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REPORT SUMMARY 

 
Since 1989, EPRI has been conducting independent assessments of the proposed deep geologic 
repository for the disposal of spent nuclear fuel (SNF) and high level radioactive waste (HLW) at 
Yucca Mountain, Nevada. EPRI pioneered application of the total system performance 
assessment (TSPA) approach for evaluating performance of geologic repository systems on a 
probabilistic basis. Along the way, EPRI developed the Integrated Multiple Assumptions and 
Release Code (IMARC) as its primary analytical tool for TSPA-based evaluations. Over this 
two-decade time period, IMARC has been periodically revised to reflect the evolving state of 
knowledge and the changing programmatic and regulatory environment. 

Background 
The governing U.S. Environmental Protection Agency (EPA) standards and Nuclear Regulatory 
Commission (NRC) regulations for the proposed Yucca Mountain repository are probability-
based. This probabilistic nature and the long time frames associated with geologic disposal led to 
development of the TSPA methodology for demonstrating repository performance and regulatory 
compliance. As part of its preparation for a license application for repository construction, the 
U.S. Department of Energy (DOE), the licensee, has developed a comprehensive and highly 
complex TSPA program. The NRC, the designated regulator for this facility, has done likewise 
in support of its license review. As an independent third party, EPRI developed IMARC, not to 
duplicate the DOE and NRC efforts in rigor and depth, but rather to provide technical insights 
into important repository system features, events, and processes (FEPs) with respect to repository 
performance and estimates of future radiation doses to the public, specifically a hypothetical 
“reasonably maximally exposed individual” (RMEI). Implementation of IMARC is intended to 
reflect a best-estimate philosophy, consistent with the EPA standard codified in 40 CFR 197.14, 
as opposed to pessimistic or worst-case approaches. 

Objectives 
• To document development of the EPRI TSPA code, IMARC. 

• To address comments and recommendations from an EPRI-commissioned independent peer-
review of IMARC Version 9, published in their entirety as a separate EPRI report: 
International Review Team Report: A Peer Review of the Yucca Mountain IMARC Total 
System Performance Assessment EPRI Model (EPRI 1018711, 2009). 

• To provide a comprehensive, updated description of the latest version of the EPRI TSPA 
code, IMARC 10. 



 

Approach 
IMARC treats many conceptual models and individual model parameters by including 
uncertainty distributions via either a Monte Carlo approach (continuous uncertainty distribution) 
or a logic tree (discrete uncertainty values). Several scenarios are addressed by the code. The 
“nominal release” scenario is the behavior of the repository in the absence of disruptive events. 
Seismic events are expected to occur at the site during the period of performance; the 
implications of potential seismic events are explored as deviations from the nominal scenario. 
EPRI has developed additional analyses associated with alternative potentially disruptive natural 
scenarios to address low-probability igneous events, which theoretically could intrude into or 
erupt through the proposed repository footprint. The conceptual model in IMARC can be directly 
applied to the igneous intrusion scenario, with changes to the input parameters; consequently, the 
discussions in this report on IMARC model structure apply to both the nominal and igneous 
intrusive scenarios. Evaluation of the igneous eruption scenario is performed outside of the 
IMARC framework. 

Results 
This report summarizes IMARC, Version 10, beginning with an overview of the code, followed 
by detailed descriptions of individual IMARC components, including linkages, testing, and 
benchmarking. Major IMARC FEPs are also described, with emphasis on climate change; net 
infiltration; focusing of unsaturated zone groundwater flow; groundwater percolation into 
repository drifts; degradation of drip shields, cladding, and waste packages; waste form 
dissolution; radionuclide transport through the drifts, unsaturated zone, and saturated zone; and 
multiple exposure pathways in the biosphere. The report also describes how combinations of 
embedded numerical submodels are coupled with stand-alone analyses and lookup tables to 
evaluate annual radiological doses to the RMEI. Results from selected IMARC 10 analyses and 
sensitivity studies are presented. 

EPRI Perspective 
This report provides a comprehensive overview and documentation of EPRI’s TSPA code, 
IMARC, to clarify and enhance the technical basis for analyses conducted using this code and to 
facilitate understanding of the code itself in terms of development, structure, and 
implementation. EPRI analyses continue to indicate that the Yucca Mountain repository system 
will maintain doses to the public well below governing regulatory limits. While IMARC has 
been developed for evaluation of the Yucca Mountain system, the code or its components may 
also prove of value for the evaluation of other repository systems and waste management aspects 
of alternative fuel cycles. 

Keywords 
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Spent Nuclear Fuel (SNF) 
Total System Performance Assessment (TSPA) 
Integrated Multiple Assumptions and Release Code (IMARC) 
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1  
INTRODUCTION 

The federal regulations applicable to the proposed spent nuclear fuel (SNF) and high-level 
nuclear waste (HLW) repository at Yucca Mountain, Nevada (primarily 10 CFR Part 63 and 40 
CFR Part 197) are risk-informed and probability-based, necessitating a quantitative assessment 
of total performance. Within the Department of Energy’s (DOE’s) Yucca Mountain Project 
(YMP), this assessment is known as the Total System Performance Assessment (TSPA). TSPA 
is a key component in the license application submitted by the DOE to the Nuclear Regulatory 
Commission (NRC) as it provides the required regulatory assessment of the suitability of the 
Yucca Mountain site. A major focus of EPRI’s high-level waste program has been to provide 
independent, third-party assessments of the performance of the proposed repository.   

Since 1990, EPRI has published a series of reports documenting the development of its own total 
system performance assessment code, IMARC (Integrated Multiple Assumptions and Release 
Code) and the evolution of that code over the past fifteen years. Prior reports on IMARC have 
provided extensive and detailed information regarding the code and its underlying basis and 
philosophy (EPRI, 1990; 1992; 1996; 1998; 2000; 2002a; 2002b; 2003; 2004a,b; 2005a,c,d; 
2006a,b,c). These reports and the incremental changes made to IMARC through this process are 
described more fully in Appendix A. 

1.1 Purpose of the Report 

Generally, previous IMARC code descriptions have focused on incremental changes or new 
developments in EPRI’s TSPA methodology and the IMARC computer code; as a result, the 
complete technical basis for the code is scattered among several reports. A primary purpose of 
this report is to provide a description of the latest version of the IMARC code in a single report 
to an adequate level of detail such that the underlying conceptual approaches, how IMARC fits 
into the overall EPRI effort on TSPA for Yucca Mountain, the code structure, and necessary 
inputs and outputs for the code can be readily understood. As part of this documentation, a  
consolidated review of the IMARC code development history is presented in Appendix A to 
illustrate how and why the current IMARC conceptual model has reached its current form. Many 
alternative conceptual models have been evaluated and incorporated in earlier IMARC versions, 
and these models have been progressively modified or replaced as better understanding of the 
key phenomena were developed, so that the current model represents a culmination of 
understanding developed using the many previously evaluated models.  

A second purpose of this report is to incorporate new information from ongoing scientific and 
engineering studies to reflect the most current state of knowledge related to the YM repository 
system, including revised model conceptualizations and parameter values provided by DOE in 
2008 with the publication of the License Application (LA) and supporting documentation for the 
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latest DOE TSPA version:  TSPA-LA (DOE/OCRWM, 2008b). The changes made to IMARC 9 
were judged to be significant enough to warrant the generation of a new version, IMARC 10, as 
described in this report.  

A third purpose of this report is to address comments made by an independent International 
Review  Team (IRT) following its peer review of interim version, IMARC 9, which represented 
the status of the code as of early 2008 (EPRI, 2009). This review was commissioned by EPRI in 
2007 to build confidence in the IMARC code and its underlying approach and methods.  As a 
result of this peer review, changes to IMARC and an effort to consolidate and enhance code 
documentation were made.  

1.2 Scope of the IMARC Methodology 

As discussed in Appendix A, the IMARC methodology and software has tracked the evolution of 
Yucca Mountain regulations, disposal system design, and conceptual understanding of the 
proposed repository over the years. Current regulatory emphasis is on three primary scenario 
variants: 

• a nominal scenario, which is the primary focus of this report; 

• an igneous intrusive scenario; and 

• an igneous extrusive scenario.1 

Of these three scenarios, the nominal and igneous intrusive scenarios are explicitly addressed 
using IMARC (EPRI, 2005a). 

The features, events, and processes (FEPs) associated with the igneous extrusive scenario are 
very different than those implemented in IMARC, and as a result this scenario is evaluated using 
a different modeling approach using a probabilistic framework separate from the IMARC code 
(EPRI, 2004a,b). The resulting event analysis evaluated the sequence of FEPs that could occur in 
an extrusive igneous event, including: 

• probability of a future igneous event (basaltic dike) below Yucca Mountain, 

• ascent and propagation of dike near the proposed site of the repository, 

• magma-drift interaction, 

• magma-waste package interaction, 

• dispersal of erupted contaminated magma, and 

• biosphere pathway analysis. 

                                                           
1 While EPRI believes the probability of igneous activity within the repository footprint is less than 10-8 per year 
(EPRI, 2008b,c), EPRI has included its analyses of igneous events since igneous event consequences are being 
estimated by others; however, the results of these analyses are not reported as contributors to RMEI dose (Chapter 
10, Table 10 – 6). 
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The inadvertent human intrusion scenario established in 10 CFR Part 63 is not addressed in 
IMARC or in other EPRI analyses (EPRI, 2005c). 

The nominal scenario includes normal processes expected to occur for the repository as it 
evolves into the future, with the design behaving as designed. The nominal scenario includes 
cases in which the drifts remain open, and cases in which rockfall occurs throughout the analysis. 
The reason for this is that EPRI analyses of rockfall indicate that the drifts will remain open and 
intact for extended periods of time. The analyses also do not include the contribution of the rock 
support structures, which are quite robust, and which may reduce the amount of rockfall 
expected in the drifts for extended periods of time. However, it is recognized that some rockfall 
will likely occur over 1,000,000 years. As a result, the nominal scenario results from IMARC are 
generally presented as both “nominal” results, which do not contain rockfall, and “nominal plus 
seismic,” which include the effects of rockfall and seismicity. 

The set of FEPs involving seismicity and rockfall, which are a subset of the nominal scenario, is 
focused on the potential effects of rock fall on the engineered barrier system. This set of FEPs is 
the subject of several investigations by EPRI (2005d, 2006c), which conclude that rockfall does 
not lead to dramatically different performance than the situation in which the drifts remain open 
indefinitely. In IMARC, effects of seismicity and rockfall are expressed as modified input 
parameters for the engineered barrier system component failure rates. Therefore, the only 
differences between the nominal case and cases considering rockfall effects are in the input 
parameters. These considerations are summarized in Chapter 4.  

Colloid-aided transport FEPs are potentially applicable to the nominal and igneous intrusion 
scenarios.  EPRI has conducted an examination of colloid-aided transport and concludes that it is 
a negligible contributor to system behavior, and that it does not need to be included in the 
IMARC conceptual model (EPRI, 2006a). The conclusion that colloid-aided transport is of 
negligible importance is consistent with the conclusions of equivalent DOE reports on colloid-
aided transport, although the DOE TSPA includes colloids for the sake of completeness, even 
though they are acknowledged to have negligible effect on system performance (BSC, 2003). 

It should be noted that 40 CFR 197 and 10 CFR 63 call for the performance of analyses that are 
consistent with a “reasonable expectation” philosophy as opposed to a “most conservative” 
philosophy. EPRI’s analytical efforts to date and the implementation of the IMARC code are 
generally consistent with the “reasonable expectation” philosophy and the applicable regulations, 
although some conservatisms in the IMARC models remain. This is in contrast to the much more 
conservative approach taken by the DOE (DOE/OCRWM, 2008b).  

In line with EPRI’s focus on the commercial electric power industry, IMARC analyses have 
examined the consequences of the commercial SNF inventory, which comprises the majority of 
the full legal capacity for the proposed repository at Yucca Mountain. EPRI analyses have not 
included the inventories associated with defense-related activities that make up the remainder of 
the inventory. Accordingly, the current IMARC inventory considers nuclides only from 
commercial spent nuclear fuel (CSNF). This is not an intrinsic limitation of the code, but rather 
reflects EPRI’s research focus. In the current statuary limit of waste capacity 70,000 MTHM for 
the Yucca Mountain repository, 63,000 MTHM is from CSNF, comprising 7,796 waste packages 
(TSPA-LA Table 6.3.7-1) including PWR and BWR spent-fuel with various burnups. The 
activity contained in co-disposal waste packages is about two orders of magnitude less than the 
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activity in CSNF waste packages, so the focus on CSNF does not significantly limit the analysis. 
In DOE TSPA analyses (DOE/OCRWM, 2008b) the co-disposal waste packages tend to fail 
earlier than CSNF waste packages. As a result, inclusion of the co-disposal waste packages in 
IMARC would change the shape of the curve of dose to the RMEI, but it would not significantly 
alter the peak dose. 

A set of radionuclides, shown in Table 1-1, has been chosen for analysis in IMARC, based on 
risk importance. The selection has taken account of past IMARC analyses, and reviews of 
contemporary analyses of DOE and NRC that identify the key radionuclides of concern for 
CSNF. A full discussion of the basis for the inventory, its historical development, and the 
radionuclides included in IMARC is provided in Appendix A. The numerical activity values for 
these radionuclides in CSNF have been adopted from the TSPA-LA.  

Table 1-1 
Radionuclides included in the IMARC inventory. 

Nuclide Half Life [yrs] 

Ac-227 21.773 

Am-241* 432.2 

Cl-36 3.01×105 

Cm-245* 8,500 

I-129 1.59×107 

Np-237 2.14×106 

Pu-239 2.44×104 

Pu-241* 14.35 

Pu-242** 3.73×105 

Ra-226 1,600 

Se-79 2.95×105 

Tc-99 2.15×105 

Th-229 7,340 

Th-230 7.7×104 

U-233 1.59×105 

U-234 2.47×105 

U-235 7.1×108 

U-238 4.51×109 

* Radionuclide included by adding the inventory to the inventory of Np-237, which results in an overestimate of Np-
237 inventory of about a factor of 3 for waste packages that fail at very early times. However, the ingrowth of Np-
237 from Am-241 occurs in the first few thousand years, so the effect of this assumption on peak dose is negligible.  

** Pu-242 decays to produce U-238. However, the contribution of Pu-242 to U-238 is negligible, and Pu-242 is a 
radionuclide of interest as a potential dose contributor. Therefore Pu-242 is modeled in IMARC as a simple 
decaying radionuclide and not as a U-238 parent. 
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IMARC comprises a set of models for the behavior of these radionuclides in various parts of the 
disposal system, and the parameters needed for those models. This report provides the 
description and justification for both models and parameters. Chapters of this report present 
descriptions and justifications for the models in IMARC, as well as values and justification for 
values of a few parameters. However, in most cases the discussions of parameter values have 
been placed in appendices, to assist in clarity of presentation for the main text.  

 





 

2  
SUMMARY OF IMARC CONCEPTUAL MODEL AND 
CODE COUPLING 

2.1 Overview to IMARC 10 Chain of Models 

The IMARC 10 total system performance assessment (TSPA) code consists of a modular 
implementation of individual models representing the processes affecting the long-term 
containment and isolation of spent nuclear fuel and defense high-level waste within a repository 
located at Yucca Mountain, Nevada (DOE/OCRWM, 2008b). The intent of the code is to 
evaluate the most risk-significant FEPs leading to the potential exposure of a Reasonably 
Maximally Exposed Individual (RMEI) at Yucca Mountain (40 CFR 191; 10 CFR 63). The code 
takes account of uncertainty in key parameters via a logic-tree format, conducting and combining 
a series of deterministic calculations for each “branch” of the logic-tree to produce probabilistic 
estimates of RMEI dose rates that are suitable for comparison with established safety standards 
and regulations for Yucca Mountain (40 CFR 197; 10 CFR 63).  

IMARC 10 was developed by EPRI to provide an independent TSPA capacity for evaluation of 
performance- and safety-related issues associated with the Yucca Mountain repository (EPRI, 
1990; 1992; 1996; 1998; 2000; 2002a,b; 2004a; 2005c; 2006b).  EPRI’s technical experts, 
working independently of the Yucca Mountain program, formulated separate TSPA sub-models 
that were combined into the overall IMARC 10 code. Because the Yucca Mountain repository 
concept has evolved over time with respect to site data, engineered barrier designs, applicable 
regulations, and other programmatic factors, the IMARC code has evolved as well.  An overview 
of this evolution is presented in Appendix A.  The current IMARC 10 implementation described 
in this report reflects changes to the Yucca Mountain repository system design and 
understanding of the repository system based on EPRI’s review of DOE’s June 2008 license 
application (DOE/OCRWM, 2008b).  

The IMARC 10 code and associated TSPA calculations are intended to reveal and evaluate risk-
important aspects affecting repository performance, providing risk –informed insights into the 
system behavior. To this end, IMARC 10 implements abstracted sub-models of the behavior of 
the repository, including the key FEPs that influence performance of the repository in a manner 
that permits assessment of regulatory compliance with mean-annual dose rates, as well as 
permitting exploration of sensitivity of key FEPs on dose rate. As an independent third party, 
EPRI developed the IMARC code primarily to provide technical insights into the most risk-
important features, events, and processes affecting overall repository performance and regulatory 
compliance. The code also provides a credible, independent, technically defensible TSPA 
capability to evaluate DOE and NRC models and parameters. Implementation of IMARC is 
intended to reflect a reasonable or best-estimate philosophy, consistent with the EPA standard 

2-1 



 
 
Summary of IMARC Conceptual Model and Code Coupling 

codified in 40 CFR 197.14, as opposed to bounding or worst-case approaches. IMARC is not 
intended to duplicate the DOE and NRC codes in rigor and depth. 

EPRI’s abstraction process applied in the development and evolution of IMARC combined 
generalized knowledge about science with site-specific knowledge and understanding of the 
Yucca Mountain repository.  This knowledge base was then combined with the expertise, 
judgment, and experience of EPRI’s team of independent experts to develop technically credible 
and defensible alternative TSPA sub-models of processes affecting performance of a Yucca 
Mountain repository (see Appendix A). As discussed in Section 1.1 and Appendix A, 
understanding which sub-models of the repository system are important to performance has 
evolved over the past 20 years.  This evolution has been made even more complex because of 
changes in barrier designs and regulatory standards during this period.  A full review of the co-
evolution of US regulations, engineered barrier designs, Yucca Mountain site characterization 
and TSPA studies by EPRI is, however, beyond the scope and intent of this report.    

IMARC 10 is implemented as a chain of linked sub-models of key processes affecting 
containment, isolation and potential dose uptake, as shown in Figure 2-1 (EPRI, 1990; 1992; 
1996; 1998; 2000; 2004a; 2005c; 2006b). Key aspects and attributes of each sub-model are 
briefly summarized here, while subsequent sections in this chapter provide more detailed 
information on the conceptualization, implementation, verification and application of each 
IMARC 10 sub-model. 
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variations in the period before 10,000 years does not meaningfully change the TSPA results as 

Chain of Models Implemented in IMARC 1

2.1.1 Infiltration and Percolation  

The beginning point for EPRI’s TSPA analysis with IMARC 10 is the infiltration and percolati
rate at the repository horizon. The percolation rate at the repository horizon is treated as an i
parameter, and conceptually may be considered a boundary condition for the remainder of the 
code. Physical processes that play a role in determining the range in percolation rate values 
include:  climate/ climate changes, moisture redistribution at the surface, evapo-transpiratio
infiltration of water through the soil horizon, and moisture redistribution within the fractured 
unsaturated tuff that represents the upper natural barrier of 

processes is the percolation rate at the repository horizon. 

In previous versions of IMARC, sequential time intervals have been set to represent changes in
climate.  In IMARC 10, this approach has been reduced to a single time interval that remains 
constant over the entire million year performance period.  IMARC 10 adopts percolation rates
from the range of percolation rates specified in the USNRC’s 10 CFR 63. Since the period after
10,000 years is the by far the most important to performance, it was found that using climate 
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compared to applying the NRC values for all times.   Spatial variability of the percolation is 
taken into account using a flow-focusing factor, so that part of the repository experiences flow 
rates higher than average, and part of the repository experiences no flow.  

2.1.2 Seepage  

Within IMARC 10, the percolation rate is used to calculate the seepage rate into repository drifts 
using a function that determines the seepage rate and the fraction of the repository experiencing 
seepage as a function of percolation rate. Spatial variability in the percolation rate is modeled as 
a fraction of the repository experiencing focused flow, which leads to portions of the repository 
that experience higher seepage than others. The seepage rate and seepage fraction are used to 
establish the advective velocity in the near-field model for radionuclide transport. A full 
discussion of the treatment of seepage is presented n Chapter 3. 

2.1.3 Near-field: Containment and Source term  

The near-field model is composed of modules for determining the:  

1. degradation and failure rates of containment components of the engineered barrier system 
(EBS),  

2. source-term release of radionuclides from nuclear waste forms, involving dissolution of 
nuclear waste forms, application of radioelements solubility limits as appropriate, and 
transport of radionuclides through the EBS of the near field into the lower natural barrier. 

