the specific radionuclide. One third of the 
radioactivity in the air is assumed to consist of the respirable fraction of particles smaller than 10 
microns (PM 10), and two-thirds of the radioactivity is assumed to be contained in larger particles 
up to 100 microns that are swallowed following inhalation, thus contributing to an ingestion 
dose. Dose factors are based on an assumption of a breathing rate of 23 m3/day of air 
(DTN: MO0006SPAPVE03.001 [151768]).  

Dose factors for exposure during the eruption phase are summarized in Table 3.10-6. The use of 
dose factors to calculate dose is as follows: 

Dose Rate = PMIO ( L3j) x Cuh(~ x Dose Factor (Eq. 3.10-1) 

where: PM10 = mass concentration of PM-10 fraction of suspended particulates, (g/m 3) 
Cah = activity concentration of radionuclide in ash, (pCi/g).
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Table 3.10-6. Dose Factors for Exposure During the Eruption Phase

Dose Factors, remld per pCiIm3 

227Ac 6.92E-02 
241_Am 4.64E-03 

"243Am 4.60E-03 
137Ce 1.36E-06 
231Pa 1.34E-02 
21°_pb 2.07E-04 
23Pu 4.10E-03 
2 39

Pu 4.49E-03 
240Pu 4.49E-03 

242pu 4.29E-03 
226 Ra 1.16E-04 

9°Sr 5.39E-06 

229Th 2.22E-02 
2 3 0

Th 3.36E-03 

232u 6.80E-03 

233u 1.40E-03 

234u 1.37E-03

Source: DTN: MOOOO6SPAPVE03.001 [151768] 

Mass concentrations of ash suspended in air following an eruption at Yucca Mountain are 
uncertain, and may be quite high. Data are not available for air mass loading during basaltic 
eruptions like those that have occurred in the Yucca Mountain region, but concentrations 
reported for other types of eruptions are high. For example, data from the May 1980 eruption of 
Mount St. Helens in Washington State (a massive silicic eruption that is not a good analog for 
Yucca Mountain basaltic volcanism) indicates that total suspended particulate concentrations 
(including both PM 10 and larger particles) in Yakima, approximately 135 km from the volcano, 
ranged from 5,800 to 13,000 micrograms/m 3 during the first five days after the eruption 
(CRWMS M&O 2000 [149736], p. 36). However, these measurements represent conditions 
during the relatively short period of actual ashfall (i.e., days) and ensuing high levels of 
resuspension due to traffic, ash removal efforts, and wind. Humans are unlikely to tolerate 
exposures to airborne concentrations this high for more than brief periods of time before seeking 
shelter. Realistic air mass loading values applicable to the average member of the critical group, 
even during the eruptive event, are considerably less because they should represent exposure 
averaged over a full day, rather than instantaneous values. The TSPA analysis assumes that the 
concentration of respirable particulates (PM1O) that the average member of the critical group will 
be exposed to for the full duration of the eruptive event is 1000 micrograms/m 3 

(DTN: MO0006SPAPVE03.001 [151768]. The data in this DTN were preliminary at the time 
of the analyses and have since been updated. However, changes to the data are measurably 
minor and have no significant impact on any analyses reported in this document.). This value is 
significantly higher than the EPA's PMI0 breakpoint of 604 micrograms/m 3, for the highest Air 
Quality Index of 500 (40 CFR Part 58 [150242], Appendix G, Table 2). An Air Quality Index 
value of 500 corresponds to the significant harm level, at which serious and widespread health
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effects occur to the general population, and is considered a reasonable value for the highest 
concentration an average member of the critical group would be exposed to during volcanic 
eruption.  

As described in Section 5.2.9, doses calculated using these factors are significantly below the 
eruptive dose from other pathways, and do not significantly contribute to the calculated expected 
annual dose. Therefore, the eruptive phase doses are not included in the TSPA-SR results 
described in Section 4.2.  

3.10.3.2 Ash Redistribution, Resuspension, and Soil Processes 

Immediately following deposition, the ash layer will be unconsolidated material, and will be 
subject to resuspension and redistribution by wind and water action. As time passes, the ash 
layer will stabilize, and in the absence of further disruption, it will eventually become a relatively 
stable soil that is less susceptible to resuspension. Both the amount of redistribution of the ash 
and the time required for stabilization of the ash layer are uncertain, and neither process has been 
addressed explicitly in the TSPA-SR.  

However, effects of surface redistribution of the ash layer have been approximated in the TSPA 
by fixing the wind direction at the time of eruption to the south, toward the critical group. This 
assumption is not intended to directly simulate surface redistribution, but provides a conservative 
approach that essentially maximizes the effects of wind-borne redistribution by placing the 
critical group on the centerline of the plume, where ash thickness is greatest. Airborne 
redistribution is as likely to remove ash from the location of the critical group as it is to deposit 
it, and there is no credible atmospheric mechanism for preferentially generating deposits along 
the centerline of the plume thicker than those that were initially deposited. Surface redistribution 
will also occur by water action and could result in thicker deposits in regions where sediments 
that are transported down Forty-Mile Wash are deposited. This possibility is accounted for in 
biosphere modeling by the development of alternative BDCFs for ash layers 15 cm and above in 
thickness, as discussed in the following section. Although most ash layers are expected to be 
relatively thin at the location of the critical group (1 cm or less), thicker deposits are possible, 
either from direct atmospheric deposition or water transport, and have been considered in the 
volcanic biosphere model (DTN: MO0006SPAPVE03.001 [151768]).  