The containment-degradation analyses take account of various corrosion processes for 
containment-related barriers (titanium (Ti) drip shield, alloy-22 outer barrier of waste packages, 
zircaloy cladding), and when necessary, contributing processes associated with seismicity, 
rockfall and igneous events. Corrosion modeling performed for IMARC TSPA calculations 
provide distributions of failures (defined as penetration through, or physical collapse, of the 
barrier) over time for each of the containment-related barriers. For the seismic scenario, the 
corrosion modeling is augmented by analyses of waste package collisions during a seismic event, 
the impacts of dynamic impacts of rocks, and the static load from rocks that have previously 
fallen. Similarly, for the igneous intrusion scenario, the corrosion modeling is altered to take into 
account the temperature history of the metal, its contact with corrosive materials in the magma, 
and its likelihood of early failure during the eruptive event.  

To assess the performance impact of the possible emplacement of waste packages and drip 
shields with undetected fabrication defects, one waste package - drip shield combination is 
assumed to be emplaced in a failed state. This failed state is modeled as providing no barrier 
functionality at time zero. The “initial-defect” approach to containment allows for easy bounding 
analyses that have, in turn, shown that initial fabrication defects are not a risk significant issue. 
This is, in fact, a very conservative assumption, because manufacturing defects, if they exist at 
all, would most likely be represented by poorly completed welds or a misaligned drip shield. In 
addition, DOE’s detailed analysis of the probability of undetected manufacturing defects shows 
the expected value of initially defective waste packages and drip shields to be less than one of 
each. With these considerations, combined with the high-temperature operating mode (HTOM), 
which prevents seepage of water for several 1000’s of years after repository closure, the 
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containment barriers would be expected to continue to provide a substantial benefit in terms of 
waste isolation. 

The source-term release of radionuclides from the commercial spent nuclear fuel (CSNF) waste 
 considers two types of initial release processes for commerciaform l spent nuclear fuel (CSNF):  

2

 

is calculated, and 
the instant release fraction associated with those waste packages is included in the overall release 

 
g account of the processes of solubility 

limitation, advection, dispersion, diffusion, and sorption. The result of the near-field model is the 
y of the near field into the lower natural 

 

 

kes 
at 

can varied to evaluate the sensitivity of this factor. The unsaturated zone is vertically subdivided 
into four geological units, which represent the average properties of a number of units of the 
more complex Yucca Mountain stratigraphy, as implemented by DOE/OCRWM (2008b).   

                                                          

1. an instant release fraction (IRF) of volatile radioelements located along the gap between the 
fuel UO  matrix and the cladding and in grain boundaries, and  

2. the remaining radioelements located in the fuel matrix that are released congruently with the
dissolution rate (also referred to as “alteration rate”) of the UO2 matrix2.  

At each time step in the analysis, the fraction of newly failed waste packages 

rate. For IMARC 10, an external physicochemical model for the long-term dissolution rate of 
CSNF was developed to provide input into the IMARC source-term model.   

Source-term transport of radionuclides in the near field is calculated using a compartment-based
model for key components of the near field, takin

overall release rates of radionuclides from the boundar
barrier (unsaturated zone) as a function of time. 

2.1.4 Transport in the Unsaturated Zone (UZ) 

The release rate of radionuclides from the near-field is assumed to occur uniformly across the 
contacting horizon of the underlying unsaturated zone. This radionuclide release rate is then used
as concentration boundary condition for a one-dimensional model for vertical transport through 
the unsaturated zone. Alternative approaches that included spatially variable release rates have 
been explored in past versions of IMARC, and this added level of complexity has been found to 
have an insignificant impact on performance assessments. The concentration boundary condition
is determined by applying a mixing cell at the base of the repository, homogenizing the releases 
across the repository to produce a single output concentration. The unsaturated zone model ta
account of flow and transport in fractured tuff, with fracture-matrix interaction parameters th

 
2 IMARC does not explicitly address the non-CSNF inventory proposed for Yucca Mountain.  However, IMARC 10 
can be used to calculate the performance for defense high-level waste, simply by including different initial 
radionuclide inventories and glass-matrix dissolution rate relative to CSNF.  
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2.1.5 Transport in the Saturated Zone 

The release rate of radionuclides from the bottom of the unsaturated zone is used as input to a 
two-dimensional model of the saturated zone. The saturated zone is represented as two 
geological units. The first unit is represented as a fractured rock unit 15-km in length, 
represented mathematically as a dual continuum, with advective transport through the fractures 
modified by diffusion into the matrix (“matrix diffusion”), and sorption in both fractures and 
matrix. The second rock unit, composed of 3-km of alluvium, is represented mathematically as a 
single continuum. A uniform infiltration rate is applied across the top of the entire modeling 
domain. 

2.1.6 Biosphere Mode and Reasonably Maximally Exposed Individual (RMEI) Dose 

The interface between the geosphere and the biosphere is calculated using the method 
established in 10 CFR 63, which defines the manner in which the groundwater plume is 
calculated to interact with a hypothetical well at the point of compliance. Indeed, it is this 
regulatory-defined concept (10 CFR Part 63.302 and 63.312) of a “well-capture zone” 
aggregating the plume of radionuclides crossing the 18-km boundary from the repository that 
justifies a number of the abstractions and simplifications adopted in the UZ and SZ models of 
IMARC 10. 

The stylized well-capture approach defined in 10 CFR Part 63 provides the basis in IMARC 10 
for deriving a concentration in well water used by the Reasonably Maximally Exposed 
Individual (RMEI).  This concentration is then used as an input to a stand-alone biosphere 
model. The biosphere model uses assumptions about RMEI behavior, and calculates the dose to 
the RMEI for a unit input concentration of each radionuclide. Some assumptions are established 
in regulations, while other assumptions need to be made in implementing the biosphere model. 
The dose per unit concentration, known as a Biosphere Dose Conversion Factor (BDCF) is used 
as an input parameter to IMARC 10. When multiplied by the well concentrations and summed 
over all radionuclides, the dose to the RMEI is calculated.  

The analysis described in this section represents the calculation approach for a single set of input 
parameters. IMARC 10 conducts this calculation for 108 combinations of input parameters. The 
values of the input parameters and their associated probabilities are established using discrete 
probability density functions. This allows the uncertainty in parameters to be propagated using 
an event tree approach. 

2.1.7 IMARC as an Independent Assessment Code 

Programmatically, the EPRI team comprises experts from a wide variety of disciplines. The 
software for several parts of the code have been developed independently by members of the 
EPRI team with appropriate background and expertise, and have then been coupled in the code to 
provide an overall systems-level analysis. Over the years, the EPRI project team has approached 
its independent model development by a multi-step process: 

2-5 



 
 
Summary of IMARC Conceptual Model and Code Coupling 

Team members monitor and review information, primarily publications and presentations, from 
DOE, NRC, USGS, and other entities involved in the investigation of the Yucca Mountain 
repository. These reviews focus on the implementation or screening of FEPs, on the scientific 
and technical credibility of the work, and on the risk importance of the implementation of 
specific FEPs. 

Team members develop independent views on which FEPs should be included or excluded, 
which are likely to result in over-conservatism or under-conservatism of the TSPA, and whether 
a technically superior approach is possible given the state of the science and state of 
understanding of the repository. The foundation for these independent views is both in the 
understanding of the repository system and in the expert’s broader scientific understanding. 

As appropriate, team members develop independent models, technical approaches to specific 
issues, and independent assessments of model parameters needed for TSPA. These independent 
models are tested and verified to ensure that the results are correct and understandable in an 
independent context before they are integrated into the TSPA in IMARC. 

When those models reach an appropriate stage of development, as appropriate they are 
incorporated into IMARC, and become the technical foundation for the next phase of IMARC 
development. The incorporation may involve recoding parts of IMARC, or may only require 
updating input parameters for IMARC. Numerous specific examples of the way IMARC has 
evolved through this process are described in Appendix A.  The modular nature of IMARC 
minimizes the overall impact on the entire IMARC code, and concomitant testing required, of 
code changes and modifications. 

Approaches and concepts in IMARC are therefore seen to be derived in part from approaches 
and concepts developed by DOE and other interested parties. Similarly, over the years, a number 
of EPRI concepts and approaches have been adopted by DOE and other interested parties as the 
basis for their further understanding and development. Therefore, many concepts and technical 
approaches first published in EPRI reports later found expression in the approaches and products 
used by DOE, NRC, and EPA. Consequently, while EPRI analyses have remained independent 
and EPRI has carefully chosen which concepts and developments to incorporate into IMARC, 
there has been a general convergence of understanding among the interested parties on TSPA of 
the repository. 

This description shows that, while the EPRI analyses are independent of other interested parties 
associated with the repository development, they are also dependent on information from other 
parties. In particular, the EPRI TSPA effort is heavily reliant on DOE-sponsored data collection 
to provide the foundation of understanding about the repository system. EPRI’s understanding of 
the key FEPs to be included in TSPA has evolved as improved data and scientific understanding 
of the repository has been developed by all interested parties. 

The overall conceptual approach of the IMARC code and the elements it contains are shown in 
Figure 2-1. The basic elements of the analysis method are the same as in the most recently 
available version of DOE’s TSPA (DOE/OCRWM, 2008a). Differences arise mainly in the 
manner in which the two codes are implemented along with the specific assumptions, models, 
parameters, and couplings used.  
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This section has provided an overview of IMARC 10 and how the parts of IMARC are coupled. 
In the remainder of Chapter 2, overviews are presented of each part of the IMARC chain of 
models, with full details of the models presented in Chapters 3 through 7. 

2.2 Climate, Net Infiltration, Percolation, and Seepage 

 

Figure 2-2 
Implementation of Infiltration, Percolation, and Seepage Models in IMARC 10. 

EPRI has developed a technical basis for the understanding of percolation to the repository 
horizon. In its proposed regulation for Yucca Mountain (NRC, 2005), NRC proposed a 
distribution of percolation rates to be used for the purposes of TSPA. These values are updated 
and increased somewhat by NRC (2008). EPRI believes the values incorporated in the NRC 
regulation are very conservative (Kessler, 2005). Therefore, while IMARC 10 uses parameter 
values to implement the NRC infiltration distribution, EPRI has continued to maintain its own 
positions on climate, infiltration, and percolation, which are documented in Chapter 3 of this 
report.  

IMARC 10 analyses are based on an assumption that the post-10,000 year percolation flow rates 
specified by NRC apply beginning from time zero, so the percolation flow at the repository 
horizon is assumed to be the same at all times. This approximation does not have a significant 
effect on the model results, because experience has shown that before 10,000 years there are 
negligible releases from the repository. Similarly, the thermal period of repository performance 
is not taken into account in the flow and transport analyses in IMARC, because by the time 
significant releases from the repository begin, temperatures are low enough that the effect of 
temperature on repository performance is negligible. As a result, IMARC temperature only 
influences the degradation rates of components of the engineered barrier system (EBS). 

The flow model in IMARC is based on an assumption of long-term steady percolation flow 
through the mountain. This assumption is based on observations made by DOE showing that the 
PTn unit above the repository has an ability to attenuate episodic signals from propagating 
through the subsurface. DOE has provided a substantial basis for this assumption in the license 
application:  

“The net surface infiltration at the bedrock surface (on top of the TCw unit) is 
conceptualized as episodic, with significant pulses occurring only once every few years 
… Spatially and temporally variable pulses of moisture percolate rapidly through the 
highly fractured tuffs of the TCw. However, at the TCw-PTn interface—where welded 
tuffs grade sharply into nonwelded tuffs—flow behavior changes from fracture 
dominated to matrix dominated flow. The highly porous PTn unit attenuates the episodic 
infiltration flux significantly such that the net episodic surface infiltration, once crossing 
the PTn, can be approximated as steady state …” (DOE/OCRWM, 2008b, Section 
2.3.2.4.2.1.2).  
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EPRI concurs with this view of the function of this unit, and concurs that it is appropriate to 
eliminate the FEP for episodic deep percolation below the PTn from further consideration. 

IMARC addresses water seepage into the repository drifts considering the possibility of “focused 
flow” due to heterogeneous fracture flow and have as their output a lookup table.  The lookup 
table provides the fraction of the repository that will experience active seepage flow (rather than 
simply humid air conditions), as well as the seepage in the areas of active groundwater flow. For 
the igneous intrusion scenario, a separate lookup table is generated that takes into account the 
potential hydrologic properties of the solidified magma that is assumed to enter the drifts either 
partially or fully encapsulating the waste packages (EPRI, 2005a). 

Detailed descriptions of the EPRI technical position on infiltration and percolation, and the 
IMARC 10 approach to seepage are presented in Chapter 3. 

2.3 Engineered Barrier System Degradation 

 

Figure 2-3 

d 
y 

 10, the 
input parameters for the engineered barrier system degradation analysis have been updated to 

A full description of the approach to evaluation of engineered barrier degradation used in 

2.4 Near-Field Model and Coupling 

Implementation of Near-Field Containment Model in IMARC 10. 

A large number of potential degradation mechanisms affecting drip shields, waste packages, an
cladding are considered in the IMARC models.  Uncertainty distributions are assigned to man
of the individual model parameters based on their influence on degradation rates, and a set of 
Monte Carlo simulations are run using these distributions, and a failure distribution curve is 
generated for each of the tphree main engineered barrier system components.  In IMARC

reflect the most recent waste package design, as described by DOE/OCRWM (2008b).  

IMARC 10 is presented in Chapter 4. 

 

Figure 2-4 
Implementation of Near-Field Source Term Release Model in IMARC 10. 

2-8 



 
 

Summary of IMARC Conceptual Model and Code Coupling 

The “near-field” in the IMARC model comprises all the components inside the drifts (e.g., drip 
shield, waste package, cladding, waste form, pedestal, invert), along with the drifts themselves 
and a few meters3 of the host rock surrounding the drifts.  Releases from the repository are only 
assumed to occur after the period of significant thermal transient behavior based on the premise 
that there will be little to no liquid water present to facilitate radionuclide mobilization and 
movement until temperatures have decreased to near the local boiling point of water.  As a result, 
thermal effects are omitted from flow and transport aspects of the model for the nominal release 
scenario.4 The effects of temperature on the performance of the facility are therefore limited to 
effects on the degradation of components of the engineered barrier system. 

The hydrologic behavior of the near field is represented by two zones: one in which water drips 
from fractures into the drifts, and one without dripping. Once simultaneous failure of the drip 
shield, waste package, and cladding is assumed to occur, these two zones are evaluated as two 
separate calculations using the COMPASS code, the first of the three numerical sub-models 
within IMARC. The zone in which dripping occurs releases radionuclides by both advection and 
diffusion, whereas the no-drip zone releases only by diffusion. Releases from both zones are 
summed to provide the total release from the repository level as a function of time. This release 
rate is then used as a boundary condition (release rate as a function of time) for the unsaturated 
zone code. The importance of this assumption is that all releases from the repository horizon are 
assumed to be laterally well mixed as they enter the unsaturated zone. This assumption is not 
significant in the overall TSPA, because of the regulatory requirement to normalize 
concentrations at the RMEI location to 3,000 acre-feet/y.  

Inputs to the near-field model reflect several summary inputs, as follows:  

• Seepage rate into the drift, for those drifts in which seepage occurs; 

• The seepage rate according to a single projection of future climate; alternative climate 
projections are not currently considered in the uncertainty analysis; 

• A variety of parameters intrinsic to the near-field analysis, including dimensions, sorption 
coefficients and solubility limits, densities, and porosities in the near field materials; 

• Time-dependent probability of failure curves for waste packages and drip shields for dripping 
and non-dripping conditions, as described in Chapter 4;  

• Time-dependent probability of failure curves for cladding (following EBS failure), for wet 
and dry conditions, as described in Chapter 4; and 

• Diffusion/advection distance to the nearest flowing fracture.  This captures the likelihood that 
radionuclides released from the drifts will travel slowly through the rock matrix immediately 
surrounding the drifts prior to encountering faster groundwater flow in nearby fractures. 

                                                           
3 The amount of rock considered to be “near field” is an arbitrary distinction, since its properties are identical to the 
surroundings. As a practical matter, 4 m of rock is used in IMARC analyses as the distance into the surroundings 
included in COMPASS calculations. 

4 Thermal effects on drip shield, waste package, cladding, and in-drift groundwater flow behavior are considered for 
the igneous intrusion scenario.   
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It is useful to note that these input parameters represent the mean result of considering the 
probabilistic behavior of the system, so that the lumped parameters included in IMARC are 
derived from full representations of the uncertainty associated with the process under 
consideration. 

A full description of the approaches used in IMARC 10 for near-field modeling is presented in 
Chapter 5. 

2.5 Lower Unsaturated Zone Model and Coupling 

 

Figure 2-5 

n.  
or lateral 

er 

d to 

 specified and the entire plume is calculated to be captured by the well.  As a 
result, multidimensional effects in the unsaturated zone do not have a significant influence on 

• The remaining four segments are used to represent different unsaturated horizons below the 

At the base of the unsaturated zone, the flux of radionuclides exiting the unsaturated zone is used 

RC 10 is presented in Chapter 6. 

Unsaturated Zone Transport Model Implementation in IMARC 10. 

The second numerical sub-model embedded within the IMARC code addresses flow and 
transport through the unsaturated zone beneath the repository horizon.  Flow and transport 
through the unsaturated zone is treated as one-dimensional in the downward vertical directio
This model is arguably conservative compared to multidimensional models that allow f
flow and transport and therefore would predict longer radionuclide travel times and great
dispersion relative to a 1-D model representation. However, the dimensionality of the 
unsaturated zone does not strongly affect model results, given the model application for 
evaluating repository performance against regulatory criteria.  Features and processes that lea
dispersion of contaminants play a small role in the Yucca Mountain TSPA because the well 
pumping rate is

TSPA results. 

The unsaturated zone is subdivided into five segments: 

• The first segment consists of only the first finite difference cell, which is used to apply the 
boundary condition of concentration from the near field, and 

repository: TSw-3C, TSv-5, CHnv-5, and CHnz-6.  

as a time series input to the saturated-zone code.  

A full description of the unsaturated zone model used in IMA
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2.6 d Zone Model and Coupling  Saturate

 

Figure 2-6 
RC 10. 

uni e 
groundwater flow velocity increases along the transport path length.  

 

2. an alluvial segment extending from 15 km down-gradient to the location of the Reasonably 

d 
, 

e 
 the downstream location where the saturated zone transitions from 

fractured tuff to alluvium. This approach resulted in very long run times.  At the end of 2003, 

lso 

emed 

ct 
 to the requirements 

of 40 CFR 197, normalized to reflect a residential water usage of 3,000 acre-feet per year 
fect 

on analyses conducted for 40 CFR 197. Similarly, other phenomena that may affect the 
distribution of concentration in space (e.g., the downward movement of the plume by infiltration 

ollowing re-normalization and averaging of the 
concentrations. This outcome indicates that the potential to model the essential features of the 
groundwater transport analysis using a more simplified conceptual model.  

Saturated Zone Transport Model Implementation in IMA

The third numerical sub-model embedded within the IMARC code addresses flow and transport 
through the saturated zone.  The saturated zone code has a specified upstream flow rate, and a 

form infiltration rate is added to the upper surface of the computation region, such that th

The saturated-zone model is composed of two segments: 

1. a fractured tuff segment extending from beneath the repository to 15 km down-gradient, and

Maximally Exposed Individual (RMEI) 18 km down-gradient, the “compliance point.” 

The unsaturated and saturated zone models communicate with the remainder of IMARC by the 
transfer of radionuclides from the near field and to the biosphere. All other parameters neede
for the unsaturated and saturated zone models are unique to this part of the code, making them
to a large extent, stand-alone calculations. 

IMARC 10 and all IMARC analyses after 2003 have implemented a 2-dimensional saturated 
zone representation. Previously, a full 3-dimensional saturated-zone model was implemented in 
IMARC was implemented, though without spatial variation of parameters in each segment of th
model domain except at

benchmark analyses conducted using the saturated zone code in a stand-alone analysis 
demonstrated that a two-dimensional representation produced essentially identical results as the 
3-dimensional analysis, with significantly reduced run times.  Reasonable agreement was a
demonstrated for a one-dimensional representation of the saturated zone, but with only marginal 
further reductions in computation time.  As a result, 2-dimensional representation was de
adequate for IMARC.  

Some regulatory requirements have profound consequences on the methodology used to condu
the overall analysis. Radionuclides exiting the saturated zone are, according

(3.7x106 m3/y) – the so-called representative volume.  Dispersion, therefore, has a minimal ef

from the surface) are of reduced importance f
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A full description of the saturated zone model used in IMARC 10 is presented in Chapter 6. 

2.7 Biosphere Model and Coupling 

 

Figure 2-7 
Biosphere Model Implementation in IMARC 10. 

Any radionuclides released from the repository and transported 18 kilometers downstream in the 

 

on. The 
 

e are no common parameters between the 
biosphere model and the remainder of IMARC. Consequently, there are no issues of coupling 

DCFs have been 
periodically reviewed and updated, but from the perspective of the IMARC code, they are simply 

rs that are read in and used in the analysis.  

s 

sis. 

arameter necessarily sum to unity. In some cases, this 
triangular distribution is replaced by a high-low value set, with only two values of associated 
probabilities. The event tree approach identifies each permutation of the parameters, propagates 

saturated zone are assumed to enter the biosphere via groundwater used by the local community, 
including the Reasonably Maximally Exposed Individual (RMEI), for drinking, agriculture, and 
other purposes. Radionuclide fluxes in the groundwater at 18 km are adjusted to concentrations
by use of the representative volume per 40 CFR 197. These concentrations are then multiplied by 
the radionuclide specific biosphere dose conversion factor (BDCF) for the RMEI to produce the 
dose to the RMEI for individual radionuclides at a given time of output concentrati
BDCFs are calculated independently to reflect steady-state conditions in the biosphere (see, e.g.,
EPRI, 2002a). These individual radionuclide doses are then summed to produce the total dose to 
the RMEI at each time of output. 

The biosphere model is entirely self-contained, and ther

between parts of the code that need to be evaluated. Values for the B

a set of radionuclide-specific paramete

In IMARC 10, for the first time, the effect of uncertainty in input parameters on the BDCFs ha
been incorporated for key radionuclides. Probabilistic analyses are carried out on selected 
radionuclides to determine the conservatism of the deterministic BDCFs used for the analy
The probabilistic analyses are reported in Appendix C. 

A full description of the biosphere model is presented in Chapter 7. 

2.8 Treatment of Uncertainty 

Uncertainty in input parameters for IMARC is propagated using two different methods.  The 
primary method of uncertainty propagation uses the logic tree approach described in past 
IMARC publications (EPRI, 1992; 1996; 1998; 2000; 2002a,b; 2005c). In this approach, 
parameters are specified as high, moderate, and low values with probabilities associated with 
each. For instance, the moderate value of the parameter may be assigned a probability value of 
0.9, with the high and low ends of the parameter range each assigned a probability of 0.05. The 
probabilities of values for a particular p
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the associated probability of the combination of branches, and assigns probabilities to each 
branch end member. Monte Carlo methods are used to generate individual radionuclide BDCF 

t
ods has been entirely 

esults, 
DCF and failure curve analyses are carried out using stand-alone codes with built-n 

ncluded in the 
-2): 

• Infiltration rate, 3 branches reflecting high/moderate/low cases, 

 rate, 2 branches reflecting a base case and a high value. 

From combinations of this set of uncertainty parameters, IMARC derives the 3x3x3x2x2 = 108 
calculation cases and associated probabilities that have formed the basis for IMARC analyses 
since the Phase 7 IMARC report (EPRI, 2002b). All other parameters in IMARC take single 
values. However, as noted above, a number of the parameters used as input to IMARC are mean 
values of full Monte-Carlo based probabilistic calculations. As a result, the single values used in 
IMARC embody the mean outcome of a more elaborate analysis conducted outside the 
framework of the code.  

dis ributions and time-dependent failure curves for key EBS components: drip shields, waste 
packages and fuel cladding. The reason for the use of these two meth
pragmatic. The event tree approach has advantages associated with transparency of the r
while the B
capabilities for Monte Carlo sampling. 

In the current implementation of IMARC, the following uncertain parameters are i
logic tree (See Figure 2

• Saturated Zone Retardation values, 3 branches reflecting high/moderate/low cases, 

• Radionuclide Solubility/Waste Form Alteration Time, 3 branches reflecting 
high/moderate/low cases, 

• Flow focus factor, 2 branches reflecting no focusing and strong focusing, and 

• Seepage fraction/Flow
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Figure 2-8 
Logic tree of uncertain parameters currently in IMARC Version 10 
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3  
CLIMATE, INFILTRATION, AND SEEPAGE 

 

NRC (2005, 2008) has established, as part of 10 CFR Part 63, the rate of deep infiltratio
through Yucca Mountain that should be used for the TSPA analyses for the time period great
than 10,000 years. The intent of establishing these values in the regulation is to reduce 
speculation about futu

n 
er 

re climate states and the implications of changes in infiltration on the 
TSPA. The IMARC code, beginning with version 9, implemented these values for the post-

e, 
 

are consistent. The NRC (2005) values were implemented in IMARC 9 (Kessler et al., 2006) and 

e 

t team has 
eloping independent evaluations for climate, 

 have been reduced to several rather 

) 

 

10,000 year period.   

While EPRI supports this conceptual approach, the distribution of values for infiltration 
proposed by NRC (2005, 2008) are considerably higher (i.e., more conservative) than are 
considered reasonable based on the results of EPRI’s independent analysis (EPRI, 1998). 
Furthermore, NRC (2008) has recently increased the conservatism of infiltration rates. Therefor
in this chapter, EPRI’s technical approach is described as a reasonable assurance basis for TSPA
calculations, even though it is not currently implemented in IMARC 10. With the exception of 
the specific values for infiltration, EPRI’s (2005b) approach and NRC’s (2005, 2008) approach 

the NRC (2008) values are implemented in IMARC 10.  

The IMARC code contains process models only for phenomena occurring at and below th
repository horizon. However, these phenomena are affected by processes occurring above the 
repository associated with climate, its influence on infiltration into the mountain, and the 
subsequent seepage to the repository horizon and its interaction with the drifts. All processes 
above the repository horizon are treated in IMARC as lumped parameters applied as boundary 
conditions for the subsequent analyses. Consequently, even though the EPRI projec
invested considerable effort over the years into dev
infiltration, and seepage, these technical bases
straightforward parameters. These parameters are: 

• Time history of infiltration rate  (mm/y)  

• Fraction of the repository that is wet (unitless

• Flow focusing factor (unitless) 

The time history of infiltration rate has now been set to the values proposed by NRC (2008) for
all times greater than 2,000 years following repository closure, consistent with the EPRI 
technical position on climate (see Section 3.1). These constant infiltration rates range from 10 
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mm/y to 100 mm/y, with a mean value of 37 mm/y. Since waste package failure before 10,000
years is a low probability event, the difference between the use of these values after 2,000 years 
and after 10,000 years is negligible.  Since the engineered barrier system provides substantial 
containment at early times, the post-10,000 year values are the most important infiltration rates 
to system performance. In IMARC, these 

 

values are implemented as a triangular distribution 
with upper and lower bounds set by the range, with each assigned a 0.05 probability. The mean is 

ars 
 

these different climates. EPRI (2005b) describes the uncertainties associated with projecting 
cludes that a stylized approach to treatment of climate is appropriate.  

tically), 

 NRC appear to be based on excessively 
conservative assumptions; accordingly, the EPRI team has chosen not to update its analyses with 

 appropriate. The values of net 
infiltration represent averages across the entire repository. The low infiltration rate is assigned a 
branch probability of 0.05, the moderate 0.9, and the high 0.05.  

set to 37 mm/y with a probability of 0.9.  

3.1 Climate 

The basic climate types adopted in past IMARC analyses (EPRI, 2000; 2002a) continue to be 
used in IMARC 10 (EPRI, 2002b) for the first 2000 years after repository closure.  The 
greenhouse climate is assumed to exist for the first 1,000 years beyond permanent closure after 
which the interglacial climate is assumed to exist for the next 1,000 years (EPRI, 2002b). 
Following this initial 2,000 year period, a full glacial maximum climate is assumed to persist for 
the remainder of the million years after present (EPRI, 2005b). At 1,000 years and at 2,000 ye
beyond permanent closure, therefore, there are step changes in infiltration rates associated with

future climates, and con

3.2 Infiltration 

EPRI’s net infiltration modeling has not changed since Phase 4 (EPRI, 1998). The model 
considers evapo-transpiration, run-on and run-off, variable precipitation (treated stochas
and other factors for each climate state. EPRI’s ongoing review of this topic suggests that recent 
estimates of infiltration published by DOE and

respect to these revised infiltration estimates.  

Each climate state is assigned a net infiltration rate, which is considered to be an uncertain 
parameter in the current IMARC event tree (EPRI, 2002a). Values for the low, moderate, and 
high branches of the infiltration rate currently used in IMARC are shown in Table 3-1, along 
with the “best estimate” value for Full Glacial Maximum determined from EPRI’s independent 
research.  The values for full glacial maximum used in IMARC 10 are based on the NRC (2008) 
recommendations, and are higher than EPRI’s analyses show are
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Table 3-1 
Net infiltration rates (mm/y) used in the IMARC 10 event tree branches for infiltration  

Climate Low Moderate High 

Greenhouse (1,000 y) 1.1 11 19 

Interglacial (1,000 y) 1.1 7.2 9.6 

Full Glacial Maximum – 
values adopted in IMARC 
10 (NRC, 2008) 

10 37 100 

Full Glacial Maximum – 
EPRI “best estimate” 
values (EPRI, 2005c) 

6.8 20 35 

3.3 Focused Flow Factors 

While the net infiltration rates in Table 3-1 describe area-averaged values, the fact that the 
unsaturated zone is fractured, porous tuff means there is a possibility that the average net 
infiltration may be distributed spatially as it approaches the repository horizon.  Some of the 
groundwater flow may therefore undergo “focusing” by the fractured tuff into some areas and 
away from other areas.  EPRI (2002a) describes the focused flow factors as an approach to 
capture a combination of spatial variability in the upper geological system, and uncertainty in the 
effect of localization of flow that approaches the repository drifts. IMARC represents this factor 
as an uncertain node in the event tree. When the flow is focused, the infiltration rate is increased 
by a factor of 4 compared to the values in Table 3-1 over 25 percent of the area of the repository; 
the seepage rate for the remaining 75% of the drifts is set to zero to maintain the groundwater 
flux balance for the focused flow case. The current logic tree in IMARC assigns a branch 
probability of 0.865 to the flow being unfocused (i.e., no lateral redistribution of the area-average 
net infiltration values in Table 3-1), and 0.135 to flow focusing. These values are derived from a 
prior DOE analysis of the probability of flowing fractures, as documented in EPRI (2002a). The 
technical basis remains unchanged, and so the flow focus factor remains unchanged in IMARC 
10 as well. 

3.4 Seepage 

EPRI (2002a) describes the approach to seepage used in IMARC. Under various flow conditions, 
a fraction of the repository may experience flowing water, while the remaining fraction remains 
dry. For the drip shields that are assumed to have failed in those areas assumed to have seepage 
into the drifts, the volumetric flow into the drift is assumed to drip directly onto the waste 
packages located under the failed drip shield, and the corresponding volumetric flow rate is used 
as a direct input to COMPASS, the numerical submodel within IMARC that calculates 
radionuclide release from the engineered barrier system. To evaluate the seepage fraction and the 
seepage flow rate, the EPRI team has relied on more complex DOE analyses, which led to 
estimates of both parameters shown in Table 3-2 as a function of infiltration rate. In IMARC, 
seepage fraction and flow rate are estimated by linearly interpolating between the values found in 
Table 3-2. Two conditions are included as branches in the IMARC event tree: a base-case 
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seepage and a high seepage case. The base-case seepage is assigned a branch probability of 0.96, 
and the high seepage case is assigned 0.04. These values are derived from prior DOE analyses of 
seepage and adapted for use in IMARC (EPRI, 2002b). The seepage analyses used in IMARC 
have not been updated to correspond directly to the updated seepage model used for the TSPA-
LA (DOE/OCRWM, 2008a,b). Upon review and evaluation, the newer DOE analyses were 
judged to have introduced new conservatisms that were not deemed appropriate for the 
reasonable expectation goals of IMARC.  

Table 3-2 
Seepage fraction and flow rate as a function of infiltration rate (after EPRI, 2002a). (“q” is 
the infiltration rate immediately above the repository horizon.) 

 Base-Seepage Case High-Seepage Case 

q (mm/y) Fraction Flow Rate (m3/y) Fraction Flow Rate (m3/y) 

2.4 0 0 0 0 

5 0 0 0.083 0.086 

14.6 0 0 0.083 0.401 

60 0 0 0.310 0.701 

73.2 .054 .365 .376 .788 

213 .054 4.24 .452 4.24 

 
Hence, for a given infiltration rate branch associated with a climate state, combined with the 
branch determining whether the flow is focused or not and the branch determining if the seepage 
is high or base-case, the rate of flow into the drift is determined along with the fraction of the 
repository that is assumed to experience seepage. These two parameters are then provided to 
COMPASS to establish input conditions to the source-term model. For example, for the Full 
Glacial Maximum climate state, there is a (0.05 x 0.135=) 0.68% probability that the seepage 
rate into 25% of the drifts would be (4 x 37mm/yr =) 148 mm/yr. 



 
 

Climate, Infiltration, and Seepage 

 

Figure 3-1 
Comparison of seepage function used by the DOE’s TSPA-LA and IMARC. (a) Seepage 
flow rate, (b) seepage fraction. Figure from DOE/OCRWM (2008a), Figure 7.7.3-1. 
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DOE/OCRWM (2008a) conducted a review of IMARC 8 (EPRI, 2005a) and noted that the 
seepage model is a primary difference between IMARC and the TSPA-LA. Their comparison of 
the two approaches is shown in Figure 3-1. The base IMARC seepage rates at low infiltration 
rates are lower than the TSPA-LA rates, with better agreement at higher infiltration values. The 
IMARC seepage fractions are lower than the TSPA-LA model at all values of infiltration. EPRI 
believes that the model in the TSPA-LA is overly conservative, and is inconsistent with 
observations of present day seepage in the Exploratory Studies Facility, and inconsistent with 
estimations of infiltration in paleoclimates (Marshall et al., 2003; Xu et al., 2003). 

3.5 Saturated Zone Infiltration 

Once seepage water leaves the repository, it passes through the remainder of the UZ and into the 
SZ where it may travel the 18 km to the compliance point. The rate of infiltration through the 
remainder of the UZ and throughout the SZ is also considered over the entire transport path 
length. There is no direct coupling between infiltration analyses through the mountain to the 
repository, and those analyses considering infiltration in the far field. There are several 
computational constraints that require the net infiltration to be fixed to a constant value over the 
entire period. Consequently, groundwater inflow at the upstream face, just upstream of the 
repository footprint, and the net infiltration rate over the water table of the saturated zone, is 
fixed at a steady-state value throughout the analysis, thus defining steady-state flow and constant 
water table depth. Additional discussion of flow and transport in the geosphere is presented in 
Chapter 6. 
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4  
PERFORMANCE OF THE ENGINEERED BARRIER 
SYSTEM 

 

4.1 Introduction  

A key input into IMARC is the rate of failure of the components of the engineered barrier 
system, in particular the titanium drip shield (DS) and the alloy C-22 waste package (WP).  
Calculations of the rates of corrosion processes affecting the DS and WP are performed by EP
using a stand-alone probabilistic model.  This section describes the development of the la
version of the engineered barrier s

RI 
test 

ystem (EBS) failure model, the Engineered Barrier System 
Corrosion Model (EBSCOM). This is the first version of IMARC to used EBSCOM for 

• tection of the waste form from the time the waste is emplaced in the 

• the rate of release of radionuclides from the waste form into the unsaturated zone once the 

of 
mean failure rates in time for each component of the engineered barrier system. Therefore, 

ct of an intrusive igneous event 
(EPRI, 2005a).  In addition, EBSCOM incorporates new processes and modifications to manner 
in which the older analyses addressed other important processes. 

conducting EBS failure analyses. 

The two main purposes EBSCOM as implemented in IMARC are to determine: 

the total period of pro
repository to the time when it may be exposed to groundwater and release of radionuclides 
can commence; and 

waste form may be exposed via breach of the waste package and cladding. 

The results of the probabilistic analysis are integrated into an IMARC calculation as a set 

output from EBSCOM is used to generate time-dependent input parameters for IMARC. 

EBSCOM builds on and retains many of the features and processes included in the previous EBS 
performance model (EPRI, 2002a).  The previous model was used to predict the rate of EBS 
failure for the nominal scenario and, in an amended form, the effe
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There were a number of drivers for the development of a revised version of the EBS failure 
model, including the need to: 

• update the treatment of some of the corrosion processes based on newly available 
information from the literature, including DOE-funded research on corrosion and open peer-
reviewed literature, 

• update the treatment of certain corrosion processes in light of WP and DS design changes for 
the DOE Yucca Mountain license application, 

• take into account the variability in environmental conditions within the drifts, 

• address processes of importance beyond 104 years when considering a peak dose compliance 
criterion, and 

• extend the model to predict the consequence of the igneous and seismic disruptive events. 

There are three versions of the revised EBS code:  

1. EBSCOM-nominal deals with the nominal scenario, including the effect, if any, of drift 
stability due to thermal stresses, 

2. EBSCOM-seismic addresses the effects of time-dependent seismic disruptive event(s), and 

3. EBSCOM-igneous addresses the effects of time-dependent igneous intrusion disruptive 
event(s). 

The version of the code described here is EBSCOM-nominal Version 1.0, and the primary focus 
of this section is the nominal scenario, although mention is also made of the impact of both 
seismic and igneous disruptive events.    

Failure rates of the engineered barrier system are based on current information about the waste 
package. The proposed waste package design, which was substantially revised for the 2008 DOE 
license application, now relies on the universal use of Transportation, Aging, and Disposal 
(TAD) canisters for commercial spent nuclear fuel. The approaches described in this report have 
been developed for earlier Yucca Mountain project waste package designs, but are applicable, 
with minor modifications, to the TAD canister, as described in Section 4.5. 

4.2 Overview of the EBSCOM Nominal Model  

4.2.1 Approach to Modeling the EBS 

Like its predecessor, the EBSPA model, the EBSCOM code uses Monte Carlo techniques to 
account for uncertainty and variability in the prediction of DS and WP lifetimes.  Uncertainty 
arises from the use of abstracted conceptual corrosion models, which are necessarily 
simplifications of the actual complex corrosion processes, and from uncertainty in the values of 
various input parameters.  Variability results from variation in, for example, material properties, 
environmental conditions (both spatial and temporal variation), and the quality of the 
manufactured WP and DS. 
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A single run of the EBSCOM code typically comprises 1,000,000 individual realizations, 
representing ~100 realizations for each of the 7,796 WPs in the proposed repository.  In a given 
realization, an individual DS is coupled to an individual WP and the computation is performed 
until such time that all components of the engineered barrier system have failed. 

Again, as with the EBSPA model, the EBSCOM model is largely a thermally driven code.  Thus, 
temperature, and how it evolves over time, is the principal environmental parameter determining 
the rate of various corrosion processes.  However, environmental variability is also included in 
the EBSCOM model, primarily based on the different seepage water geochemistry “bins” 
defined by the DOE (BSC 2004a; also see EPRI, 2006b) and their effect on various corrosion 
processes (principally localized corrosion (LC) and stress corrosion cracking (SCC)). 

EBSCOM is designed to be flexible so that the results of new experimental studies and material 
testing can be readily incorporated.  Therefore, it includes mathematical treatment of some 
processes that have not yet been shown to be of concern, e.g., localized corrosion (LC) of alloy 
C-22 due to microbial activity.  These expressions are included in case future tests should 
indicate the possibility that this process is of importance and to allow sensitivity analyses. 

4.2.2 Capabilities and Predictions 

The EBSCOM code predicts the performance of various engineered barrier components; namely 
(Figure 4-1): 

• the drip shield, 

• the waste package shell, 

• the waste package outer closure lid weld, and 

• the waste package middle closure lid weld. 

The WP shell is defined as the entire surface of the WP outer barrier excluding those areas of the 
outer and middle closure lids that are subject to thermal ageing during the final closure welding 
or subsequent stress-relief treatment.  Thus, the WP shell comprises the cylindrical body, the 
non-closure lid, and the central portions of the outer and middle lids away from the 
circumferential closure welds. 
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(a) Design Details of the 21 PWR waste package configuration (DOE/OCRWM, 2008b). 

 

(b) Design details of the drip shield (DOE/OCRWM, 2008b). 

Figure 4-1 
Details of the designs of the engineered barrier system for the DOE license application 
(LA). (Note: Some of the actual details of the design of the middle and inner closure lids as 
presented in the LA differ slightly from those Shown in Figure 4-1(a)). 
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There are different possible failure mechanisms for each of the EBS components. The possible 
failure mechanisms for the DS in the nominal scenario are: 

• initial failure due to an undetected manufacturing defect or emplacement error, 

• general corrosion (GC), or 

• hydrogen-induced cracking (HIC). 

The possible failure mechanisms for the alloy C-22 outer shell of the WP in the nominal scenario 
are: 

• initial failure due to an undetected manufacturing defect, 

• general corrosion, 

• localized corrosion (LC), or 

• microbiologically influenced corrosion (MIC). 

The possible failure mechanisms for the outer and middle WP closure lid welds in the nominal 
scenario are: 

• initial failure due to an undetected manufacturing defect, 

• general corrosion, 

• localized corrosion, 

• microbiologically influenced corrosion, or 

• stress corrosion cracking (SCC). 

Additional failure mechanisms are possible for one or more of the EBS components in the case 
of the seismic and igneous disruptive events, but they are not considered further here. 