Once deposited, ash layers are subjected to normal soil processes, including erosion that will 
tend to remove radioactive material from the soil surface. For stabilized soil, erosion processes 
may be relatively slow. For plowed agricultural soil, however, soil removal processes are 
relatively rapid. Because characteristics of agricultural soil support a greater level of human 
exposure than unplowed land (due both to contamination of crops and inhalation of ash 
resuspended from the plowed land), the TSPA-SR uses a soil removal factor that is consistent 
with cropland. Soil is assumed to be eroded at a rate of 0.06 to 0.08 cm/yr, based on site-specific 
data published by the United States Department of Agriculture (CRWMS M&O 2000 [136281]).  
As discussed in the following section, BDCFs are used that are based on high air mass-loading 
values, consistent with resuspension of soil from plowed land.
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3.10.3.3 Exposure Pathways from Contaminated Ash

In addition to exposure during the eruptive event, biosphere modeling considers exposure both 
during a transition period when ash is easily mobilized and during a later steady-state period in 
which ash is stabilized and contaminants are mixed into soil. Exposure is considered both from 
relatively thin ash layers (1 cm or less in thickness) and from thicker deposits possible from 
larger eruptions (15 cm andgreater in thickness). Radionuclides are assumed to be uniformly 
distributed within the ash layers, regardless of their thickness. During the transition period, 
radionuclides are assumed to remain within the ash layer, rather than mixing into the underlying 
soil. This assumption has no effect on radionuclides concentrations in the thick ash layers, but 
maximizes concentrations in the near-surface soil for thin ash layers, increasing the potential for 
resuspension and human exposure by inhalation during the transition period. For the steady-state 
period, ash and radionuclides are assumed to be fully mixed within a 15-cm soil layer.  

As discussed in the previous section, soil erosion is assumed to occur on agricultural land, 
removing a thin layer from the upper surface of the soil each year. For both the transition and 
steady-state periods, the radionuclides that remain are assumed for the purposes of calculating 
soil loss due to erosion to be mixed into a 15-cm layer. For the transition period, this assumption 
is inconsistent with the assumption of no mixing used for calculation of the resuspension 
pathway; the inconsistency is conservative, because it prevents rapid removal of thin ash layers 
while keeping surface concentrations high.  

Conditions for human exposure are the same as those considered for nominal performance. That 
is, the human receptor is represented by an average member of the critical group and is assumed 
to live year-round in the farming community. The receptor is also assumed to be involved in the 
activities typical of the current inhabitants of the region (e.g., has the same patterns of 
consumption of locally produced foods and time spent in outdoor activities).  

3.10.3.4 Input Parameters for the Volcanic Eruption Scenario Biosphere Modeling 

Input parameter values to the GENII-S computer program (CRWMS M&O 1998 [107723]) used 
to calculate BDCFs for the volcanic eruption scenario are similar to those used for the nominal
scenario biosphere modeling (Section 3.9.3), with the exception of the parameters used to 
characterize airborne concentrations of radionuclides. These parameters are adjusted for the 
eruption scenario to account for the increased dustiness following an eruption. Parameters 
related to dustiness are the total suspended particulate concentration and the respirable fraction 
(also called the mass load). Total suspended particulates are the entire amount of particulate 
matter in the air; this parameter is not used directly in the biosphere modeling, but is used to 
calculate the crop resuspension factor (a measure of the amount of particulate matter that is 
resuspended and available for deposition on plant's surfaces). Mass load is the respirable 
fraction of the total suspended particle that is small enough (i.e., PM 10, less than 10 microns) to 
be inhaled into the lungs. Related to these parameters is the parameter for inadvertent soil 
ingestion, which includes ingestion of particles that can be trapped in the nasal passages and 
airways and subsequently passed to the ingestion pathway. Therefore, this parameter could 
increase with increased dustiness.
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Parameter distributions for total suspended particulates and air mass loading following a volcanic 
eruption are consistent with data collected following the Mount St. Helens eruption (which was a 

massive silicic eruption that involved far greater quantities of ash than are associated with the 

Yucca Mountain region basaltic volcanoes) and are defined as follows. As discussed in 

Section 3.10.2.1, during the eruption, the mass load is assumed to 1,000 micrograms/m 3. During 

the transition period, air mass load is assumed to be uncertain, and ranges from 
1000 micrograms/m 3 to 30 micrograms/m 3, which is the average annual value for the State of 
Nevada (DTN: MO0006SPAPVE03.001 [151768]). As the upper value was unsustainable 
around Mount St. Helens, a log-uniform distribution, emphasizing the lower values between 
these bounds, is used. Total suspended particle is assumed to be 3 times higher than the mass 
load. The crop resuspension factor based on the total suspended particle thus has a similar 
distribution to the mass load. Soil ingestion, a constant in the nominal-scenario modeling, can be 
estimated from average breathing rate and time outdoors and could increase because of the 
increased total suspended particle by 20 mg/day. In the modeling, it is log-uniformly distributed 
between 50 and 70 mg/day. Table 3.10-7 presents these parameters and their distributions.  