The basic output of the code is the failure time and mode for each of the EBS components.  The 
failure time is generally expressed as the cumulative fraction of failed components as a function 
of time.  The fraction of failures is defined for: 

• the DS, 

• the WP shell, 

• the WP outer lid weld, 

• the WP inner lid weld, 

• the WP closure lid system (failure of both lids in a given realization), 

• the WP as a whole (the earlier of the WP shell or the closure lid system), and 

• the EBS as a whole (failure of both the DS and WP in a single realization). 
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Various criteria have been defined for failure for each failure mode (see Section 4.3).  The 
process resulting in failure is defined as that corrosion mechanism that results in the ultimate loss 
of the containment or barrier function.  However, in most cases, more than one corrosion process 
can lead to the degradation of the DS or WP.  For example, although the WP shell may 
ultimately fail because of MIC-enhanced GC, much of the wall loss may have resulted from prior 
LC during the thermal pulse.  Nevertheless, for the purposes of defining a single failure mode, 
the WP would, in this particular example, be defined as having failed from MIC-enhanced GC. 

4.2.3 Environmental Variability 

4.2.3.1 Evolution of the Drift Environment 

There are two mechanisms by which an aqueous phase can form on the WP and/or DS surface; 
seepage and deliquescence (BSC, 2004a).  Figure 4-2 illustrates the conceptual model for 
seepage and deliquescence. 

 

Figure 4-2 
Schematic cross-section through the drift illustrating the Engineered Barrier System and 
the conceptual model for seepage and deliquescence (from DOE/OCRWM, 2008b). 

The evolution of the repository environment is typically divided into three phases, based 
primarily on the evolution of the in-drift temperature (Figure 4-3(a)).  
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Figure 4-3(a) Range of temperature histories for all waste packages. 

 

Figure 4-3(b) Range of relative humidity histories for all waste packages. 
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Figure 4-3(c) Range of temperature vs. relative humidity trajectories during cool down. 

Figure 4-3 
Ranges of temperature and relative humidity histories and of 
humidity trajectories during cool down for all waste packages

temperature vs. relative 
, accounting for uncertainty 

04b). 

ge by a 

e of 
 of 

ll is 
.   

of host-rock thermal conductivity and percolation flux (from BSC, 20

4.2.3.1.1 Dry-out phase 

During the dry-out phase following permanent closure, the EBS is protected from seepa
capillary barrier, or boiling front, surrounding the drift (denoted by the orange-colored band 
around the drift opening in Figure 4-2).  However, an aqueous phase can form on the surfac
the EBS through the deliquescence of suitable minerals in dust accumulated on the surfaces
the DS or WP.  Based on the range of WP temperatures expected in the repository (Figure 4-
3(a)), the dry-out phase (defined here as the time during which the temperature at the drift wa
above boiling) persists for ~100 yr for the coolest WP to ~2,000 yr for the hottest WP 5

4.2.3.1.2 Transition Phase 

As the temperature within the drift continues to cool, seepage water may enter the drift from the 
unsaturated zone (UZ).  Seepage will not necessarily occur at all locations in all drifts, and the 
extent of seepage will depend on local hydrologic conditions.  As defined here, the transition 
period lasts from the end of the dry-out phase (100-2,000 yrs) to the time at which evaporative 
concentration of seepage waters no longer poses the threat of LC of the WP.  This latter time 

                                                           
5 It is noted here that the cooler WPs tend to be those containing defense HLW, which have not been addressed by 
EPRI. 
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corresponds to a temperature of 80-120oC (depending on the metallurgical condition of the 
material and the composition of the solution), or a time of 7,000-8,000 years after permanent 
closure for the hottest WP (Figure 4-3(a)). 

 phase and continues indefinitely.  

1. Dry-out phase – no seepage, deliquescence possible 

the Aqueous Phase 

d 

environments.  Coupled with the decrease in temperature with time, the corrosiveness of the 
environment will diminish as the repository cools. 

The DOE has developed a number of categories of seepage waters that are assumed to have the 
potential to enter the drift and contact the EBS (BSC, 2004a).  To determine the composition of 
possible seepage waters, the DOE has mathematically simulated the interaction of ambient UZ 
pore waters with rock minerals during the thermal pulse using the coupled thermal-hydrological-
chemical code TOUGHREACT.  Various “bins” of water of common chemical characteristics 
are then developed from the resulting thousands of possible seepage-water compositions.  A total 
of 11 bins are defined (Table 4-1), along with the respective frequency of occurrence.  These 11 
bins are then “numerically evaporated” using the EQ3/6 code and the resultant end-point brines 
determined.  The corrosive environments corresponding to these end-point brines that have been 
used in corrosion testing by DOE are also defined in Table 4-1.  

Deliquescence of minerals, either present in dust or as precipitated salt films from evaporated 
seepage drips, is also possible during the transition phase. However, EPRI has shown that 
deliquescence is a very unlikely phenomenon to occur, and that it is not significant to risk if it 
does occur (EPRI, 2006b). 

4.2.3.1.3 Low-temperature Phase 

The low-temperature period starts at the end of the transition
Both seepage and deliquescence are possible during this period, but again depend on the local 
hydrologic conditions and the presence of suitable deliquescent minerals, respectively. 

In summary, therefore, the potential sources for an aqueous phase during the three phases of the 
repository evolution are: 

2. Transition phase – both seepage and deliquescence possible 

3. Low-temperature phase - both seepage and deliquescence possible 

4.2.3.2 Composition of 

Because the Yucca Mountain repository is located in the UZ above the water table, the 
composition of the aqueous phase on the surfaces of the EBS components is as much determine
by the time dependence of the temperature and relative humidity in the drift as it is by the 
(initial) composition of the fluid.  In general, evaporation of aqueous phases will generate 
concentrated solutions during the early high-temperature, low %RH period in the evolution of 
the repository environment.  Later on, dilution arising from the increase in %RH during cool 
down (Figure 4-3(c)) and/or incoming seepage water will create more benign, dilute 
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EPRI (2006b) reviews the binning methodology used by DOE to bound plausible ranges in the 
che is 
app ded to provide a defensible basis for minimizing 
the number of distinct types of seepage waters that need to be considered in TSPA. Based on this 
study ethodology proposed by DOE is based on reasonable and 

ns m s el
evolution of seepage in host rocks Mou , and sequent e tion 
of any seepage that enters the drifts. EPRI (2006b) concludes that brines that may form in 
repository conditions will not support localized corrosion.  

Most of the concentrated brines def  Tabl re alk nd rela
particular, the o aters that may  LC ar elatively infrequent
these composition signific te 
a  carbonate hich serve to t loca rr ntering t e 
action of the calcium chloride solutions. 

As noted above age waters can enter t t o  wall tem  
dropped below the boiling point.  At this time, seepage water could contact the DS and
t DS has fail d be concentra  evapo   T  evaporation of the seepage 
water is dependent on the temperature and %RH at the surface of the respective EBS 
components at that time. 

An aqueous phase may also form on the DS or lt of the absorp
sture by de cent salts in du osits. e  2004 I, 

2004a) have considered the generation of aggressive environments from the deliquescence of 
 deposits.  a process similar to that possible seepage waters, 

the DOE has defined six bins of possible deliquescent waters (Peters, 2003a).  These waters tend 

mistry of seepage entering drifts at Yucca Mountain, and evaluates several alternatives to th
roach. DOE’s binning methodology is inten

, EPRI concurs that the m
ible conceptual and nudefe erical models o

 at Yucca 
f processe

ntain
 that are lik

the sub
y to control the chemical 

vaporative evolu

ined in e 4-1 a aline a tively innocuous.  In 
nly w

s, however, the wa
 cause

ters may con
e the r

tain 
 Bins 1-3.  Even for 
s of nitrate (and sulfaant quantitie

nd ) ions, w inhibi lized co osion by cou he aggressiv

, seep  only he drif nce the drift perature has
 WP (if 

he ed) an ted by ration. he extent of

WP surface as the resu tion of 
moi liques st dep   Both th  DOE (BSC, a) and EPRI (EPR

dust  Using used for classifying the 

to be generally nitrate- or carbonate-rich brines, similar to the Bin 4 to Bin 11 seepage waters 
(Table 4-1).  None of the evaporated deliquescent solutions would support LC of the WP. 
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Table 4-1 
DOE Classification of seepage waters by type, frequency of occurrence and representative 
laboratory test solution (from BSC, 2004a) 

Time Integrated Relative Average End- 98% RH End Point Representative Corrosion Bin Frequency for Crown 
Waters 

Point RH Bin Brine Test Solution* 

1 ~0% 20% Ca-Cl Ca-Cl 5-8 M CaCl  + Nitrate2  

2 ~0% 24% Na-Cl Ca-Cl 5-8 M CaCl  + Nitrate 2

3 ~1%  40% Na-Cl K-Ca-Cl-NO3 5-8 M CaCl2 + Nitrate 

4 ~15% 50% Na-Cl Na-K-Cl-NO SSW, SAW 3

5 ~10% 60% Na-Cl Na-K-Cl SSW, SAW 

6 ~1% 60% Na-Cl Na-K-Cl-NO3 SSW, SAW 

7 60% Na-Cl Na-K-Cl-NO3 SSW, SAW ~1% 

8 ~1% 60% Na-CO3 Na-K-Cl SDW, SCW, BSW 

9 ~20% 60% Na-CO3 Na-K-NO3-Cl SDW, SCW, BSW 

10 ~1% 60% Na-CO3 Na-K-CO3-Cl SDW, SCW, BSW 

11 ~50% 60% Na-CO3-Cl Na-K-CO3-Cl SDW, SCW, BSW 

* SSW = Simulated
Sim  Concentrated Water, BSW = Basic Saturated Water. 

e development of deliquescent solutions from various sources of dust, 
including dust from the YM Exploratory Studies Facility (ESF) and wind-blown dust (EPRI, 
200 lts in these dusts are nitrate and s
both of which inhibit LC of alloy C-22.  Furthermore, any CaCl2 solution formed by 

would be unstable and decompose upon evaporation.  There is also an excess of 
insoluble mineral phases in the dust that would neutralize HCl formed by the decomposition of 
the ion forming on WP surfaces.  Therefore, EPRI concludes that any deliques
solution would not support LC of the WP (EPRI, 2004a). As a result, enhanced corrosion 

cca 
Mountain, and it is not included in the current failure functions used in IMARC. 

 Saturated Water, SAW = Simulated Acidified Water, SDW = Simulated Dilute Water, SCW = 
ulated

EPRI also considers th

4a).  The major anionic constituents of the soluble sa ulfate, 

deliquescence 

brine solut cent 

associated with deliquescence is not considered by EPRI to be a credible phenomenon at Yu
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4.2.3.3 Treatment of Environmental Variability in EBSCOM 

4.2.3.3.1 Waste Package and Drip Shield Temperature 

The temperature-time profiles used in the EBSCOM model are based on those provided by BSC 
(2004b).  Although the temperature on the surface of the DS will be slightly lower than that of 

ap between the two EBS components, the same profile is used to 
represent the temperature of the two components in EBSCOM. 

The time dependence of the temperature of the average waste package shown in Figure 4-3(a) is 
ies of polynomials covering different time periods following 

permanent closure of the repository.  These various expressions and their respective time periods 
are given by: 

T = -0.2295t  + 30.205t - 836.5 Eq. 4-1a 

for 60 ≤ t < 74 yrs 

T = -0.029t2 + 4.14t + 5.6 Eq. 4-1b 

for 74 ≤ t < 7830 yrs 

T = 2.480514logt4 - 35.686098logt3 + 189.220273logt2 –477.349592logt + 587.168405 
 Eq. 4-1c 

for 7830 ≤ t < 105 yrs 

T = 20.439235 + 57.449779⋅exp(-4.629365 x 10-5t) Eq. 4-1d 

for t ≥ 105 yrs 

T = 21oC Eq. 4-1e 

where T is the temperature in oC and t is the time in years (since emplacement of the WP).  

the WP because of the air g

simulated in EBSCOM by a ser

for 50 ≤ t < 60 yrs 

2
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A different temperature profile is selected for each realization, so that the full range of WP 
temperatures is simulated in a given EBSCOM run.  In a given realization, the temperature 
profile is based on the time-dependent temperature for the average WP (Equation 4-1) multiplie
by a time dependent factor fT(t).  The maximum value of fTm is sampled from an asymmetric 
triangular distribution with a lower bound of 0.67, an upper bound of 1.26, and a peak value of 

d 

1.00 (corresponding to the average WP).  The value of fT(t) at different times is then given by: 

for 50 ≤ t < 1.25 x 104 yrs 

Eq. 4-2a 

 

c 

fT(t) = fTm 

for 1.25 x 104 yrs ≤ t < 105 yrs 

fT(t)  = fTm (D+C exp(-2.5 x 10-5)) Eq. 4-2b 

where the values of C and D are determined so that the conditions given by Equations 4-2(a) and
4-2(c) are satisfied: 

for t ≥ 105 yrs 

fT(t) = 1 Eq. 4-2
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Figure 4-4 
Temperature profiles for the average, hottest, and coolest engineered barrier components 
considered in the EBSCOM Code. 
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Figure 4-4 shows the temperature profiles for the average, hottest, and coolest EBS components 
con e shown in Figure 4-3(a) and 
encompass the range of possible WP/DS temperatures.  As the value of fTm is sampled from a 
triangular distribution, the majority of WP temperatures in the 106 realizations will be close to 

for t e tem sp  few ho

4.2.3.3.2 Composition of the Aqueous Phase 

A discuss ove, the volum  composit he e on the EBS component 
surfaces varies as the repository environment evolves with time.  Potentially aggressive 
environments are possible during the transition  as a vaporative concentration, 
although the WP and DS have been designed to w

her th  dependence o composi  aq nor it itly 
modeled in EBSCOM.  A single aqueous phase is selected for each realization and the 

 at all times (although the WP is only 
contacted by seepage drips if the DS has failed), provided the temperature is equal to or less than 

ist on the surface of the EBS. 

number of environments are used in the 
EBSCOM code.  The eleven bins of crown waters and the range of deliquescent solution 

vironments that represent the eleven bins 
(Table 4-2).  Note that the range of deliquescent solution compositions and their associated 

C, 
e 
 

t.  This combination of aqueous compositions for the 
EPRI model is chosen on the basis of the chemical similarity and similarity in corrosiveness of 

sidered in the EBSCOM code.  These profiles are similar to thos

that he averag perature, with corre ondingly er for the ttest and coolest profiles. 

s ed ab e and ion of t aqueous phas

 phase result of e
ithstand these conditions.   

Neit e time f the tion of the ueous phase s volume is explic

composition of the solution is assumed to remain constant throughout the period of simulation.  
Furthermore, all DS and WP are deemed to be wetted

that at which an aqueous phase can ex

The aqueous solutions included in the EBSCOM code represent the range of concentrated 
evaporated waters that could form from the various bins of seepage and deliquescent solutions 
described by the DOE (BSC, 2004a).  A smaller 

compositions defined by the DOE are reduced to five en

evaporates are similar to the distribution of seepage waters and their associated evaporates (BS
2004a).  For simplicity and transparency, the reduced list of five waters is referred to by the sam
bin designation as the primary crown water in Table 4-1.  Thus, the “new” Bin 3 water represents
Bins 1, 2, and 3 from Table 4-1, the new Bin 4 water in Table 4-2 represents Bins 4, 6, and 7, 
Bin 5 represents Bins 5 and 8, Bin 9 in Table 4-2 is identical to Bin 9 in Table 4-1, and Bin 11 
represents Bins 10 and 11 in the original lis

the various compositions within one of the 5 bins of water in EBSCOM. 

In the EBSCOM code, the different water composition for a particular realization is selected 
based on the relative frequencies in Table4-2.  The relative frequency is used to represent the 
variability and uncertainty in the spatial distributions of waters within the repository, rather than 
the temporal variability of the water composition (as the water composition is assumed to be 
constant throughout the simulation period). 

The impact of the aqueous solution composition on the rate or probability of general or localized 
corrosion, MIC, or SCC is discussed under the respective section below. 
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Table 4-2 
Categories and properties of seepage waters used in EBSCOM. 

Relative Average End-Point 98% RH End Point Representative Corrosion Bin 
Frequency RH Bin Brine Test Solution* 

3 1% 40% Na-Cl K-Ca-Cl-NO3 5-8 M CaCl2 + Nitrate 

4 17% 50% Na-Cl Na-K-Cl-NO3 SSW, SAW  

5 SSW, SAW 11% 60% Na-Cl Na-K-Cl 

9 20% 60% Na-CO3 Na-K-NO3-Cl SDW, SCW, BSW 

11 51% 60% Na-CO3-Cl Na-K-CO3-Cl SDW, SCW, BSW 

* SSW = Simulated Saturated Water, SAW = Simulated Acid
Simulated Concentrated Water, BSW = Basic Saturated Wate

ified Water, SDW =  Simulated Dilute Water, SCW = 
r. 

SPA 

 the new EBSCOM code compared with the 

4.2.4.1 Spatial Variability in the EBS Temperature 

A different temperature-time profile is selected f r the EBS in each realization of EBSCOM
The WP and DS temperatures are assumed to be the same.  In the earlier EBSPA code, all WP 
are assumed to have the same temperature profile, with a slightly lower temperature defined for 

06 re

ssible waters in each 
EBSCOM realization.  These bins represent the possible ranges of evaporated seepage and 

er in 

nly 
 

P 

4.2.4 Comparison with EB

Significant changes have been introduced into
previous EPRI EBS model. 

o .  

the DS.  The range of temperatures in a given EBSCOM run of 1 alizations represents the 
spatial variability of EBS temperatures in the repository, as well as the variability associated with 
different waste loadings and WP designs.  

4.2.4.2 Spatial Variability in the Nature of the Aqueous Environment 

A different aqueous environment is selected from one of five “bins” of po

deliquescent solutions that could form on the EBS surfaces.  The frequency of occurrence of 
each of the five bins is determined by the frequency at which each type of water has been 
predicted to occur at the YM repository by the DOE (BSC, 2004a).  The nature of the wat
each bin affects the corrosion behavior of the WP.  While all bins of water are assumed to 
support GC and hydrogen-induced cracking (HIC) of the DS, and GC or MIC of the WP, o
certain waters will support LC or SCC (see Sections 4.3.2.2 and 4.3.2.3 respectively). In contrast,
there is no environment-specific information in EBSPA, and all forms of corrosion of the W
and DS are assumed to be possible in all realizations. 
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4.3 Corrosion Processes Included in EBSCOM  

4.3.1 Drip Shield 

to lead to As in the EBSPA code (Qin and Shoesmith, 2003), the corrosion processes considered 
failure of the DS in EBSCOM are general corrosion (GC) and hydrogen-induced cracking (HIC).  
The treatment of these processes in EBSCOM is similar to that used in the earlier model except 
for the following changes: 

• inclusion of factor fO2
 to account for the fraction of GC of the DS supported by the cathodic 

reduction of O2, which does not result in hydrogen absorption, 

• the assumption that a fraction of the absorbed hydrogen is lost upon the continued corrosion 
of the DS by GC, 

• corrosion of both the top- and under-sides of the DS is explicitly taken into account, and 

• 

In comparison to the EBSPA code, these changes result in a lower probability of DS failure by 

4.3.1.1 General Corrosion 

The general corrosion rate of the Ti-7 drip shield is given by an Arrhenius expression: 

a modified distribution of rates of GC is used. 

HIC in the EBSCOM model. 

⎥
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where  is the rate of general corrosion at temperature T (in K),  is the activation 

energy, R is the gas constant (8.314 J⋅K-1⋅mol-1), Tref is the reference temperature for the 
experimental values of the corrosion rate (348.15oK, 75oC), fF is an enhancement factor due to the 
presence of fluoride ions, and the value of 2 accounts for the fact that rrosion can occur on 
both the top- and under-sides of the DS. The value of the corrosion rate at the reference 
temperature ( ) is chosen for each realization from a cumulative distribution function 
based on experimental measurements (see Section 4.7).  The corrosion rate is independent of the 
environment. 

The distribution of experimental corrosion rates used to derive the value of  is shown in 
Figure 4-5.  These data were obtained with weight-loss samples exposed to various concentrated 
solutions for a period of 5 years (BSC, 2004c).  These data have been fitted to a Weibull 
distribution (Section 4.7) from which a value is selected for each realization to account for the 
variability in the measured corrosion rate.  Although salt deposits from the evaporation of 
seepage drips or deliquescent dust solutions may form on the top of the DS, the corrosion rate is 
assumed to be the same on both the top and under sides of the DS.  No enhancement of the 
corrosion rate is expected under the precipitated salt deposits, as it is believed that such deposits 

)T(RDS
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will be too porous to permit the creation of aggressive localized chemistries (Apted et al., 2005; 
tion (4-3) to account for the simultaneous 

corrosion of the top and under sides of the DS.  Corrosion of the top-side of the DS could occur 
of the under-side could 

be caused by the formation of a thin liquid moisture film.  

Under very specific conditions, fluoride ions have been shown to accelerate the general corrosion 
i alloys (Hua et al., 2004).  However, these aggressive low-pH concentrated F-/Cl- 

environments cannot form in most seepage and deliquescent solutions because of the presence of 
Ca2+ ecipitation of F- ions) and HCO3

-/CO3

2- (which will buffer th
the alkaline range).  Accelerated corrosion is particularly unlikely for oxide-covered Ti surfaces, 

or 

EPRI, 2004a).  A factor of 2 is included in Equa

as a result of seepage or deliquescence of dust deposits, while corrosion 

of T

 (which will lead to the pr e pH in 

as is anticipated to be present on DS exposed to the drift environment for several hundreds or 
thousands of years prior to the onset of seepage.  Nevertheless, a fluoride ion enhancement fact
is included in Equation (4-3) for the purposes of sensitivity analyses.  
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Figure 4-5 
Cumulative distribution function for the general corrosion of titanium weight-loss sample
after five years exposure in the Long Term Corrosion Test Facility (from BSC, 

60

E

s 
2004c). 

S.  

C
D

F

Failure of the DS by general corrosion is assumed to occur when the total thickness of the DS 
has been consumed by corrosion occurring on both the top and under side of the D
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4.3.1.2 Hydrogen Induced Cracking (HIC) 

The general corrosion of Ti is supported by the reduction of O2 or H2O: 

Ti + O2 + H2O → TiO2 + H2O Eq. 4-

or 

Ti + 2H2O → TiO2 + 4H Eq. 4-4b 

Only the corrosion of Ti by H O prod

4a 

2 uces hydrogen atoms that can be absorbed by the DS and 
lead to hydrogen-induced cracking.  Failure of the DS by HIC is deemed to occur once the 

] reaches a critical value HCRIT.  The value of HCRIT is 
treated in the same way as in the EBSPA code (Section 4.7).  

eaction (4-4b) that is absorbed by the oxide-covered metal 
(fH), and 

 

absorbed hydrogen concentration [HABS

The rate of H absorption depends on a number of factors (Qin and Shoesmith 2003), including: 

• the rate of general corrosion, 

• the fraction of corrosion supported by the reduction of H2O, 

• the fraction of H produced by R

• the amount of absorbed H released from the matrix as corrosion proceeds. 

As described above, the rate of general corrosion of Ti is given by Equation (4-3).  Of this total
rate of corrosion, a fraction f  is assumed to be supported by the reduction of O2 (Reaction 4-4a) O2

and a fraction (1– fO2
) by the reduction of H2O (Reaction (4-4b)).  The fraction of the total 

rosion supported by O2 reduction will be a function of the drift environmecor nt.  At elevated 

lt
O  is higher, er fraction of the overall corrosion may be supported by Reaction (4-4a).  

temperatures, the solubility of dissolved O2 will diminish, an effect that may be enhanced by the 
sa ing-out of O2 in concentrated evaporates.  At lower temperatures, the solubility of dissolved 

 and a larg2

For simplicity, the value of fO2
 is assumed to be independent of temperature and the nature of the 

uld be noted that the Long-Term Corrosion 
Test Facility (LTCTF) tests from which the data in Figure 4-5 are taken were conducted under 

 efficiency fH is taken to be 
temperature dependent (EPRI, 2002; Qin and Shoesmith, 2003) (see Section 4.7). 

d to be uniformly distributed throughout the DS.  Preferential 
precipitation of H (as Ti hydrides) is observed during localized corrosion of Ti alloys in regions 

ue 

solution in the current version of EBSCOM.  It sho

naturally aerated conditions at temperatures of 60oC and 90oC.  Therefore, the observed corrosion 
is a result of the cathodic reduction of both O2 and H2O.  No significant dependence on 
temperature was found in these tests, although more-recent data have shown a temperature 
dependence equivalent to an activation energy of ~23 kJ/mol (Hua et al., 2002). 

As in earlier versions of the EPRI EBS model, the hydrogen uptake

The absorbed H is assume

that are corroding relatively rapidly and for which the protective oxide film is thin or absent d
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to the low pH in the pit or crevice.  However, for the general corrosion of the DS, the assumption 
of a uniform concentration throughout the structure is reasonable given the relatively slow rate o
H absorption compared with the rate of diff

f 
usion of H in the Ti matrix. 

hoesmith, 2003), the assumption made in the 
viously absorbed remains in the Ti matrix as corrosion of the DS 

environment.  In the EBSCOM code, therefore, it is assumed that H already absorbed is lost as 
the Ti matrix is converted into TiO2.  Thus, at each time step in the realization, a fraction o
previously absorbed H is lost and a fraction of the freshly generated H is absorbed.  The amount 
of absorbed H lost in each time step is assumed to be equal to the total in that amount of Ti metal 

l 
o 

sses is considered as part of the nominal scenario, but has been shown to have no 
detrimental effects on the DS (BSC, 2004d; EPRI, 2005d) and as a result is not included in 

unt for the fraction of the GC of the DS supported by the 
2 ich does not result in hydrogen absorption, 

on 

wo 

S in 

 

As discussed elsewhere (EPRI, 2002; Qin and S
EBSPA code that all the H pre
continues is now believed to be unreasonable.  The conversion of the Ti matrix to TiO2 can be 
reasonably expected to release the absorbed H, which is then free to escape into the drift 

f the 

corroded during the time increment. 

4.3.1.3 Stress Corrosion Cracking 

Stress corrosion cracking (SCC) of the DS is not considered in EBSCOM-nominal Version 1.0.  
The introduction of dynamic or static loads due to seismic-induced rockfall may induce residua
stress in the DS that could then render it susceptible to SCC (BSC, 2004d). Rockfall due t
thermal stre

EBSCOM-nominal Version 1.0. 

4.3.1.4 Comparison of Stress Corrosion Cracking in EBSCOM and EBSPA 

As noted above, the EBSCOM code contains the following changes to the treatment of the DS 
compared with the EBSPA model: 

• inclusion of factor fO2 to acco
cathodic reduction of O , wh

• the assumption that a fraction of the absorbed hydrogen is lost upon the continued corrosi
of the DS by GC, 

• corrosion of both the top- and under-sides of the DS is explicitly taken into account, and 

• a modified distribution of rates of GC is used. 

The net effect of these changes is to lower the probability of HIC failure of the DS.  The first t
changes specifically reduce the concentration of absorbed H.  Although the explicit inclusion of 
the corrosion of both sides of the DS would be expected to lead to faster GC failure of the D
the EBSCOM code, the modified distribution of GC rates used in EBSCOM predicts lower 
corrosion rates than those used in the EBSPA model.  These two effects effectively cancel out, so
that the net rate of general corrosion is similar for the two models. 
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4.3.2 Waste Package 

In the EBSCOM code, corrosion of the WP is assumed to take the form of general corrosion 
(GC), localized corrosion (LC), stress corrosion cracking (SCC), and microbially influenced 
corrosion (MIC).  In EBSCOM, GC, LC, and SCC are treated in a manner similar to that used in 
the EBSPA code, except that LC and SCC are assumed to only occur in certain environment
The EBSPA model did not consider MIC.  

s.  

4.3.2.1 General Corrosion 

 the The rate of general corrosion of the WP ( )T(RWP
GC ) is given by an Arrhenius relationship of

form: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
−

∆
=

T
1

T
1

R
E

exp)T(Rf)T(R
ref

WP
GC

ref
WP
GCMIC

WP
GC  Eq. 4-5 

where WP
GCE∆  is the activation energy, )T(R ref

WP
GC  is the rate of general corrosion at the reference 

temperature of 75oC, and fMIC is an enhancement factor for the occurrence of MIC (see below).  

fect of thermal ageing on the rate 
rrosion rates of thermally aged 

H2S t to those expected in 

Localized corrosion (LC) of the alloy C-22 WP can occur in some environments, but only if 
seepage water can contact the waste package and concentrate by evaporation.  A pre-requisite for 
LC of the WP, therefore, is that the DS has failed.  EPRI has shown that deliquescent solutions 
that might form due to dust deposits cannot sustain localized corrosion (EPRI, 2004a).  Localized 
corrosion of alloy C-22 has been observed in the laboratory in divalent cation (Ca2+, Mg2+) 
chloride solutions at elevated temperature (BSC, 2003; BSC, 2004e; Cragnolino, 2003; 
Cragnolino et al., 2004; Dunn et al., 2003; Farmer et al., 2000; Hua and Gordon, 2004).  The 
addition of nitrate, sulfate, and/or carbonate ions to the solution inhibits the initiation of LC.  The 
majority of seepage and deliquescent solutions that might form on the surface of the WP at 
Yucca Mountain do not contain the necessary ions to support LC.  In fact, of the various bins of 
possible seepage waters sampled in EBSCOM, only Bin 3 water will support initiation of LC of 

The value of the corrosion rate at the reference temperature ( )T(R refGC ) is chosen for each 
realization from a Weibull distribution derived from experimental data in various repository-
representative test solutions (Section 4.7).  The corrosion rate is assumed to be independent of 
the environment as no such dependence was observed in the LTCTF tests (BSC, 2004e).  The 
GC data used for EBSCOM-nominal Version 1.0 are from 5-year exposure test reports (BSC, 
2003; BSC, 2004c,e).   

WP

There is contradictory evidence in the literature regarding the ef
of GC of alloy C-22.  Rebak et al. (2000a,b) report enhanced co
material in a highly aggressive industry standard test environment (ASTM G28A, boiling 50% 

O4 + 42 g/L Fe2(SO4)3).  However, tests in environments more relevan
the repository indicate no such enhancement (BSC, 2003; 2004e).  Therefore, no enhancement 
factor is included in EBSCOM for the effect of thermal ageing. 

4.3.2.2 Localized Corrosion 
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the WP.  This water accounts for only 1% of all of the possible waters at YM so that, on average
LC is only possible in 1 out of every 100 EBSCOM realizations. The EBSCOM code addresses 
both the initiation and propagation of LC.  Initiation is treated using a threshold temperature for 
LC.  Once initiated, LC is assumed to continue to propagate at a rate that decreases with time
with the 

, 

, 
exception of Waste Packages for which localized corrosion initiates during the initial 

temperatu i.e., for times between 50 years and ~100 years following emplacement o
the 4-4)).  If LC initiates during the initial heat-up phase, it is assumed that LC

no continuous water phase can be present on the WP surface during this period so that even 
if water is trapped within an initiated occluded region, anodic dissolution inside the crevice 
cannot electrochemically couple to the cathodic reduction of O2 on external surfaces.  The 
duration of this period of zero LC propagation is defined by the time for which the WP 
temperature exceeds the threshold temperature for the formation of an aqueous solution TAQ. 

3 emical potential, and temperature.  As the solution composition 

ese 
on 

 reduced to a critical temperature (TLC).  Localized attack will not 
initiate below TLC regardless of the composition of the solution on the WP surface (provided the 

gardless of the value of ECORR.  This is the same approach 
employed in the EBSPA code (EPRI, 2002a). 

e LC 

ation, so separate TLC are defined in 
EBSCOM for the waste package outer barrier (TLCshell) and for the outer and middle closure lid 

re increase ( f 
 WP (Figure  

propagation ceases during the subsequent thermal peak until such time that the temperature falls 
into the range for LC.  The rationale for excluding LC propagation during the thermal peak is 
that 

In a Ca2+-Cl--NO3

- solution that could support LC, the probability of initiation of localized attack 
is a complex function of the chloride concentration [Cl-], the ratio of chloride to nitrate in 
solution [Cl-]:[NO -], electroch
changes with time because of the evolution of the temperature and %RH in the drift, the 
conditions for LC will also change.  In order to encompass the complex interdependence of th
parameters while maintaining a level of simplicity in the EBSCOM code, the threshold conditi
for the initiation of LC is

selected water belongs to Bin 3) and re

There is a large body of experimental evidence to support the use of a threshold temperature 
approach, in general, and for alloy C-22 in particular (ASM, 2003).  The relevant data for th
of alloy C-22 are summarized by BSC (2004e).  Microstructural changes introduced during 
welding increase the susceptibility of alloy C-22 to LC initi

welds (TLCweld). 

In summary, therefore, the prerequisites for LC of the WP are: 

• the temperature must be ≤ TAQ, the temperature at which a stable aqueous phase can form 
(this is a pre-requisite for all forms of corrosion of the WP and DS), 

• the selected environment must support LC (i.e., Bin 3 water), 

• the drip shield must have failed, and 

• the temperature must be ≥ TLC. 
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If LC initiates, it is assumed to continue to propagate indefinitely (with the one exception noted 
o assumed to decrease with time, essentially stifling 

  The rate of LC propagation RLC is given by (EPRI, 

 

where n is the time exponent for LC and the temperature-dependent growth constant B is given 
by: 

ab ve).  However, the rate of propagation is 
LC growth after a certain period of time.
2002a): 

n-1RLC = Bnt  Eq. 4-6

⎥⎦⎢⎣
⎟
⎠

⎜
⎝ TTR ref

ref

where ∆EB is the activation energy describing the temperature dependence of B and the value of 
B at the reference temperature of 75oC (B(Tref)) is selected for each realization from a Weibull 
distribution (see Section 4.7). 

⎥⎢ ⎟⎜ −= exp)T(B)T(B B  Eq. 4-7 

nt 

eat treatment, although the surface of the outer closure lid weld is stress relieved by 
laser peening or low-plasticity burnishing (Peters, 2003b). 

erial 

 BSC, 

 

cesses, is based on EPRI’s best estimate of the likely SCC behavior of the WP 
derived primarily from the data presented by the DOE (BSC, 2004f). 

⎤⎡ ⎞⎛∆ 11E

In the absence of information to the contrary, the LC kinetics of the WP shell and closure lid 
welds are assumed to be the same. That is, there is assumed to be no metallurgical difference 
between the two welds. 

4.3.2.3 Stress Corrosion Cracking 

In the nominal scenario, SCC only affects the WP closure lid welds.  The WP shell (including 
the non-closure lid) is heat treated to relieve manufacturing stresses prior to loading of the spe
nuclear fuel.  Once filled with the waste form and sealed, the WP cannot be stress relieved 
through h

Various approaches have been proposed for predicting the occurrence of SCC.  Traditionally, 
SCC was described as the result of the conjoint action of a tensile stress on a susceptible mat
in a corrosive environment (Jones and Ricker, 1992).  Staehle (2005) has suggested a more-
extensive list of seven primary variables that determine the SCC behavior, namely: potential, pH, 
temperature, appropriate chemical species, alloy composition, strength of the material, and stress.  
Regardless, it is clear that for any material, SCC only occurs under certain environmental and 
mechanical loading conditions.  Work reported by the DOE (Andresen et al., 2001; 2003;
2004f; Young et al., 2003) and CNWRA (Cragnolino et al., 2003; 2004; Dunn et al., 2002) has 
shown that alloy C-22 is highly resistant to crack initiation and growth.  The DOE have only 
observed cracking under certain, very specific, environmental conditions (BSC, 2004f), while the
CNWRA studies show no indications of crack initiation or growth at all.  Nevertheless, the 
possibility of SCC is included in the EBSCOM code and, along with the treatment of other 
corrosion pro
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In EBSCOM, there are a number of pre-requisites for SCC of the closure lid welds: 

• the environment must support SCC, 

• the value of the corrosion potential ECORR must be equal to or exceed the threshold 
potential for SCC, and 

• the surface tensile stress in the weld (σ) must exceed the threshold stress for crack initiation 
(σINIT). 

A fourth criterion for the SCC of the middle closure lid weld is that the outer closure lid must 
have previously failed, thus permitting an aqueous environment to form on the middle lid weld. 

Crack propagation is assumed to be rapid compared with the periods under consideration, so the 
EBSCOM SCC sub-model is based on a threshold stress initiation criterion.  A second initiation 
criterion will be considered in future versions of the model based on the threshold stress intensity 
factor for SCC KISCC.  This criterion applies to pre-existing crack-like defects in the weld that act 
as stress intensifiers for crack propagation.   

Information regarding the three SCC prerequisites listed above is derived from experimental data 
developed by the DOE (Andresen et al., 2001; 2003; BSC, 2004f; Young et al., 2003).  Figure 4-
6 shows a summary of the DOE slow strain rate test (SSRT) results in a range of environments as 
a function of the electrochemical potential.  The results are expressed as the % reduction-in-area 
(%RA) of the round tensile specimen after the sample had been strained to failure.  The smaller 
the %RA, the more brittle the sample, and vice versa.  High %RA values indicate the sample is 
ductile and not susceptible to cracking.  In the figure, tests in which SCC is observed are 
indicated by the full symbols, whereas the absence of SCC is indicated by the open symbols and 
horizontal lines.  Figure 4-7 shows the results of the same tests, but as the time-to-failure (tF) 
where, obviously, the shorter the value of tF, the more brittle and the more prone to cracking the 
sample. 

The results in Figures 4-6 and 4-7 show that the susceptibility of alloy C-22 to SCC is a function 
of both the nature of the aqueous environment and of the electrochemical potential.  (The tests 
shown in the two figures are performed at temperatures ranging from 22oC to 105oC, but no 
systematic effect of temperature is apparent from the results).  Cracking is only observed in 
Simulated Concentrated Water (SCW) and then only at relatively positive potentials.  Cracking is 
not observed in Simulated Acidified Water (SAW) with and without the addition of Pb(NO3)2, 
Basic Saturated Water (BSW) (including BSW modified by the removal of sulfate and/or nitrate 
ions), or Simulated Saturated Water (SSW).  These test solutions represent concentrated 
solutions that might form on the surface of Waste Packages exposed to seepage or deliquescent 
solutions and that are subsequently concentrated by evaporation.  EBSCOM takes into account 
the variability in the nature of the seepage and deliquescent waters and selects a particular water 
composition for each realization.  Solutions that might evolve into a concentrated water similar 
to SCW (i.e., Bins 9 and 11) constitute 71% of the waters simulated by the EBSCOM code 
(Table 4-2). 
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Even if the appropriate environment forms on the WP closure lid welds, SCC is only possible if 
ECORR is sufficiently positive.  SCC was only observed experimentally at potentials ≥200 mVSSC, a 
potential that is typically 340-620 mV more positive than ECORR (BSC, 2004f).  In SCW solutions, 
ECORR varied between –241 mVSSC and –76 mVSSC in the DOE tests.  The shaded triangle in 
Figures 4-6 and 4-7 represent the range of potentials for which SCC is considered possible in 
EBSCOM.  This region extends to a minimum potential of 0 mVSSC, 200 mV below the minimum 
potential for SCC reported to date and, hence, retains a significant degree of conservatism.  An 
asymmetrical triangular distribution is used for the threshold potential for SCC, with upper and 
lower bounds of +400 mVSSC and 0 mVSSC, respectively, and a maximum probability of SCC at 
+400 mVSSC.  In the model, SCC is only considered possible in the 71% of susceptible sampled 
waters if the calculated value of ECORR exceeds the threshold potential. 

DOE has developed an empirical expression for predicting the value of ECORR based on fitting a 
range of data to various functional relationships (BSC, 2004e).  The function found to best 
describe the observed dependence of ECORR on temperature (T in oC), pH, and the [Cl-] and [NO3

-] 
(in mol⋅kg-1) is: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
++++=

−

−
−

]Cl[
]NO[

logc]Cl[cpHcTccE 3
43210CORR  Eq. 4-8 

In general, the value of ECORR increases with temperature by 0.677 mV/oC, decreases with pH by 
65.338 mV/pH unit, decreases modestly with increasing [Cl-] (c3 = -7.6 mV⋅kg⋅mol-1), and shifts 
to more positive potentials with increasing [NO3

-]:[Cl-] ratio (c4 = 37.1 mV).  There is some 
variability in each of the fitting parameters, but in EBSCOM only the variability in c0 (c0 = 
558.283 ± 36.156 mVSSC) is taken into account as it has by far the largest influence on ECORR. 
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Figure 4-6 
Summary of the DOE slow strain rate SCC Tests as a function of electrochemical potential 
expressed as the percent reduction-in-area. 
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Figure 4-7 
Summary of the DOE slow strain rate SCC tests as a function of electrochemical potential 
expressed as the time-to-failure. 
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The value of ECORR will be different for each of the five bins of solution sampled in EBSCOM 
because of the different composition and pH.  The corrosion potential will also vary with time 
because of the time-dependence of the temperature in the drift and because the composition 
evolves as the seepage waters evaporate on contact with a hot WP.  The concentrated solutions 
used in the LTCTF tests represent the composition of a number of the different bins of seepage 
and deliquescence waters following evaporation (Table 4-2).  In addition, the DOE has 
“numerically” evaporated each of the bins of water using the EQ3/6 software package and 
predicted the dependence of the composition on the % RH (BSC, 2004a; Peters, 2003a).  Using 
the mean composition for relative humidities between 90% RH and dry-out as representative of 
the composition of the evaporated bin water, the temperature dependence of ECORR for the 
different concentrated test solutions and evaporated bin waters is estimated from Equation (4-8). 