Table 3.10-7. Input Parameters Used in Biosphere Modeling Specifically for 
the Volcanic Eruption Scenario 

Parameter Distribution 

Inhalation Exposure Mass Load (g/m3) Log uniform (3 x 10-5 ,1 x 10-) 

Soil Ingestion Rate (mg/day) Log uniform (50, 70) 

Crop Resuspension Factor (/m) Log uniform (9 x 10-9, 3 x 10-7) 

Source: DTN: M0006SPAPVE03.001 [151768] 

3.10.3.5 Biosphere Dose Conversion Factors for Volcanic Eruptive Releases 

The biosphere modeling for the volcanic direct-release mechanism involves construction of 
BDCFs (Section 3.9). As with the case of BDCFs for the nominal, undisturbed scenario, 
calculations of these conversion factors for the volcanic direct-release case used GENII-S 
(CRWMS M&O 1998 [107723]) in a series of probabilistic runs to propagate the uncertainties of 
input parameters into the output. A Latin Hypercube sampling technique (a form of stratified 
sampling) is used in a statistical analysis of 160 realizations to generate 160 estimates of annual 
dose caused by unit areal concentration of each relevant radionuclide. These dose estimates are 
used to create BDCFs in the form of discrete cumulative probability distributions that are entered 
in the TSPA model. BDCFs have been calculated for 1 cm and 15 cm ash layers for both the 
transition and steady-state periods following a volcanic eruption (DTN: 
MO0006SPAPVE03.001 [151768]). The TSPA-SR uses the transition BDCFs to calculate doses 
for all time following a volcanic eruption, neglecting soil stabilization and maintaining relatively 
high air mass loading indefinitely. The TSPA-SR also uses BDCFs calculated for a thin (1-cm) 
ash layer rather than for the thick layer, consistent with ASHPLUME (CRWMS M&O 2000 
[151349]) results (see Section 3.10.4) indicating that median ash layer will be relatively thin.  
This assumption is potentially conservative with respect to the treatment of thicker ash layers, 
because all radionuclides in thicker layers are assumed to be concentrated in the upper 1 cm, 
rather than being mixed throughout the full layer thickness. The impact of these assumptions is 
discussed further in Section 5.2.9.
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The mean and standard deviations of the distributions for the thin-layer transition BDCFs are 
given in Table 3.10-8. These are the BDCFs used in the TSPA-SR to generate the dose histories 
shown in Section 4.2. Alternative BDCFs for thicker layers and for steady-state soil conditions 
are described in DTN: MO0006SPAPVE03.001 [151768].  

Table 3.10-8. Biosphere Dose Conversion Factors for Volcanic Eruptive Release 
of Radionuclides

BDCF 
(remlyr. per pCil M2) 

Radionuclide Arithmetic Mean Arithmetic SD 

'Sr 1.22E-8 1.91 E-8 
137Ce 1.28E-9 1.52E-9 
21 °pb 6.05E-8 6.68E-8 
226Ra 5.66E-9 3.42E-9 
227Ac 7.34E-7 6.46E-7 

"2Th 2.31 E-7 2.06E-7 
2
3Th 3.47E-8 3.09E-8 

231Pa 1.63E-7 1.24E-7 
232u 7.39E-8 6.45E-8 

233U 1.50E-8 1.30E-8 
234_U 1.48E-8 1.28E-8 
23 8

Pu 4.94E-8 3.78E-8 

239pu 5.48E-8 4.19E-8 
24 0PU 5.47E-8 4.19E-8 

242 5.11E-8 3.91E-8 

241Am 5.60E-8 4.27E-8 
24 3Am 5.59E-8 4.26E-8 

Source: DTN: MO0006SPAPVE03.001 [1517681

As shown in the table, 17 radionuclides have been identified as relevant for calculation of 
BDCFs under the volcanic direct-release case (CRWMS M&O 2000 [147096], Section 7.1). The 
list differs from that considered for the nominal scenario because it reflects the radionuclide 
inventory directly released from the potential repository during a volcanic eruption, as opposed 
to radionuclides transported to the biosphere by groundwater in the SZ where substantial 
retardation and decay occurs within the geologic strata.  

3.10.3.6 Integration into the Total System Performance Assessment Model 

BDCFs are expressed in units of rem/yr. per pCi/m2 (the units of the BDCFs for the nominal, 
undisturbed performance scenario are rem/yr. per pCi/L; Section 3.9). Within the Total System 
Performance Assessment model, the areal mass of a radionuclide in the ash deposited on the 
ground surface is calculated, considering radioactive decay and soil removal. The areal mass is 
then converted to an areal activity; and the areal activity is multiplied by the appropriate BDCF 
to realize the annual TEDE (in units of rem/yr; here called the annual dose) for that radionuclide.
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Within the TSPA model, at every time step, the annual doses for all the radionuclides are 
summed to determine the total annual dose. The total annual doses from all of the realizations 
are averaged to determine the mean annual dose for each time step. Doses are calculated 
separately for the volcanic eruptive release mechanism, igneous intrusion groundwater release 
mechanism, and the nominal scenario. These doses are combined as described in Section 4.3 to 
achieve the expected annual dose to the receptor.  