Figure 4-8 shows the estimated temperature dependence of the ECORR values for a range of 
solutions.  The value of ECORR is most positive in the SCW, primarily because of the lower pH of 
this solution (pH 9.5) compared with that for BSW, and Simulated Dilute Water (SDW).  The 
Bin 9 water has a similar ECORR value to SDW.  In EBSCOM, the ECORR for solutions that can 
support SCC (Bins 9 and 11) is assumed to be given by the expression: 

ECORR = -101.82 + 0.677T mVSSC q. 4-9 

based on a composition of [Cl-] =1 mol⋅kg-1, [NO -]:[Cl-] = 1.057, and pH = 10 (Peters, 2003a).  
The
36. 0

on 
 

sts 

n crack initiation after exposure to various 

(SSRT) described above in which some crack initiation is observed under specific environ
and evere tests in which the sample is tested to failure.  In

d at any time during the test but, based on the DOE constant-load and U-bend 
 have occurred only after yielding of the sample has commenced (BSC, 2004f. 

E

3

 value -101.82 mVSSC is assumed to be normally distributed with a standard deviation of 
156 mV (as for the coefficient c  in Equation (4-8)). 

The third criterion for SCC is that the surface stress exceeds the value of σINIT.  Crack initiati
generally requires some degree of plastic deformation, suggesting a threshold stress in the region
of the yield stress (YS).  This conclusion is confirmed by the results of DOE constant-load te
that showed no crack initiation for loads of up to 2.1YS (BSC, 2004f).  Furthermore, plastically 
deformed alloy C-22 U-bend specimens have not show
concentrated test waters in the LTCTF for periods of up to 5 years.  The slow strain-rate testing 

mental 
 electrochemical conditions are s itiation 

may have occurre
tests, it is likely to
Based on this evidence, the threshold stress for crack initiation in the EBSCOM model is 
assumed to be given by a uniform distribution with upper and lower bounds of 1.0YS and 0.9YS, 
respectively. 
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Figure 4-8 
Predicted temperature dependence of the corrosion potential of Alloy C-22 in 
representative test waters and evaporated seepage waters.  For Saturated Concentrated 
Water (SCW), curves are shown for the mean value of the C0 fitting parameters and for 

he nominal scenario, th sidual stresses in the 
hoop and radial directions for the outer and middle closure lid welds have been provided (BSC, 

 
tion is 
to 

idered in EBSCOM. 

 

values of C0 plus 1, 2, and 3 standard deviations. 

The distribution of residual stresses in the closure welds is required to determine whether the 
surface stress exceeds the value of σINIT.  For t e re

2004f).  Figure 4-9 shows the distribution of residual stress as a function of depth through the
weld.  For both the outer and middle closure lid welds, the residual stress in the hoop direc
higher than the radial residual stress.  Crack initiation and growth, therefore, is most likely 
occur axially along the WP rather than circumferentially.  Only the hoop stress component is 
cons
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Figure 4-9 
Depth dependence of the residual stress in the hoop and radial directions for the laser-
peened outer closure lLid and the middle closure lid welds (BSC, 2004f) 
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Figure 4-10 
Comparison of the depth dependence of the residual hoop stress for the laser-peened 
outer closure lid and the middle closure lid welds and EBSCOM criteria for the threshold 
stress for crack initiation. 
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Figure 4-10 compares
established above.  T

 the residual hoop stresses with the criterion for the initiation of SCC 
he figure shows thresholds based on 0.9YS and 1.0YS for temperatures of 

o

init pendence of 
 

Eq. 4-10 

e lid weld is not susceptible to crack initiation 

pro of the weld is corroded by a combination of general and 

unchanged as the surface of the weld is corroded.  Thus, once the outer 2-3 mm of the outer 
 to 

 
residual stresses will re-distribute as the compressive surface layers are removed and the peak 

environmental conditions in the drift have ameliorated sufficiently to allow microbial activity.  
One of the major stressors for microbial activity in the repository is the general lack of water, 

namic 
s 

 

et 
old 

e two forms: MIC-enhanced general corrosion and MIC-
d an increase in the rate of general corrosion of alloy C-22 

when exposed to microbial cultures and include this corrosion mechanism in WP degradation 
22 
IC 

ity for 

 the 

25 C and 160oC.  As the YS increases with decreasing temperature, the probability of crack 
iation decreases with increasing time as the repository cools.  The temperature de

the YS (σYS) for alloy C-22 is given (BSC, 2004f) by:  

σYS = 382.21 – 0.48466 T  MPa 

where T is in oC. 

It is apparent from Figure 4-10 that the outer closur
in its pristine state because of the surface compressive stress produced by the laser-peening 

cess.  However, as the surface 
localized corrosion, the sub-surface tensile region may be exposed to the environment.  In 
EBSCOM, it is assumed that the residual stress distribution shown in Figure 4-10 remains 

closure lid weld has been corroded, the surface residual stress changes from compressive
tensile.  Once 5-10 mm of the weld has been removed by corrosion, the surface tensile stress 
may be sufficiently high for crack initiation.  This is a conservative assumption as, in reality, the

tensile stress would be expected to decrease. 

4.3.2.4 Microbially Influenced Corrosion [MIC] 

Microbially influenced corrosion of the WP is potentially important in the long term once 

characterized by the low %RH in the drift.  The RH is numerically equal to the thermody
water activity aW, a parameter that has been linked to the viability of different types of microbe
(Brown, 1990; King et al., 2004; Meike and Stroes-Gascoyne, 2000; Stroes-Gascoyne and King, 
2002).  Most microbial species are not active at aW < 96%, and this water activity has been 
proposed as a threshold value for the modeling of microbial activity in nuclear waste repositories
(King et al., 2004).  The time dependence of the %RH (or aW) in the drifts is not explicitly 
included in EBSCOM but, as RH and temperature are closely linked, the conditions for the ons
of microbial activity in the repository following the thermal pulse can be defined by a thresh
temperature for MIC, TMIC. 

In the EBSCOM code, MIC can tak
induced LC.  The DOE has reporte

models (BSC, 2004c; Farmer et al., 2000; Horn et al., 1998).  Localized corrosion of alloy C-
due to microbial activity has never been reported in the literature, but is a common form of M
for other, less-corrosion-resistant, passive alloys (Little et al., 1991).  Although the possibil
MIC-induced LC is included in EBSCOM, it has not been implemented by EPRI in the default 
version of the code and, at present, EPRI does not believe that it should be implemented until 
such time that there is reliable experimental evidence to indicate that microbes can induce
localized corrosion of alloy C-22. 
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MIC-enhanced GC is treated in EBSCOM using a relatively simple approach. For each 
realization, a value of the critical temperature for MIC, TMIC. and the MIC GC enhancement 
factor fMIC are defined or selected from a distribution.  This value of fMIC applies to the WP shell 
and the outer and middle closure lid welds.   

e alent to the critical 
us, cooler waste 

c ature than hotter waste packages.  Based on the 
re-%RH data in Figure 4-3(c), the critical temperature for MIC of alloy C-22 is given 

:

T  = (50/f ) C Eq. 4-11 

wh P 
(Eq Tm ), coolest (fTm = 0.67), and hottest (fTm = 1.26) 

ed 
e o imum temperature for microbial activity. 

fMIC 
(Eq OE (BSC, 2004c), the value of fMIC 

(no  of fMIC can be defined as a 
specific value for all realizations in an EBSCOM run (for example, to determine the effect of no 

sele
(ASM, 2003), a different value of PMICLC MICLCshell r the outer 

LC of 
alloy C-22, so all values of P  are set to zero for the default input parameters.  Therefore, 

LC in EBSCOM.   

4.3.2.5 Comparison with EBSPA 

e EBSCOM code differs from that in the EBSPA model in a 

Th  temperature at which the %RH at the WP surface equals 96% (equiv
water activity of 0.96) depends on the temperature profile of the WP.  Th
pa kages attain this RH at a higher temper
temperatu
by  

o

MIC Tm

ere fTm is the maximum value of the multiplying factor for the temperature profiles of the W
uation (4-2)).  Thus, for the average (f  = 1.0

WP, the value of TMIC is 50oC, 75oC and 40oC, respectively (see Figure 4-3(c)).  For the expect
v lution of the repository environment, there is no min

When the temperature is equal to or below TMIC, the rate of GC is enhanced by the factor of 
uation (4-5)).  Following the treatment developed by the D

in each realization is selected from a uniform distribution with lower and upper bounds of 1.0 
 enhancement) and 2.0, respectively.  Alternatively, the value

microbial enhancement). 

The treatment of MIC-induced LC is equally simple, at least in the current version of the 
EBSCOM code.  For each realization, a probability of MIC LC (PMICLC) is either defined or 

cted from a distribution.  Since MIC-induced LC can lead to preferential attack at welds 
 is defined for the WP shell (P ) and fo

and middle closure lid welds (PMICLCweld).  At this time, there is no evidence of MIC-induced 
MICLC

there is no treatment of the kinetics of MIC 

The treatment of WP corrosion in th
number of ways, including: 

General corrosion 

• a term for the reduction in the rate of GC of the laser-peened closure weld on the outer lid, 
and 

• an updated Weibull distribution of GC rates based on 5-year LTCTF data. 
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Localized corrosion 

• the assumption that LC is only possible in certain environments, in particular the Bin 3 water 
representing only 1% of all the environments considered in the EBSCOM code, 

• the possibility of initiation and propagation of LC during the initial repository heat-up phase, 

• nd TLC, and 

•

 

n, 

ng MIC-enhanced GC and the possibility of MIC-
induced LC. 

The net effect of these changes is to reduce the probability of WP failure by LC or SCC 
compared to the probability calculated with the previous EBSPA code.  In the case of LC, the 
lower failure probability is primarily a consequence of the inclusion of environmental variability 
in the EBSCOM code and the fact that very few of the possible YM environments will support 
LC.  For SCC, the lower probability of failure is a consequence of the inclusion of the threshold 
potential criterion for SCC initiation and, to a lesser extent, the limitation of cracking to only two 
of the five possible environmental bins sampled in the EBSCOM code.  These changes to the 
treatment of LC and SCC better reflect the results of laboratory studies that show that these 
forms of corrosion are unlikely for alloy C-22 WP in the YM repository. 

4.4 Structure of the Model 

The structure of the EBSCOM code is presented here in the form of a number of flow charts 
describing the treatment of the various corrosion processes for the WP and DS.  These flow 
charts show the structure of a single run of the EBSCOM code, which typically comprises 
1,000,000 individual realizations.  Each realization describes the performance of a single WP and 
the corresponding DS.  There is a certain probability that the WP shell, outer closure lid weld, 
inner closure lid weld, and/or DS may contain an undetected manufacturing defect or be 
emplaced incorrectly so as to cause failure of that particular component soon after permanent 

the inclusion of distributions for both TAQ a

 the use of different TLC for the WP shell and closure lid welds in a given realization. 

Stress corrosion cracking 

• the assumption that SCC is only possible in certain waters (Bins 9 and 11), representing 71%
of all possible environments, 

• the inclusion of a potential threshold criterion for SCC initiation and the calculation of a 
temperature-dependent ECORR value, 

• the explicit modeling of the depth-dependence of the stress in the closure-lid welds, 

• the use of a distributed temperature-dependent threshold stress criterion for crack initiatio
and 

• the exclusion from EBSCOM-nominal Version 1.0 of effects due to crack-like weld defects 
based on a threshold stress intensity factor criterion.  

Microbiologically influenced corrosion 

• the inclusion of effects due to MIC, includi
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repository closure. In EBSCOM, a mean initial failure fraction of 10-4 is used for all EBS 
components.  See the previous sections for justification of the assumptions and parameter values 
cited below. 

Each realization within a single run of the EBSCOM code is characterized by: 

• one of five possible environments (denoted Bins 3, 4, 5, 9, and 11), 

• a particular temperature-time profile, 

• the temperature at which an aqueous phase is stable on the WP and/or DS surface, 

• the temperature at which microbial activity is possible, 

• the GC characteristics of the DS (including the rate of GC of the DS at the reference 
temperature of 75oC, the activation energy, factors for the effect of fluoride ions and the 
fraction of GC supported by O2 reduction), 

• the HIC characteristics of the DS (including the temperature-dependent hydrogen uptake 
efficiency and the critical hydrogen concentration), 

• the GC characteristics of the WP outer shell (including the rate of GC of the WP at the 
reference temperature of 75oC and the activation energy), 

• the LC characteristics of the WP outer shell (including the threshold temperature for LC, the 
LC growth constant, activation energy, and time exponent), 

• the MIC characteristics of the WP outer shell (including the MIC GC enhancement factor and 
the probability of MIC LC), and 

• the specific corrosion characteristics of the closure lid welds (including the reduction factor 
for GC of the laser-peened weld (outer closure lid only), the probability of MIC LC, the 
threshold temperature for LC, and the threshold stress for SCC initiation). 

Other characteristics of the EBS are the same for all realizations in a given run, including: 

• the dimensions of the WP and DS, and 

• the residual stress profile through the thickness of the outer and middle closure lid cuts. 

4.4.1 Overall Model Structure 

Figure 4-11 shows the overall structure of the various sub-components of the EBSCOM code.  
The primary flow chart (the EBSCOM Flow Chart, Figure 4-12) describes the selection of the 
environmental parameters common to all EBS components for a particular realization.  The Drip 
Shield Flow Chart predicts the failure time and mode of the DS as a result of GC or HIC.  The 
Wa low Chart performs a similar function for the WP, although in this case the 
corrosion behavior of the shell and outer and middle closure lid welds are assessed separately.  In 

defined for the WP components depending upon whether LC is 
r not (LC does not occur if the DS is intact or, for a failed DS, if the temperature is 

below the threshold for the initiation of LC).  The WP components are also assumed to be 
susceptible to MIC if the temperature is below the threshold for microbial activity.  Finally, SCC 
can lead to failure of the outer closure lid weld if certain criteria are met.  (For the nominal 

ste Package F

addition, separate flow charts are 
possible o
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scenario, the level of residual stress for the middle closure lid is insufficient to cause failure by 
SCC). 

EBSCOM
Flow chart

Drip Shield
Flow chart

Waste Package
Flow chart

WP Outer Closure 
Lid Weld 

 

WP Middle 
Closure Lid Weld

 

Waste Package 
Shell

 

DS Failure
No LC

DS Failure
LC

No DS Failure
 

DS Failure
No LC

DS Failure
LC

No DS Failure
 

DS Failure
No LC

DS Failure
LC

No DS Failure
 

Waste Package 
Closure Weld

 

 

Figure 4-11 
Hierarchy of flow charts for EBSCOM code. 

Figure 4-12 shows the primary flow chart for the EBSCOM code that controls the execution of 
each realization.  At the start of each realization, the value of the temperature for the format
of an aqueous phase (TAQ), the temperature-time profile, and the nature of the environment are 
either defined or selected from the appropriate distribution.  Next, the initial state of each

ion 

 EBS 
component considered (i.e., drip shield, waste package outer shell, waste package outer and 

iddle closure lid welds) is determined and the identity of any failed components (selected based 
on the defined initial failure frequency) recorded.  The time is then incremented and the 

mperature (re-)calculated.  Once T ≤ TAQ, the code proceeds to the DS and WP flow charts and 
the extent of corrosion damage is estimated for that time increment.  Unless all of the EBS 
components have failed, the time is then incremented, the temperature re-calculated, and the 
extent of corrosion in the next time step estimated.  This process is repeated until all EBS 
components of concern have failed, at which time the realization is stopped and the next 
realization is started. Once a particular EBS component has failed (e.g., the DS fails by HIC), no 
further calculations are performed to determine the failure time by GC.  Similarly, if the WP fails 

ue to failure of the outer and middle closure lid welds, the calculation is terminated and the 

m

te

d
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lifetime of the WP shell is not computed.  Furthermore, no credit is taken for the WP 316NG 
stainless steel inner shell. 

 

Figure 4-12 
Overall EBSCOM flow chart. 
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4.4.2 Drip Shield 

Figure 4-13 shows the overall flow chart for calculating the time-to-failure of the DS in a 
realization.  At the beginning of each realization, the values of five parameters are defined and 
remain fixed for all time increm

given 

ents.  These parameters are: the value of the rate of GC at the 
reference temperature, the activation energy for GC, the critical hydrogen concentration for HIC, 
the temperature-dependent H uptake efficiency, and the fraction of Ti corrosion supported by O2 
reduction.  Each of the parameters is either defined or a value is selected from a pre-defined 
distribution. 

At each time step (determined by th all EBSCOM Flow Chart, Figure 4-12), the 

t 
ng 

 
 

 

the calculation of the corrosion of the WP alone. 

4.4.3 Waste Package 

Figures 4-14 through 4-27 describe the EBSCOM structure for the calculation of the failure 
times of the WP.  As noted in Figure 4-11, separate calculations are performed for the WP shell, 
and the outer and middle closure lid welds, with the latter being addressed only after the outer 
weld has failed and moisture enters the WP. 

A number of parameters are common to all WP components, and these are identified in the 
Overall Waste Package Flow Chart in Figure 4-14.  Within a given realization, a single value for 
the GC rate (at the reference temperature) and corresponding activation energy are used, as well 
as a single set of parameters describing the propagation of LC (i.e., the growth constant B, 
activation energy ∆ELC, and time exponent n).  In addition, the same threshold temperature for 
MIC and MIC enhancement factor for GC are used for the WP shell and closure welds. 

 

 

e Over
incremental depth of GC and the incremental increase in the absorbed hydrogen concentration 
HABS is determined.  As noted in Section 4.3.1.2, the latter is determined by the extent of GC, the 
fraction of corrosion supported by the reduction of H2O, the H uptake efficiency, and the amoun
of H lost by corrosion of the Ti matrix.  The increment in GC is compared with the remaini
wall thickness and the new HABS is compared with the value of HCRIT defined for the realization.  If
either criterion results in DS failure, then the cause of failure is recorded and the code increments
the time (if the WP has not yet failed).  If neither failure criterion results in DS failure, then the 
code similarly increments the time and recalculates the depth of GC and the new HABS.  If both 
failure criteria are satisfied in a single time step, then failure of the DS by GC is recorded (on the
rationale that GC must occur before any H can be absorbed) and the realization continues with 
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Figure 4-13 
Drip shield flow chart. 

 

4-36 



 
 

Performance of the Engineered Barrier System 

 

Figure 4-14 
Overall waste package flow chart. 

4-37 



 
 
Performance of the Engineered Barrier System 

4.4.3.1 WP Outer Shell 

Two parameters are specifically defined for the WP outer shell (Figure 4-15): the critical 
temperature below which LC cannot initiate (TLCshell) and the probability of microbially influenced 
localized corrosion (PMICLCshell). 

Define or select 
critical temperature 
for LC of WP shell 

TLCshell

Database of 
environment-
specific TLCshell

Distribution of 
PMICLCshell

Define or select 
probability of MIC LC 
of WP shell PMICLCshell

Has DS 
failed?

Y

N

Is T(t) ≥ 
TLC?

Go to “WP 
Shell No DS 
Failure” flow 

chart

From “Overall WP” flow chart

Go to “WP 
Shell DS 

Failure No 
LC” flow chart

Go to “WP 
Shell DS 

Failure LC” 
flow chart

N

Y

Incremented time and re-
calculated temperature 

T(t) from “Overall 
EBSCOM” flow chart

 

Figure 4-15 
Waste package outer shell flow chart. 
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The nature of the corrosion processes for the WP shell, and hence the flow chart used to
these processes, depends on the integrity of the DS and the temperature of the WP.  If the D
intact and is capable of diverting seepage drips away from the WP, then abiotic LC is not 
possible and the Waste Package Shell - No Drip Shield Failure flow chart (Figure 4-16) is 
followed.  If the DS has failed but the WP temperature is less than T ,, then again abiotic LC 
is not possible and t

 describe 
S is 

LCshell

he corresponding flow chart (Waste Package Shell - Drip Shield Failure No 

e 
Localized Corrosion) is shown in Figure 4-17.  Finally, if the DS has failed but the WP 
temperature is equal to or greater than TLCshell, then abiotic LC is possible and the Waste Packag
Shell - Drip Shield Failure Localized Corrosion flow chart (Figure 4-18) must be followed. 

Is T(t) ≤ 
TMIC?N

Calculate 
incremental 
depth of GC

Does
incremental depth

of GC exceed 
remaining wall

thickness?

Y

N

Y

Return to 
“Overall 

EBSCOM” flow 
chart and 

increment time

Record WP 
shell failure by 

GC at t = t’

Does MIC LC 
of WP shell 

occur?

N
  Y

Calculate incremental 
depth of MIC-enhanced 

GC

Calculate incremental 
depth of MIC-enhanced 

GC and incremental depth 
of MIC LC

Does
incremental depth
 of MIC-enhanced
 GC exceed the 
remaining wall 

thickness?