3.10.4 Treatment of Uncertainty and Variability in the TSPA Model for Igneous 
Disruption 

Uncertainty and variability regarding the probability and consequences of future igneous events 
at Yucca Mountain have been incorporated into the TSPA through several approaches, as 
discussed throughout Section 3.10. In many cases, uncertainty and variability have been 
included through the use of parameter distributions that allow a range of values to be used in the 
simulations. These distributions are described in Tables 3.10-4 and 3.10-5. In other cases, 
where data are insufficient to support realistic models or a defensible distribution of parameter 
values about a best-estimate value, the TSPA-SR relies on conservative assumptions that ensure 
that the analysis does not underestimate the impact of the phenomenon. As summarized here, 
this treatment of uncertainty and variability provides confidence that the TSPA-SR analysis 
provides a reasonable and appropriate basis for evaluating the potential consequences of igneous 
disruption at Yucca Mountain.  

Uncertainty and variability in the probability of igneous disruption-As described in 
Section 3.10.1, the probability of future igneous disruption at Yucca Mountain is based on expert 
elicitation documented in the Probabilistic Volcanic Hazard Analysis (CRWMS M&O 1996 
[100116]). The experts involved in this elicitation explicitly considered uncertainty in current 
understanding of volcanic processes and regional geology in making their estimates. The 
analysis took into account both spatial and temporal variability, and the resulting distribution of 
event probabilities reflects the full range of uncertainty expressed by the experts. The mean 
annual event probability used in the TSPA-SR (1.6 x 10-8) represents the expected value of the 
range of values estimated by the experts, adjusted for the current repository design layout 
(CRWMS M&O 2000 [141044]). The experts considered the possibility that the rate of volcanic 
activity in the future might increase or decrease, and this temporal variability was included in 
their range of estimates of the annual frequency of igneous events. The range of values used in 
the TSPA-SR therefore accounts for temporal variability, although the annual probability used in 
any single realization is held constant after it is selected by sampling.  

Uncertainty and variability in the modeling of the consequences of igneous disruption-As 
described in Section 3.10.2, the TSPA-SR relies on both uncertainty distributions for selected 
input parameters and conservative modeling assumptions to ensure that uncertainty and 
variability regarding the effects of igneous disruption have been adequately included. Examples 
of uncertainties that have been included through parameter distributions include eruption size 
and power (by using a range of values for the volume of erupted volume), wind speed, ash and 
waste particle sizes, the number of packages damaged in an igneous event, and other parameters 
listed in Tables 3.10.4 and 3.10.5. Spatial and temporal variability regarding these parameters is, 
in general, not described explicitly in these parameter distributions, but is instead included in the 
analysis through the use of multiple realizations using fixed values. For example, the data set
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used to develop the distribution for wind speed included data regarding both speed and direction 
from different times (including seasonal variability) and different altitudes. The TSPA-SR 
model used this data to develop separate distributions for speed and direction that used all values 
independently of altitude and time, creating a distribution of wind speeds that includes the full 
range, from slowest to highest values (CRWMS M&O 2000 [139563], Section 5.1.2 ). Using 
values from this range as constants for all altitudes and times creates a distribution of conditions 
with a mean that is a reasonable approximation of the mean of the true conditions, but which 
provides better resolution of the importance of extreme values. For example, this treatment of 
variability allows the possibility for high-speed winds characteristic of high altitudes to occur at 
all altitudes throughout the eruptive event.  

Conservative assumptions have been used in several places in the consequence analysis where 
data are insufficient to support implementation of more realistic models. In general, it is not 
possible to quantify the impacts of these conservatism: if data were available to quantify the 
impact, a more realistic assumption would have been used. Examples of bounding assumptions 
of this type occur in the treatment of the response of the waste package to igneous disruption.  
The assumption that all waste packages in the direct path of an eruptive conduit are sufficiently 
damaged that they provide no further protection for the waste is an example of an assumption 
that is surely bounding (damage to these packages can be no greater than this), but data are not 
available to support a more realistic model. Were such data hypothetically available, they might 
show that uncertainty regarding actual conditions should include a range of waste package 
responses, perhaps including some continued protection for the waste form. In the absence of 
such data, the TSPA-SR simply adopts the bounding endpoint of the unknown distribution.  
Similarly, the assumption that the three waste packages on either side of an intrusive dike are 
sufficiently damaged that they provide no further protection to the waste provides a bound to the 
performance of those packages. In this case, damage is unlikely to be as severe as that suffered 
by the packages directly in the path of an eruption, and a more realistic distribution would likely 
include some continued protection of the waste form. The TSPA-SR assumption provides a sure 
bound for the performance of these packages, and through its conservatism provides additional 
compensation for uncertainty regarding the extent of damage to packages further from the point 
of intrusion.  