Do incremental
depths of MIC-

enhanced GC and MIC 
LC exceed the 
remaining wall 

thickness?
N

Y Y

N

Return to 
“Overall 

EBSCOM” flow 
chart and 
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Return to 
“Overall 

EBSCOM” flow 
chart and 
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Return to 
“Overall 

EBSCOM” flow 
Record WP shell 
failure by MIC-

enhanced GC or MIC 
LC at t = t’, whichever 
incremental depth is 

greatest

chart and 
increment time

Update GC and 
remaining wall 

registers

Update MIC-
enhanced GC 
and remaining 
wall registers

Return to 
“Overall 

BSCOM” flow 
chart and 

increment time

Update MIC-
enhanced 

GC, MIC LC, 
and 

remaining 
wall registers

Return to 
“Overall 

EBSCOM” flow 
chart and 

increment time
 

E

Figure 4-16 
Waste package outer shell - no drip shield failure flow chart. 
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Figure 4-17 
Waste package outer shell - drip shield failure no localized corrosion flow chart 

The corrosion processes in the absence of LC are the same regardless of whether the DS is intact 
or the DS has failed but the WP temperature is below the threshold for LC.  Therefore, the flow 

e 
) or 

 
tion. 

charts in Figures 4-16 and 4-17 are identical.  For temperatures greater than the threshold 
temperature for microbial activity, the only corrosion process affecting the WP is GC.  General 
corrosion is assumed to be possible at temperatures less than or equal to TAQ because of th
deliquescence of salts in dust deposits accumulated on the surface of the WP (no DS failure
due to seepage (DS failure).  No credit, however, is taken for the limited amounts of water 
expected in the drift and it is effectively assumed that the entire WP surface is wetted by an
aqueous solu
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Figure 4-18 
Waste package outer shell - drip shield failure localized corrosion flow chart 

If the temperature is below the assumed threshold temperature for microbial activity, the WP is 
also susceptible to MIC.  Microbially influenced corrosion can take the form of enhanced GC or, 
if shown by future testing to be important, LC.  (The possibility of microbially supported 
localized corrosion is only included in EBSCOM because many forms of MIC tend to result in 
localized attack.  However, it must be emphasized that currently there is no evidence of localized 
MIC of alloy C-22) 
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As noted above, abiotic LC of the WP is only possible if the DS has failed and the WP 
tempe s than or equal to TAQ but greater than or equal to TLCshell (Figure 4-18).  A 
furt rrosion, a condition 
that is only met fo
Section 4.2.3.3.2). 

In the unlikely event that LC does initiate, propagation is assumed to continue indefinitely.  
However, because of the use of a time-dependent LC penetration rate, the propagating crevice 
effectively stifles after a limited depth of corrosion.  Failure of the WP outer shell by LC is 
unlikely to occur and the changes made to the treatment of LC in the EBSCOM code are chosen 
to reflect the unlikelihood of this form of corrosion for the design of EBS and the expected drift 
environment in the YM repository. 

The possible failure modes for the WP outer shell are general corrosion, localized corrosion, 
microbially-enhanced GC, and, possibly, microbially-enhanced LC.  The EBSCOM code records 
the failure mode of the WP outer shell, which is defined as that process that ultimately results in 
penetration of the wall.  If there is more than one active mode of corrosion at the time of failure 
(for instance, both GC and LC can occur simultaneously in the model), the failure mode is 
defined as the process that results in the deepest penetration in the time increment preceding WP 
failure.  However, corrosion processes other than that resulting in ultimate failure may have 
resulted in significant prior wall loss. 

4.4.3.2 WP Outer Closure Lid Weld 

The corrosion behavior of the outer and middle closure lid welds is calculated separately from 
that of the WP shell.  A number of parameters common to both closure lid welds are defined by 
the Waste Package Closure Weld flow chart (Figure 4-19).  In a given realization, both closure 
lid welds are assumed to exhibit the same critical temperature for LC (TLCweld), the probability of 
MIC LC (PMICLCweld), and threshold stress for crack initiation (defined as a fraction of the 
temperature-dependent yield stress between 0.9 YS and 1.0 YS). Lastly, the nature of the 
environment determines whether SCC will occur or not, with only Bins 9 and 11 (representing 
71% of the total waters sampled, Table 4-2) supporting SCC. 

If the outer closure lid is intact, the code assesses the corrosion of the outer closure lid weld 
(Figures 4-20 through 4-23).  If the outer closure lid has failed, water can enter the WP and 
corrode the middle closure lid weld (Figures 4-24 through 4-27). 

 

rature is les
her criterion for LC is that the environment must support this form of co

r Bin 3 waters that represent only 1% of all waters sampled in EBSCOM (see 
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Figure 4-19 
Waste package closure weld flow chart  

If the outer closure lid weld is intact, the first flow chart determining the corrosion behavior i
the WP Outer Closure Lid Weld chart (Figure 4-20).  Two parameters specifically related to the 
out s in the 
weld and the GCLP

chart, the second criterion for SCC is assessed by comparing the predicted corrosion potential 
ECORR with the threshold potential for SCC.  This comparison is made in each time increment 
because the predicted ECORR is a function of temperature (Figure 4-8).  If the predicted ECORR value 
is equal to or exceeds the threshold potential for SCC, cracking is possible if the stress exceeds 

s 

er closure lid weld are first defined; namely, the depth-dependence of the residual stres
 GC reduction factor of the laser-peened material (f ).  At this stage in the flow 
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the threshold for crack initiation.  Regardless of whether SCC is possible or not, execution of the 
EBSCOM code proceeds to one of three flow charts, depending upon whether the DS has failed 
or not and upon whether LC is possible. 

If the DS is intact, then the calculation follows the logic defined in Figure 4-21.  If the stress at 
the surface of the weld is tensile, then the GC rate is reduced by the factor fGCLP for both abiotic 
and MIC-enhanced corrosion.  If the temperature is too high for microbial activity, failure of the 
outer lid closure lid weld can only occur by GC or SCC, and in the latter case only if the 
environment, potential, and stress meet the defined criteria.  In EBSCOM, it is assumed that the 
environment necessary for SCC can be formed from the deliquescence of salts in dust deposits, 
as well as from seepage waters.  Therefore, cracking is possible in the absence of DS failure.  If 
the temperature is low enough that microbial activity is possible, then corrosion may result from 
MIC-enhanced GC, MIC LC, or SCC (Figure 4-21). 

If the DS has failed but the WP temperature is below that for the initiation of LC, the corrosion 
processes to which the outer closure lid weld are susceptible are exactly the same as for the intact 
DS.  These processes are described in the flow chart in Figure 4-22, which is exactly the same as 
that in Figure 4-21. 

If, on the other hand, the DS has failed and the WP temperature is greater than or equal to TLCweld, 
then the outer closure lid weld is also potentially susceptible to LC (Figure 4-23).  As for the WP 
shell, LC of the closure welds is only considered possible in Bin 3 water, representing just 1% of 
all of the sampled waters.  The flow chart in Figure 4-23, therefore, includes a calculation of the 
extent of LC, in addition to the estimates for GC, SCC, MIC-enhanced GC, and (possibly) MIC 
LC. 

4.4.3.3 WP Middle Closure Lid Weld 

Assessment of the corrosion behavior of the middle closure lid weld is very similar to that for the 
outer closure lid weld.  As the middle closure lid weld does not receive a post-weld stress relief, 
however, the GC reduction factor fGCLP is not applied in the estimation of the rate of GC.  
Therefore, the only input parameter specific to the middle closure lid weld is the stress 
distribution as a function of depth (Figure 4-24).  The outer and middle closure lid welds are 
assumed to exhibit the same temperature-dependent ECORR value. 

With the exception of the reduction in the rate of GC due to the laser peening process, the flow 
charts describing the corrosion of the middle closure lid weld for (a) no DS failure (Figure 4-25), 
(b) DS failure, temperature below the threshold for LC (Figure 4-26), and (c) DS failure, 
temperature exceeds the threshold for LC (Figure 4-27) are identical to those for the outer 
closure lid weld.  Thus, the middle closure lid weld is susceptible to GC, SCC, MIC-enhanced 
GC, (possibly) MIC LC, and abiotic LC (under the appropriate environmental and thermal 
conditions). 
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Figure 4-20 
Waste package outer closure lid weld flow chart. 
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Figure 4-21 
Waste package outer closure lid weld - no drip shield failure flow chart  
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Figure 4-22 
Waste package outer closure lid weld - drip shield failure - no localized corrosion flow 
chart. 
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Waste package outer closure lid weld - drip shield failure - localized corrosion flow chart. 
Figure 4-23 
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Figure 4-24 
Waste package middle closure lid weld flow chart. 
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Figure 4-25 
Waste package middle closure lid weld - no drip shield failure flow chart. 

4-50 



 
 

Performance of the Engineered Barrier System 

 

Figure 4-26 
Waste package middle closure lid weld - drip shield failure - no localized corrosion flow 
chart. 
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Figure 4-27 
Waste package middle closure lid weld - drip shield failure - localized corrosion flow chart. 

4-52 



 
 

Performance of the Engineered Barrier System 

4-53 

4.4.4 Assumptions 

There are a number of assumptions inherent in the EBSCOM code, the most important being: 

• Wall loss due to various corrosion processes is cumulative.  This assumption is deemed to be 
either reasonable or conservative.  There is only one wall-loss mechanism for the DS, i.e., 
general corrosion.  For the WP, the extent of LC is likely to be small because, on average, it 
will only occur in a maximum of 1% of the realizations in which Bin 3 water is selected.  
Therefore, the most likely failure mechanism is general corrosion, possibly microbially 
enhanced, for which the assumption of cumulative wall loss is appropriate. 

• SCC crack growth is rapid.  There is no attempt in EBSCOM to predict the growth rate of a 
propagating crack.  If crack initiation occurs (or, for subsequent versions of the 
EBSCOM-nominal code, if the threshold stress intensity factor for a crack-like weld flaw is 
exceeded), it is assumed that the closure lid weld fails instantly. As the principal stress is in 
the hoop direction, the crack will tend to align axially along the WP.  Thus, the lid will 
remain in place and provide some barrier function, although it will no longer act as an 
absolute containment barrier.  Measured crack growth rates (BSC, 2004f) are of the order of 
10-9 to 10-11 mm/s, which would result in a 10-mm through-wall crack in 300-30,000 years.  
Although the lower period is short in comparison to the timescales of interest, the potential 
additional credit for the slower crack growth rate is significant.  Therefore, the assumption of 
instant failure following crack initiation is deemed to be reasonable/conservative. 

• Rockfall due to thermal stress has no effect on the EBS performance.  Rockfall resulting 
from drift degradation and thermal stresses are considered as part of the nominal scenario.  
Both EPRI and DOE analyses (EPRI, 2005d; BSC, 2004d; EPRI, 2006b) have shown that 
damage due to drift degradation under the nominal scenario is minimal and has little effect 
on the EBS lifetimes.  Even during a seismic event, during which larger rock blocks can be 
ejected from the drift walls, the effect of their impact on the DS and WP is minimal (EPRI, 
2005d; BSC 2004d), and the cumulative effect of multiple events is similarly small (EPRI, 
2006b).  Thus, even for the seismic disruptive event (not explicitly considered here), the only 
consequences for the EBS are those resulting from WP-WP interactions due to the ground 
motion, there being no significant effects of rockfall. 

• The DS is immune to LC and HIC.  These are considered to be reasonable assumptions, and 
the evidence has been extensively documented elsewhere (Hua et al., 2004).  Briefly, 
however, for the expected YM environments, the pitting potential for Ti Grade-7 and 
Grade-24 are too positive to be achieved on the DS.  Furthermore, these two alloys are highly 
resistant to crevice corrosion as a consequence of the addition of Pd.  Titanium alloys are 
amongst the few alloys for which no instance of microbially assisted corrosion has been 
reported (Little et al., 1991). 

Other assumptions are discussed in each of the sections dealing with specific corrosion issues. 
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4.5

A n e 
sensitivity of the predicted results to various parameters.  The default input parameters for the 

. The analyses have been updated to reflect the 
current TAD design (DOE, 2008). After 1,000,000 years, ~66% of the drip shields are predicted 
to have failed, but only ~6% of the waste packages. Failure of co-located DS and WP is 

 the first corrosion failures are 
40,000 years, 420,000 years, and 450,000 years for the DS, WP, and DS/WP combination 

ure 4-28 shows the mean of the realizations for the predicted cumulative 
 EBS components of interest (i.e., drip shield and waste package) as a function 

of time up to 106 years for the nominal scenario.   

Virtually all WP failures are the result of general corrosion of the shell.  Because microbial 
acti repository becomes possible as the temperature cools, the actual failure mode is 
pre ter 1,000,000 years, there may be one failure 
of the lid system, most likely resulting from either (i) SCC of the outer closure lid weld 
combined with dle n iddle lid 
combined with an initially failed outer lid. 

The relative lack of importance of SCC and LC as failure modes for the WP compared with 
earlier EBSPA predictions (EPRI, 2002a) is a consequence of the changes made for the 
EBSCOM code.  In particular, the probability of failure by LC is significantly reduced by the 
introduction of environmental variability in the new model and the fact that LC is now 
considered to be only possible for 1% of the realiz ns (corresponding he frequency of the 
Bin 3 water).  This change is made to properly reflect the low probability that waters that can 
sustain LC will be foun e YM repository.  The low probability of S  is the result of 
(i) the introduction of a threshold potential criterion for crack initiation, (ii) the use of a realistic 

 outer closure lid weld 
urface of the WP).  

ehavior of 

le under some circumstances.  For example, a 
failed DS in Bin 3 water (which supports LC).  

o
aterial, (ii) a 

low threshold stress for crack initiation, and (iii) a threshold potential for SCC close to the lower 
bound of 0 mVSSC.  As a consequence of these numerous requirements, failure by SCC is 
predicted to be relatively uncommon, consistent with the results of recent experimental studies. 

 Results for the Nominal Scenario and Sensitivity Analyses  

umber of runs have been performed by EPRI for the nominal scenario and to determine th

nominal scenario are defined in Section 4.7.  

4.5.1 Results for the Nominal Scenario 

EBS components of interest (i.e., drip shield and waste package) are evaluated as a function of 
time up to 106 years for the nominal scenario

predicted to occur in only ~4% of the realizations.  The times for

respectively.  Fig
fraction of failed

vity in the 
dicted to be microbiologically-enhanced GC.  Af

an initially failed mid  lid or (ii) microbially e hanced GC of the m

atio to t

d in th CC

threshold stress, and (iii) the reduced rate of GC of the laser-peened
(which extends the time until a sufficient tensile stress develops on the s
These changes are made to the model to reflect the current understanding of the SCC b
alloy C-22. 

Both LC and SCC failure of the WP are possib
single realization is performed for an initially 
Waste package failure due to LC of the outer shell is not predicted to occur until after 
1,000,000 years. Failure by SCC can occur, as described above, and is most likely f r 
combinations of (i) a small reduction in the rate of GC of the laser-peened weld m
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Figure 4
Time depen of fai ts based on EBSCOM 
predicti minal input parameters. 

The major corrosion failure mode for the DS is GC (Figure 4-29).  Apart from a few HIC failures 
up to ~100,000 yrs, more than 99% of DS failures are due to GC.  The reduction in the number 
of HIC fail SCOM code compared with the predictions from the earlier EBSPA 
model (EPRI, 2002a) is a consequence of the changes that have been made to the treatment of 
GC and hydrogen absorption in the new model.  In particular, the assumptions that a fraction of 
the GC is s  reduction and that previously absorbed H can be released as corrosion 
of the Ti matrix proceeds makes HIC failure less likely in the new model. 

As the maj  is GC, neither the DS nor the WP can be considered to maintain their 
functionality (either as a barrier to drips or to radionuclide release) once they have failed.  
Table 4-3 lists the times for various values of the cu  failure fraction (CFF) of the DS, 

 realization) For the DS and WP, the time for a 

eds 
 t years.

-28 
dence of the cumulative fraction 

ons with the no
led EBS componen

ures for the EB

upported by O2

or failure mode

mulative
WP, and failure of both the DS and WP in a single
fractional failure value of 0.0001 reflects the initially failed barriers.  A CFF of 0.001 
corresponds to ~11 failures.  Thus, the vast majority of WP will remain intact for many hundr
of housands of  
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Figur
Time depen f the fractional failure mode for the drip shields in the nominal 
corrosion scenario. 

EBS 

e 4-29 
dence o

 

Table 4-3 
Times for various fractional failures of the EBS components based on EBSCOM 
predictions for the nominal scenario 

Cumulative fraction DS WP 
failed 

0.0001 50 yrs 50 420,000 

0.001 35,000 514,000 555,000 

0.01 57,000 695,000 756,000 

0.1 129,000 >106 >106 

1 >106 >106 >106 
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4.5.2 Results for Seismic Effects 

d, 
2006c).  These results are reiterated here. Since the waste package design has become more 
robust since the publication of those analyses through the use of a thicker Allow 22 overpack, 

 compared to a fully updated analysis. The new results 
therefore reflect corrosion failures for the thicker alloy C-22 shell added to the seismic failures 

, thinn

n s are perform
RI (EPRI, 2005d).  In this analysis, the only 

e ic e nt results from WP-WP impacts due to the ground motion.  Two types of 
WP-WP impacts and a WP-WP impact at an 

es ibed i 05d, these impacts result in a modification of the 
residual stress distribution for the outer and middle closure lid welds.  The change in stress 

, while the effect on the 
middle closure lid weld is sufficiently severe (due to the impact from the unconfined inner vessel 

ere that it results 
ered to be no 

other adverse consequences of the WP-WP interactions on the subsequent corrosion behavior of 

hree 
mal pulse), 

ears following permanent closure (corresponding to the time to corrode the WP 
shell by a thickness of 2 mm for the mean GC rate for alloy C-22), and (iii) 800,000 years 

7 w as early, mid, and late seismic 

be that expected for identical runs comprising 1,000,000 random 
realizations).  The absence of any effect of the seismic event is due to the relatively small 
number of outer closure lid weld failures.  If the outer lid does not fail within 1,000,000 y

The IMARC EBSCOM model that includes seismic effects was presented in EPRI (2005

these results can be said to be conservative

from the older er alloy C-22 shell. 

A umber of run ed to determine the effect on the repository of a single seismic 
event based on the seismic analysis developed by EP
eff ct of the seism ve
impact are considered, involving flat end-on 
oblique angle.  As d cr n EPRI, 20

distribution for the outer closure lid weld affects the SCC behavior

containing the fuel assembly inside the WP) that it is conservatively assumed h
in failure of all of the middle lids at the time of the seismic event.  There are consid

the WP (EPRI, 2005d). 

A single seismic event with a peak ground velocity of 4 m/s is assumed to occur6 at one of t
times: (i) 5,000 years following permanent closure of the repository (i.e., after the ther
(ii) 250,000 y

following permanent closure.   These times are referred to belo
events. 

The results of the seismic analysis are compared to that for the nominal scenario in Table 4-4.  
As can be seen, a single seismic event of this magnitude has no effect on the fraction of DS, WP, 
or DS-WP combinations that have failed after 1,000,000 years.  (The observed variation of 
±0.001 is considered to 

ears, it 
does not matter whether the middle closure lid (the failure of which is the major consequence of 
the seismic event) has failed or not. 

                                                           
6  vel EPRI (2005d) erroneously indicated that a peak ground ocity (PGV) of 2 m/s was modeled in the WP-WP 

oving toward each other, each with a velocity 
of 4 m/s. (EPRI, 2005d) 

collision.  In fact, a PGV of 4 m/s was modeled. 

7 The EPRI model conservatively assumed that adjacent WPs were m
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Table 4-4 
Comparison of the fraction of failed drip shields, waste packages, and WP-DS after a 

 

DS WP WP-DS 

period of one million years for the nominal and seismic scenarios

Scenario 

Nominal 0.662 0.148 0.098 

Early seismic – flat WP-WP interaction 0.662 0.148 0.098 

Early seismic – oblique WP-WP interaction 0.662 0.147 0.098 

Mid seismic – flat WP-WP interaction 0.662 0.148 0.098 

Mid seismic – oblique WP-WP interaction 0.662 0.148 0.098 

Late seismic – flat WP-WP interaction 0.663 0.147 0.098 

Late seismic – oblique WP-WP interaction 0.662 0.148 0.098 

 

4.6 Summary 

A revised EBS model has been developed by EPRI to predict the time dependence of the failure 

others.  As with earlier EPRI corrosion models and in keeping with the EPRI approach, the 

• The selection of a different environment for each of the 1,000,000 realizations in a run.  The 
range and frequency distribution of the environments is based on the DOE “bins” of 

mon chemical characteristics.  Only one 
of the bins, representing 1% of the environments, can support LC of the WP. Approximately 

ent for LC, there are no WP 

• itive 
 for a sufficient tensile stress.  These limitations result in, at most, one SCC 

6  

• MIC of the WP is assumed to be possible at a sufficiently low temperature (high %RH) and 
nced GC.  The predominant failure mode for the WP is (microbially enhanced) 

of the drip shield and waste package.  The revised model is based on the most recent EBS 
designs and on new information on various corrosion processes developed by the DOE and 

EBSCOM code is intended to provide reasonable estimates of the failure times of the various 
barriers, while also maintaining a small degree of conservatism. 