Uncertainty and variability in the treatment of biosphere pathways following igneous 
eruption-As described in Section 3.10.3, sets of BDCFs have been developed for the TSPA-SR 
appropriate for a range of possible conditions following an eruption. These sets of BDCFs 
provide a reasonable estimate of uncertainty regarding the appropriate values to use in the TSPA.  
Specifically, BDCFs are available for both relatively thin (1 cm or less) ash layers and relatively 
thick layers (15 cm or greater), for conditions that might occur in the first decade following 
eruption (the "transition phase" in which ash is relatively easily remobilized) and also for 
long-term steady-state conditions. Rather than attempting to include the full range of uncertainty 
included in these multiple sets of BDCFs, the TSPA-SR uses a single set of BDCFs (the 
thin-layer transition phase values) that is conservative with respect to the alternatives. This set of 
BDCFs places all radionuclides in the ash layer in the upper 1 cm, regardless of the calculated 
thickness of the layer, and assumes that air mass loading remains high permanently above the ash 
deposit, overestimating the long-term effects of the inhalation pathway.
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The treatment of uncertainty and variability in the biosphere contains an important example of 
the use of conservative assumptions even when more realistic data are available. Independent of 
other factors, the decision to use the transition-phase BDCFs for all times following eruption 
could be interpreted to be unnecessarily conservative, because more realistic BDCFs are 
available to describe the steady-state conditions associated with stabilized ash and soil layers.  
Similarly, the assumption to neglect spatial variability in wind direction by fixing the wind 
direction toward the critical group could be interpreted as unnecessarily conservative because 
data are available to support a realistic characterization of wind directions. Both of these 
conservative assumptions are included in the TSPA-SR to provide a reasonably conservative 
approach to compensating for uncertainty regarding surficial processes that might, move 
contaminated ash from its initial point of deposition to the location of the receptor. Surficial 
transport processes, which are not modeled explicitly in the TSPA-SR, could potentially result in 
contaminated ash reaching the location of the receptor by resuspension in wind or following 
intermittent flooding in Forty-Mile Wash. Sediment transport in Forty-Mile Wash is of 
particular concern, because much of the total volume of contaminated ash that could be erupted 
by a volcanic conduit that intersects the potential repository is likely to fall somewhere within 
the Forty-Mile Wash drainage basin, regardless of the wind direction during the event. Some 
fraction of this sediment will eventually be carried down the wash by water, and could be 
redeposited in the vicinity of the receptor group. The assumption in the TSPA-SR that the wind 
direction is fixed to the south effectively ensures that all eruptive events, regardless of wind 
direction, will produce a layer of contaminated ash at the receptor location. The use of the 
transition-phase BDCFs results in the assumption of high air-mass loading conditions above this 
contaminated ash layer indefinitely, and ensures that all radionuclides in the layer are available 
in the upper 1 cm for resuspension and inhalation. The actual thickness of layers of 
contaminated sediments that might be deposited at the location of the receptor group and the 
distribution of radionuclides within them is unknown, but radionuclide concentrations in 
sediment will be more dilute than those calculated for the initial ash fall. Thus, the combination 
of the transition-phase BDCFs and the assumption of a fixed wind direction reasonably 
compensate for uncertainty regarding surface redistribution processes by resulting in a calculated 
dose that is greater for all eruptive events than what could reasonably be expected from surface 
redistribution processes.  

3.10.5 Results and Interpretation: Evaluation of Issues Important to Performance 

Other than the BDCFs discussed in Section 3.9, the most important factors contributing to the 
expected annual doses calculated for the igneous disruption scenario are the concentrations of 
radionuclides reaching the critical group, both in groundwater and ash. For the intrusion 
pathway, concentrations of radionuclides in groundwater are calculated as part of the entire 
TSPA-SR analysis, and are described in Section 4.2. There are no intermediate results available 
from the igneous intrusion groundwater transport model other than the number of packages 
damaged, as discussed in the previous section. For the volcanic eruption pathway, however, 
ASHPLUME calculates the thickness of the ash layer at the location of the critical group and the 
mass of radionuclides per unit area in the ash layer. These results are discussed in the following 
sections.
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3.10.5.1 Ash Layer Thickness 20 Kilometers from the Potential Repository 

The thickness of the ash layer that could be deposited 20 km from the potential repository is 
uncertain. Figure 3.10-14 shows two sets of ASHPLUME results from 300 realizations using 
sampled values for the parameters listed in Table 3.10-4. One set of results shows a distribution 
of ash layer thickness at 20 km calculated assuming that the wind always blows directly south, 
toward the critical group. The other set of results includes a sampling of wind directions, so that 
wind blows away from the critical group for a significant number of realizations. Sampling of 
all input parameters except wind direction is the same in each set of realizations.  

Figure 3.10-14 shows that the maximum thickness of the calculated ash layer at 20 km is 
relatively insensitive to the wind direction. This is reasonable, and given a large enough sample 
size, the two curves ought to converge at the upper end of the distribution. The median 
calculated thickness (and all other thickness below the upper bound) at any one specified 
location are strongly sensitive to wind direction. This is also a reasonable observation. If the 
wind blows in any direction other than directly at the location of interest, the ash layer thickness 
will be thinner. The fixed wind-direction curve can be thought of as representing the thickness 
of the ash layer at 20 km at the midpoint of the plume, regardless of wind direction. At any 
location off the midpoint of the plume, layer thickness will be less.  

Overall, the calculated thickness appears reasonable. The median eruptive event produces an ash 
layer less than 1 cm thick, 20 km downwind. The minimum ash layer calculated for the 
midpoint of the plume at 20 km is less than 0.1 mm, corresponding to a relatively small eruption 
that produces only a dusting of ash at that distance. The maximum ash layer is 36 cm, 
corresponding to a large eruption that produces a major ash fall covering a large area. There is 
no field evidence suggesting that basaltic eruptions in the past in the Yucca Mountain region 
have produced ash falls this thick at 20 km, and the calculation appears, therefore, to provide a 
reasonable bound for uncertainty in the magnitude of future eruptions.  

3.10.5.2 Waste Concentrations in Ash 20 Kilometers from the Repository 

Figure 3.10-15 shows calculated concentrations of waste (i.e., radioactive material) on the 
ground surface 20 km from the potential repository. As in Figure 3.10-14, this figure shows 
results of two sets of 300 realizations, realizations using sampled values for the parameters listed 
in Table 3.10-4. One set of results shows a distribution of waste concentrations at 20 km, 
calculated assuming that the wind always blows directly south, toward the critical group.  
The other set of results includes a sampling of wind directions, so wind blows away from the 
critical group for a significant number of realizations. Sampling of all input parameters except 
wind direction is the same in each set of realizations.  

Results are consistent with those shown for ash layer thickness in Figure 3.10-14. The maximum 
concentrations are relatively insensitive to wind direction, but the median (and all other 
concentrations below the upper bound) are strongly sensitive to the direction of the wind at the 
time of the eruption. The median concentration of waste at the midpoint of the plume 20 km 
from the potential repository is somewhat more than 10-6 g/cm 2, distributed in an ash layer less 
than 1 cm thick. Unlike ash layer thickness, there are no natural analogs to compare these results 
to, however simple hand calculations provide a crude check on their reasonableness. A surface
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concentration of 10-6 g/cm 2 corresponds, for example, to the concentration that would result from 
spreading the entire contents of a single waste package (approximately 107 g of radioactive 
material) uniformly over 1000 km 2 (32 x 32 km, or 1013 cm 2). The comparison is admittedly 
overly simplistic, because calculated concentrations involve complex, nonuniform distributions 
of ash and waste throughout a plume of variable size, and waste concentrations are likely to be 
higher closer to the point of eruption. Eruptions may affect substantially more than one package 
(see Table 3.10-4), but not all waste in the damaged packages will be entrained in the eruption.  
Overall, the ASHPLUME (CRWMS M&O 1999 [150744]) calculations appear to be providing a 
reasonable distribution of possible surface concentrations of waste 20 km from the point of 
eruption.
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Figure 3.1-1. Summary of the Total System Performance Assessment-Site Recommendation 
Scenarios, Models and Analyses
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Figure 3.1-2. Attributes of Repository Performance Included in Total System Performance 
Assessment-Site Recommendation
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Figure 3.1-3. Process Model Factors Included in Total System Performance Assessment-Site 
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Figure 3.1-4. Process Model Factors Affecting Water Contacting Waste Packages Included in the Total 
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Figure 3.1-5. Process Model Factors Affecting Waste Package Lifetime Included in the Total System 
Performance Assessment-Site Recommendation
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Figure 3.1-6. Process Model Factors Affecting Radionuclide Mobilization and Release from the 
Engineered Barriers Included in the Total System Performance Assessment-Site 
Recommendation
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Figure 3.1-7. Process Model Factors Affecting Radionuclide Transport Included in Total System 
Performance Assessment-Site Recommendation
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Figure 3.2-5. Conceptual Drawing of Infiltration Processes
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Figure 3.2-7. Repository-Average Net Infiltration for the Three Infiltration Cases 
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Figure 3.2-9. Conceptual Drawing of Mountain-Scale Flow Processes
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Figure 3.2-12. Conceptual Drawing of Seepage Processes
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Figure 3.2-15. Uncertainty Distributions for Seepage Fraction and Mean Seep Flow Rate
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Figure 3.2-16. Repository-Average Net Infiltration over Time for the Alternative Climate Sequence
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Figure 3.3-2. Illustration of a Typical Key Block and Associated Fracture Planes
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Figure 3.3-3. Locations of the Five Infiltration Bins for Three Infiltration Cases
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Figure 3.3-5. Conceptual Drawing Illustrating Flow of Liquid Water and Water Vapor in Fractures
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Figure 3.3-7. Connections Between Thermal Hydrologic Environments and Other Total System Performance Assessment Model Components
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Figure 3.3-8. Illustration of the Multiscale Thermal Hydrology Model
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Figure 3.3-9. Bin-Averaged Waste Package Temperature, Medium-Infiltration Case
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Figure 3.3-10. Bin-Averaged Waste Package Relative Humidity, Medium-Infiltration Case 
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Figure 3.3-11. Bin-Averaged Percolation Flux above the Drift, Medium-Infiltration Case 
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NOTE: This Total System Performance Assessment-Site Recommendation section describes changing 
compositions of fluids, colloids, and solids within the potential emplacement drifts.  

Figure 3.3-12. General Engineered Barrier System Design Features, Initial Water Movement, and 
Rockfall
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Source: Adapted from Section 3.6.  

Figure 3.3-13. Schematic Diagram of Engineered Barrier System Flow Pathways (Arrows) and Critical 
Locations (Labels)
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Figure 3.3-14. Engineered Barrier System Chemical Environments Model with Inputs from Thermal Hydrologic Environments and Outputs for 
Application at and in Engineered Barrier System Components
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Figure 3.3-15. Schematic Representation of Smectite Stability as a Function of pH and Ionic Strength
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Figure 3.3-16. Schematic Relationship between Radionuclide-Bearing Colloid Concentration and Ionic 
Strength
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Source: Taken from CRWMS M&O 2000 [129280], Section 6.3.4.4, Figure 7 

Figure 3.3-17. Schematic Representation of Iron-(Hydr)oxide Colloid Stability as a Function of pH and 
Ionic Strength
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Figure 3.3-18. Schematic Relationship between Groundwater Colloid Concentration and Ionic Strength
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Figure 3.4-1. Schematic Design of the Drip Shield and Waste Package
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Figure 3.4-5. Process and Data Flows for Drip Shield and Waste Package Degradation Conceptual 
Model
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Figure 3.4-6. General Corrosion Processes for Drip Shield and Waste Package
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Figure 3.4-12. Closure Lid Weld Manufacturing Defect Schematic
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Figure 3.4-15. Variability CDFs for Alloy-22 with 75, 50, and 25 Percent Variability using 25th 
Uncertainty Quantile
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Figure 3.4-17. Schematic of Drip Shield Implementation in WAPDEG
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Figure 3.4-18. Schematic of Waste Package Implementation in WAPDEG
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Figure 3.4-19.
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Waste Package Patch

TDR-WIS-PA-000001 REV 00 ICN 01 F3-61 December 2000



SUpper Bound 

S75thPercentile SMedia . ..... ........ ........ . .. ... . . ....  

M Mean 
725th Percentie 

2151h Percentie 

IL..,r B..nd 

ubýE3G415 m 

DTN: MO0010MWDWAPOI.009 [153127] abq006SG415 

Figure 3.4-20. Degradation Profiles for Percentage of Patch Failures on Failed Drip Shields and Waste 
Packages
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Figure 3.5-2. Schematic of Waste Form and Waste Package Degradation Mechanisms
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Figure 3.5-9. Commercial Spent Nuclear Fuel Matrix Degradation Model
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Figure 3.5-10. Implementation of DOE-Owned Spent Nuclear Fuel Degradation Component in 
Waste Form Degradation Model
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Figure 3.5-11. High-Level Waste Degradation Component
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Figure 3.5-13. Implementation of Commercial Spent Nuclear Fuel Cladding Degradation Component in 
Waste Form Degradation Model
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Figure 3.5-16. Implementation of Solubility Component in Waste Form Degradation Model
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Figure 3.5-18. Conceptual Model of Formation of Reversibly and Irreversibly Attached Radioisotopes on 
Colloids
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Figure 3.5-19. Implementation of Colloidal Radioisotope Component in Waste Form Degradation Model
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Figure 3.6-1. Cross-Section of a Typical Emplacement Drift Showing the Major Components of the 
Engineered Barrier System
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Figure 3.6-2. Advective Flux through Patches can Transport Radionuclides out of a Breached Drip 
Shield and Waste Package
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Figure 3.6-3. Diffusion of Radionuclides through Stress Corrosion Cracks can Transport Radionuclides 
out of the Waste Package
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Figure 3.6-6. Summary of Conceptual Model for Engineered Barrier System Transport Abstraction
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Figure 3.6-7. Schematic Diagram of the Flow Pathways in the Engineered Barrier System Flow 
Abstraction
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Figure 3.6-8. Schematic Diagram of the Transport Pathways in the Engineered Barrier System 
Transport Abstraction
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Figure 3.7-2. Conceptual Drawing of Unsaturated Zone Transport Processes
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Figure 3.7-3. Conceptual Drawing of Diffusion into Matrix Pores
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Figure 3.7-4. Conceptual Drawing of Radionuclide Sorption
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Figure 3.7-5. Conceptual Drawing of Hydrodynamic Dispersion
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Figure 3.7-6. Conceptual Drawing of Colloid-Facilitated Transport
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Figure 3.7-8. Radionuclide Release Locations for Five Infiltration Bins and Three Cases
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Figure 3.7-9. Breakthrough Curves for Three Climate States, Medium-Infiltration Case
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F[gure 3.7-10. Breakthrough Curves for Three Infiltration Cases, Glacial-Transition Climate 
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Figure 3.7-11. Locations of Particle Breakthrough at the Water Table, Medium-Infiltration Case and 
Glacial-Transition Climate
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Figure 3.7-12. Mean Breakthrough Curves for 100 Realizations of Unsaturated Zone Transport
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Figure 3.8-4. Regional Map of the Saturated Zone Flow System Showing Direction of Flow and Outline 
of the Three-Dimensional Saturated Zone Flow Model Domain
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Figure 3.8-5. Conceptualization of Saturated Zone Flow
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Figure 3.8-7. Three-Dimensional Saturated Zone Model Domain Showing the Different Permeability 
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Figure 3.8-8. Potentiometric Surface and Specific-Discharge Vectors Calculated by the 
Three-Dimensional Saturated Zone Flow Model for the Present-Day Climate
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Figure 3.8-10. Illustration of Colloid Facilitated Transport Mechanisms
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Figure 3.8-11. Conceptualization of Features and Processes Important to Saturated Zone Transport
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NOTE: The red dashed line represents the 20-km boundary; the solid red line is the potential repository outline; the 
red crosses indicate borehole locations; and the blue rectangle outlines the three-dimensional saturated
zone model domain.  

Figure 3.8-12. Map of the Three-Dimensional Saturated Zone Model Domain Showing Simulated 
Transport Particle Paths
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Figure 3.8-13. Radionuclides Considered in Saturated Zone Transport Calculations
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Figure 3.8-14. Four Source Regions in the Saturated Zone under the Potential Repository Footprint
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Figure 3.8-15, Conceptualization of the One-Dimensional Saturated Zone Transport Model
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NOTE: Dashed lines indicate radionuclide-collection fences; yellow quadrilateral indicates alluvium area of 
uncertainty.  

Figure 3.8-16. The Yucca Mountain Vicinity Showing the Three-Dimensional Saturated Zone Transport 
Model Domain, the One-Dimensional Saturated Zone Transport Model Flowtube, the 
Transport Radionuclide-Collection Fences, and the Alluvium Area of Uncertainty
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Figure 3.8-17. Flow Chart of the Implementation of the Three-Dimensional Saturated Zone Transport 

Model into the Total System Performance Assessment-Site Recommendation
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NOTE: Breakthrough curves are calculated using the median values of all parameters 

Figure 3.8-18. Breakthrough Curves Calculated by the Three-Dimensional Saturated Zone Transport 
Model for the Eight Radionuclide Classes Using Median Parameter Values 
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Figure 3.8-19. Breakthrough Curves Calculated by the Three-Dimensional Saturated Zone Transport 
Model for 100 Probabilistic Realizations for (a) Carbon and (b) Plutonium Irreversibly 
Associated with Colloids
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NOTE: Index figure in lower left is same as Figure 2.1-6 

Figure 3.9-1. Relationship of the Biosphere Component and its Relationship with other Total System Performance Assessment Components
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Figure 3.9-2. Overview of the Biosphere Component
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Figure 3.9-3. Map of Yucca Mountain and the Amargosa Valley Region
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NOTE: Upper Photograph Shows the General Store in the Community. Lower Photograph Shows Central-Pivot 
Irrigation of an Alfalfa Field 

Figure 3.9-4. Present-Day Biosphere in the Amargosa Valley 
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Source: DOE 1998 [100550], Volume 3 

Figure 3.9-5. Map Showing the Number of Permanent Inhabitants in the Area of the Regional Food and 
Water Consumption Survey
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Figure 3.9-7. Conceptual Illustration of Processes Considered in the Biosphere Model
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Figure 3.9-8. Diagram of the Pathways Modeled in the Biosphere Model
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Figure 3.9-9. Water Usage Volume of a Farming Community in Amargosa Valley as a Function of the 
Number of Farms 
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Figure 3.9-10. Conceptualization of Processes Important to Buildup of Radionuclides in Soil
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NOTE: With the Optimally Fitted Log-Normal Distribution Data for the Histogram Are in 
DTN: MOOOO4SPABDCFS.001 [148923]; the Fitted Curve Is in DTN: MOOOO3SPAABSO8.004 f148453] 

Figure 3.9-11. Histogram of the Biosphere Dose Conversion Factor for 237Np 
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Figure 3.10-1. Schematic Illustration of Hypothetical Igneous Activity at Yucca Mountain
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Figure 3.10-2. Total System Performance Assessment Model Components of the Volcanic Eruption 
Scenario
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Figure 3.10-3. Total System Performance Assessment Model Components of the Igneous Intrusion 
Groundwater Transport Scenario
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Figure 3.10-4.
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I
Proposed Repository 
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Numbers by each volcano indicate approximate age in millions of years.  
TM: Thirsty Mesa, PCF: Pliocene Crater Flat, BM: Buckboard Mesa, 
QCF: Quarternary Crater Flat (MC: Makani Cone, BC: Black Cone, RC: 
Red Cone, LC: Little Cones), HC: Hidden Cone, LBP: Little Black Peak, 
LW: Lathrop Wells.  

Location and Age of Post-Miocene (<5.3 m.y.) Volcanoes (or Clusters where Multiple 
Volcanoes have Indistinguishable Ages) in the Yucca Mountain Region
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Figure 3.10-5. Schematic Representation of a Volcanic Eruption at Yucca Mountain, Showing Transport 
of Radioactive Waste in an Ash Plume
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Figure 3.10-6. Flow of Information within the Total System Performance Assessment Volcanic Eruption Model
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Figure 3.10-8. Schematic Diagram of the Intersection of an Igneous Dike and Eruptive Conduit with the 
Potential Repository
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Figure 3.10-9. Transport of Ash and Radioactive Waste in a Volcanic Ash Plume
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Figure 3.10-10. Schematic Diagram Showing an Igneous Intrusion at Yucca Mountain and Subsequent 
Transport of Radionuclides in Groundwater
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Figure 3.10-12. Major Inputs and Outputs for the Igneous Intrusion Groundwater Transport Model
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Figure 3.10-13. Schematic Illustration of Possible Pathways for Human Exposure Following Deposition 
of Contaminated Volcanic Ash
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Figure 3.10-14. Calculated Ash Layer Thicknesses at 20 km from the Eruption 
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Figure 3.10-15. Calculated Waste Concentrations on the Ground Surface 20 Kilometers from the 
Potential Repository
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