The most significant changes in and/or results of the new model include: 

evaporated seepage and deliquescent waters of com

70% of the waters can support SCC; 

• As a consequence of the low probability of a suitable environm
failures due to LC; 

In addition to the revised environment for SCC, cracking is only possible at very pos
potentials and
failure of a waste package outer closure lid weld, and none prior to ~10  years;

to cause enha
GC; 

• The use of a distribution of temperatures results in a number of hotter packages than 
previously assumed. However, overall WP lifetimes are longer than calculated in the 
previous EPRI model because of the use of a lower rate of GC based on 5-year LTCTF data; 
and 
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• There is a reduced probability of HIC of the DS because of several changes to the code, 
including the loss of absorbed H due to corrosion of the DS and O2 reduction on the DS, 
which does not result in hydrogen absorption.  Therefore, virtually all DS failures are d
GC, which means that the DS offers no barrier to seepage once failed. 

ue to 

 
round 

Is SCC possible? 

For the nominal scenario for the current TAD design, ~66% of DS and only ~4% of WP are 
predicted to fail within the first 1,000,000 years.  Failure of a co-located DS and WP 
combination is predicted to occur in only ~6% of the realizations.  The times for the first 
corrosion failures are 40,000 years, 420,000 years, and 450,000 years for the DS, WP, and 
DS/WP combination, respectively.  Analyses of the effect of a seismic event with a peak ground
velocity of 4 m/s suggests that no additional EBS failures will result from the effects of g
motion and rockfall (EPRI, 2005d; 2006c). 

4.7 Input Data for the EBSCOM Nominal Scenario 

4.7.1 General 

4.7.1.1 Environment 

Table 4-5 
Chemical Environment for the Corrosion Model. 

Bin Relative Frequency Is localized corrosion 
possible? 

3 1% Y N 

4 17% N N 

5 11% N N 

9 20% N Y 

11 51% N Y 

4.7.1.2 Maximum Temperature for Aqueous Corrosion (TAQ) 

TAQ is given by a specific value or can be selected for each realization from a uniform 
distribution. 

140oC, 

The default is a specific value of TAQ = 130oC 

The default uniform distribution is defined by lower and upper bound values of 120oC and 
respectively.  For the results shown here, the default uniform distribution is used. 

4-59 



 
 
Performance of the Engineered Barrier System 

4-60 

4.7.1.3 Temperature 

A different temperature profile is selected for each realization.  The temperature profile is based 
on the time-dependent temperature for the average WP multiplied by a factor fT sampled from an 
asymmetric triangular distribution with a lower bound of 0.67, and upper bound of 1.26, and a 
peak value of 1.00 (corresponding to the average WP). 

4.7.2 Drip Shield 

4.7.2.1 General Corrosion Rate at Reference Temperature ( )T(R ref
DS
GC ) 

The GC rate at the reference temperature of 75oC is given by the following CDF (BSC, 2004c). 

Table 4-6 
Cumulative distribution function for the general corrosion rate. 

Corrosion rate 
(mm/yr) 

Cumulative distribution 
function 

0 0 

7.905401E-06 0.2500 

7.908996E-06 0.3125 

7.917336E-06 0.3750 

7.992055E-06 0.4375 

1.596796E-05 0.5000 

1.607404E-05 0.5625 

2.356582E-05 0.6250 

2.373022E-05 0.6875 

2.403291E-05 0.7500 

3.999769E-05 0.8125 

7.149611E-05 0.8750 

7.916412E-05 0.9375 

1.127882E-04 1.0000 

 
These data can be fitted to a Weibull distribution characterized by the following parameters: 

• scale factor  21.52 x 10-6 mm/yr 

• shape factor  0.841 

• location factor  0 mm/yr 
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Several additional parameters are needed: 

• Activation Energy for General Corrosion of Drip Shield (
DS
GCE∆ )= 0 J⋅mol-1 

• General Corrosion Enhancement Factor for Fluoride (fF)= 1 

• Fraction of General Corrosion Supported by O2 Reduction (fO2)= 0.5 

A uniform distribution is used to describe the uptake efficiency in each of four temperature 
ranges (Table 4-7). 

Table 4-7 
Uptake efficiency as a function of temperature. 

Temperature range 
(oC) 

Distribution type Lower bound Upper bound 

≤100 Uniform 10-9 0.02 

100 <T ≤120 Uniform 0.02 0.04 

120 <T ≤140 Uniform 0.04 0.06 

140 <T ≤160 Uniform 0.06 0.08 

 
The Critical Hydrogen Concentration for HIC (HCRIT) is given by a uniform distribution between 
800 and 1200 ppmw (parts per million by mass). 

Parameters needed for the initial failure fraction of the drip shields are as follows: 

• IFFDS = 10-4, i.e., 1 in 10,000 DS is emplaced in a state sufficiently defected (displaced, 
misaligned, missing, etc.) to constitute instantaneous failure 

• Thickness of DS (dDS)= 15 mm 

• Density of Ti-7/Ti-24 (ρTi)= 4.54 g⋅cm-3 

• Atomic mass of Ti (MTi)= 47.88 g⋅mol-1 

4.7.3 Waste Package General Inputs 

4.7.3.1 General Corrosion Rate at Reference Temperature ( )T(R ref
WP
GC ) 

The value of )T(R ref
WP
GC  is selected from a Weibull distribution described by the following 

parameters (BSC 2004e): 

• scale factor  8.88 x 10-6 mm/yr 

• shape factor  1.62 

• location factor  0 mm/yr 
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4.7.3.2 Activation Energy for General Corrosion of WP ( WP
GCE∆ ) 

The value of the activation energy for the general corrosion rate of the WP is given by a normal 
distribution with a mean value of 25.91 kJ/mol and a standard deviation of 2.46 kJ/mol. 

4.7.3.3 Localized Growth Constant ( ( )refTB ) 

The value of ( )refTB  is selected from a Weibull distribution described by the following 
parameters: 

• scale factor  54.085 x 10-6 mm/yr 

• shape factor  1.28 

• location factor  0 mm/yr 

4.7.3.4 Activation Energy for the LC Growth Constant (∆EB) 

The value of the activation energy for the LC growth constant B is 55 kJ/mol. 

4.7.3.5 Time Exponent for LC of Alloy C-22 (n) 

The value for the time exponent for the propagation of LC of alloy C-22 is selected from a 
uniform distribution characterized by minimum and maximum values of 0.1 and 0.5, 
respectively. 

4.7.3.6 Critical Temperature for MIC (TMIC) 

The temperature at which the %RH at the WP surface equals 96% (equivalent to the critical 
water activity of 0.96) depends on the heat output of the WP.  Thus, cooler waste packages attain 
this RH at a higher temperature than hotter waste packages.  The critical temperature for MIC of 
alloy C-22 is given by: 

TMIC = (50/fTm) oC Eq. 4-12 

where fTm is the multiplying factor for the temperature profiles of the WP.   

Thus, for the average WP, the value of TMIC is 50oC (see Figure 4-3(c)) and for the coolest (fTm = 
0.67) and hottest (fTm = 1.26) TMIC equals 75oC and 40oC, respectively. 

4.7.3.7 MIC Enhancement Factor for GC (fMIC) 

The value of the enhancement factor for MIC GC (fMIC) is given by a uniform distribution with 
minimum and maximum values of 1 and 2, respectively. 
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4.7.4 Waste Package Outer Shell 

Parameters needed for the waste package outer shell are as follows: 

• Thickness of WP outer shell (dWPOB) = 20 mm 

• The minimum temperature for the initiation of LC of the WP outer shell is selected from a 
uniform distribution with minimum and maximum values of 90oC and 100oC, respectively. 

• The probability of MIC-induced LC of the WP outer shell is given by PMICLCshell = 0. 

4.7.5 Waste Package Outer Closure Lid Weld 

Parameters needed for the waste package outer closure lid weld are as follows: 

• Thickness of WP Outer Closure Lid Weld (dWPOL) = 25 mm 

The minimum temperature for the initiation of LC of the WP closure lid welds is selected from a 
uniform distribution with minimum and maximum values of 60oC and 80oC, respectively. 

The probability of MIC-induced LC of the WP closure lid welds is given by PMICLCweld = 0. 

4.7.6 Reduction Factor for GC of Laser-peened Outer Closure Lid Weld (fGCLP)  

The reduction factor for the GC of the laser-peened region of the outer closure lid weld fGCLP is 
given by a uniform distribution with minimum and maximum values of 0.43 and 0.54, 
respectively.  These values are based on preliminary corrosion rate measurements on laser-
peened material presented by Peters (2003a).  This enhancement factor is only applied to the rate 
of GC of the outer closure lid weld when the surface stress is not tensile (i.e., σ ≤ 0). 

4.7.7 Waste Package Middle Closure Lid Weld 

Parameters needed for the waste package middle closure lid weld are as follows: 

• Thickness of WP Middle Closure Lid Weld (dWPML) = 10 mm 

• The minimum temperature for the initiation of LC of the WP closure lid welds is selected 
from a uniform distribution with minimum and maximum values of 60oC and 80oC, 
respectively. 

• The probability of MIC-induced LC of the WP closure lid welds is given by PMICLCweld = 0. 

4.8 Cladding 

IMARC has included cladding as a component of the engineered barrier system since Phase 5 for 
the purpose of implementing a conceptual model with sufficient fidelity to produce reasonable 
estimates of performance. Recent EPRI sensitivity analyses (Section 5.8 below) indicate that, on 
the whole, the impact of cladding on repository performance is relatively minor, and the 
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exclusion of cladding credit introduces a minimal amount of conservatism in the TSPA analysis. 
Therefore, while IMARC results include the contribution of cladding, the dose estimates are not 
strongly dependent on the presence of cladding.  In its most recent TSPA, DOE/OCRWM 
(2008b) has chosen not to include credit for cladding as a barrier to the release of radionuclides.  

Prior to being sealed within the waste package and emplacement in the repository, prospective 
failure modes for the spent fuel cladding include failures occurring during reactor operation and 
subsequent failures caused by creep and iodine-induced SCC during dry storage and shipping to 
the repository, when temperatures of 350°C may be achievable (CRWMS M&O, 2000b; 2000c). 
As free-iodine concentrations within fuel rods are expected to be negligible, creep failure is the 
dominant failure mode anticipated during storage and transport. In addition, there is the 
possibility that fuel rod failures will occur by creep within sealed waste packages prior to closure 
of the repository. The combination of these effects means that there is the potential for some of 
the cladding to be failed inside the waste package before the initiation of failure of the waste 
package outer barriers.  

Whether or not such in-package failures can occur can be directly related to the waste package 
surface temperature achieved in the repository, which itself is indicative of the maximum 
cladding temperature achievable within the waste packages. The adopted criterion is that the 
cladding temperature must not exceed 350°C if the fuel rod creep strain is not to exceed the 
creep failure strain criterion. The analysis in CRWMS M&O (2000b) shows that in-package 
creep failures will be negligible if the waste package surface temperature does not exceed 250°C 
after emplacement in the repository (CRWMS M&O, 2000b, Figure 8). As such temperatures 
will not be achieved (CRWMS M&O, 2000b) at any time, it is assumed that the possibility of 
creep failures after waste package sealing can be ignored. 

Thus, on first failure of a waste package in the repository, the number of fuel rods already failed 
and, hence, in a state to allow fuel wetting and the immediate commencement of radionuclide 
release from the waste form will be the sum of the fuel rods having been previously failed in the 
reactors prior to shipment to the repository and those failed during subsequent dry storage and 
transport to the repository. In the cladding model in IMARC, only a best estimate value of 2.44 
percent of stored fuel rods is used, with no uncertainty distribution. This value is based on DOE 
estimates of initial cladding failure, as documented by EPRI (2000). 

Any subsequent fuel clad failures will depend on cladding corrosion once the waste package is 
breached and water enters. The IMARC model is predicated on the common and reasonable 
assumption that the fraction of rods failed by corrosion as a function of time will be linearly 
dependent on the rate of water ingress into a failed waste package.  

The cladding failure model used in IMARC acknowledges the susceptibility of zirconium and its 
alloys to localized corrosion processes, such as pitting in oxidizing saline conditions. A wealth of 
evidence exists to show that the critical potentials for film breakdown on zirconium alloys are 
low, in the range 0.1 to 0.3 V (vs SCE), a potential possibly achievable in the presence of 
relatively small concentrations of oxidants such as Fe3+. This is acknowledged in a number of 
literature articles (Maguire, 1984; Yau and Maguire, 1990; Hornkjol, 1988; Greene et al., 2000). 
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Given the iron content of the internal structure of the waste package, and the fact that the fuel 
s remain forever a heat source with respect to their surroundings, it becomes a difficult 

t to claim that seepage drips, evaporative processes and the accumulation of dissolved 
g metal ion species from steel corrosion processes can never lead to the formation of a 

 pitting of cladding. However, it is reasonable to 
e confined to those failed waste packages that 

experience drips. Within these waste packages, it is possible that a trickle down/evaporative 
process of seepage water will occur during which the accumulation of dissolved metal cations 
(Fe3+), the concentration of groundwater anions (e.g., Cl-), and the formation of an acidified 
environment, could occur. This could lead to the establishment of a small number of localized 
corrosion sites on the cladding. While such sites could lead to the rapid failure of the cladding, 

uch failures are not expected to be significant. The aperture produced in the 
l, and at least partially blocked by corrosion products, and should not, 

een assumed that the corrosion rates will be similar to those measured for 

the 
biting negligible solubility over a wide pH range. Thus, to 

Figure 4-1 are used. In the absence of drips, a corrosion rate of 10 ± 5 nm/year with a normal 

on sembly 
types (CRWMS M&O, 1999, Tables 4-1 and 4-2) and information on the cladding thickness for 

 be 

 

bundle
argumen
oxidizin
sufficiently aggressive environment to initiate
assume that the development of such sites will b

the consequences of s
cladding will be smal
therefore, lead to a major exposure of fuel for dissolution.  

Presently, only very limited information on the development of such environments within a 
failed waste package exists. Consequently, the IMARC model assumes that corrosion of the 
Zircaloy cladding will be general in nature, but not specifically driven by contact with fluoride. 
In the absence of specific low temperature values for general corrosion rates for zirconium and 
its alloys, it has b
titanium alloys in the LTCTF at LLNL (CRWMS M&O, 2000d). This assumption is based on 

similar properties of the oxides on these two materials, both metal cations being in the +4 
oxidation state and both oxides exhi
calculate cladding corrosion rates for dripping conditions, the distribution of rates plotted in 

distribution is used. These rates are used with a distribution of initial cladding thicknesses based 
the 1999 historical and projected waste stream numbers of various PWR and BWR as

each assembly type. These thicknesses are then reduced by 57% of the existing oxide thickness 
produced in-reactor, as discussed by EPRI (2000). The thickness of the oxide layer is taken to
normally distributed with a mean of 54 µm and a standard deviation of 29 µm (CRWMS M&O 
2000c, p. 30). The distribution of resulting cladding thickness is shown in Table 4-8.  Figure 4-5 
shows the resulting cladding failure distribution for both dry and dripping conditions, with the
mean initial failure fraction discussed above. 
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Table 4-8 
Distribution of initial fuel rod cladding thickness 

Initial Cladding  
Thickness (mm) 

Probability of Thinner 
Cladding 

0.569 0 

0.572 0.310 

0.615 0.380 

0.635 0.455 

0.660 0.457 

0.673 0.513 

0.711 0.562 

0.749 0.589 

0.762 0.596 

0.813 0.960 

0.864 0.979 

0.902 0.983 

0.914 0.985 

0.940 0.997 

1.016 0.998 

1.168 1.000 

 
In IMARC, this cumulative distribution is represented by a discrete distribution in time, show
Figure 4-30. The discrete distribution is develo

n in 
ped by fitting a discrete distribution to the 

cumulative distribution in Figure 4-31. This fitting procedure led to the minor binning 
fluctuations seen in Figure 4-30. The curves show the assumed initial 2.4 percent failure as a 
spike at time zero. Furthermore, the dry failure curve is truncated at 150,000 years when 98 
percent of the cladding is calculated to have failed. At that stage, the remaining cladding is 
assumed to fail, leading to the spike in the dry failure curve at that time. 

Hydride reorientation is another potential cladding failure mechanism for higher burnup spent 
fuel during storage and transportation. The NRC currently limits cladding temperatures for 
higher burnup spent fuels during drying operations (prior to transfer from pool to dry storage) to 
400°C to avoid this phenomenon (NRC, 2003).  Assuming this limit is maintained, little to no 
hydride reorientation should occur in spent fuel destined for Yucca Mountain.  Hence, hydride 
reorientation as a potential failure mechanism during post-closure at Yucca Mountain has been 
neglected in IMARC.   
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Figure 4-30 
Cladding failure probability as a function of time after waste package failure used in 
IMARC. The high value at early times for dry failure represents early failure. The analysis is 
truncated at 150,000 years, and the cladding that remains unfailed at that time is assumed 
to fail at 150,000 years, leading to the peak at that time. 
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Figure 4-31 
Fuel rod cladding failure distribution 

4.9 Interface with IMARC 

To produce the failure curve in the format used in IMARC in WPF.DAT, the following 
procedure is carried out. First, the 2008 corrosion curves and 2006 seismic effect curves
added in Excel. A cubic spline routine in M

 are 
atlabTM Version 7.1 is used to transpose the output of 

EBSCOM, which is given as time vs. failure for the EBS components, into a table of failure vs. 
time used in IMARC. The cubic spline approach produces oscillations in the curves at low 
probability values where the curve undergoes instantaneous changes. These oscillations are 
manually corrected to be consistent with the EBSCOM analysis. 

4.10 Summary 

Models of the performance of containment barriers have been developed over many years by the 
EPRI team, and represent a sound understanding of the corrosion and degradation processes that 
are expected to occur at Yucca Mountain. Model calculations are carried out independently from 
the IMARC code, as Monte Carlo analyses that take into account uncertainty and variability in 
the key parameters. The mean results of these calculations are introduced as simple time-
dependent parameters in the IMARC code. Consequently, while they are not directly treated as 
uncertain variables, they have a full treatment of uncertainty embedded in the mean. As such, 
they represent the central, expected tendency of the behavior of the containment barriers for 
conditions at Yucca Mountain. 
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5  
NEAR-FIELD MODELING 

 

5.1 Introduction 

In IMARC, the Near-Field Model is accomplished with COMPASS.  COMPASS stands for 
“COMpartment model for PArtially Saturated repository Source term.”  COMPASS was first 
developed in 1996 for IMARC Phase 3 source-term and near-field assessment (EPRI, 1996). The 
purpose of the development is to provide a comprehensive code that simulates all significant 
processes of concern in the near field. The conceptual model for contact between water and the 
waste includes: 

• a “bath-tub” model -- the canister is assumed to fail at the top leading to water flowing into 
the otherwise intact canister and subsequent release of radionuclides when overflow occurs);8 

• a “flow-through” model -- advective release with canister failure at both the top and bottom; 
and 

•  release” model-- a release scenario with a backfill in the emplacement drift that 

The EBS design has been changed since the original development of COMPASS, primarily by 

ert.  Over the years since the development of COMPASS, understanding 
rocesses has also improved, which has also led to evolution of the COMPASS model 

ing 
ain unchanged. In this section, the 

COMPASS code is described, including the modeling approach, conceptualization, mathematical 
u n. The required input parameters and the interface 

a “diffusion
isolates seepage flow from waste package, as envisioned in DOE/OCRWM (1995). 

changes in the waste package design, and by the introduction of a titanium drip shield and a 
crushed tuff gravel inv
of the key p
over time to incorporate the new information and understanding.  The fundamental model
approach and underlying solution method, however, rem

eq ations, solution method, and verificatio
with IMARC are also described.  

                                                           

e “bathtub” model was not used in IMARC 10 as EPRI co8 Th nsiders significant filling of a failed WP with water 
highly unlikely. 
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5.2 Modeling Approach 

COMPASS is intended to capture key FEPs in the source-term and near-field, and also to 
vide reasonable computational speed in order to accommodate probabilistic assessments. Thpro e 

approach is adopted from SCALIBRE, the compartment-model version of CALIBRE, a 
al 

SN    

flexibility for adjusting spatial resolution.  The method is equivalent to a coarse integral volume 
tion from the 

n.  

Bec dling geometry, the compartment method is able to capture 

com s.  In performance assessment calculations, uncertainties arising from 
al 
el 

are desirab
sitivity 

ana

In a ield component is treated as one or more mixing 

exp

nt period, 
pository 

emplacement drift is filled with humid air. Some drifts would be subject to seepage.  The contact 
er eventually leads to 

ter enter the 

fro

comprehensive finite-difference code used in support of the Swedish assessment of hypothetic
F repository sites known as the SITE-94 program (SKI, 1996).

The compartment method is similar to the finite-difference method, but provides additional 

finite-difference model. As the number of compartments increases, the solu
compartment model approaches the equivalent fine-resolution finite-difference model solutio

ause of the flexibility in han
important features and to model complicated processes in the system with a reasonable 

putational demand
limited knowledge of data and future conditions of the system overwhelm the demand for spati
resolution. Hence, the flexible geometry and fast computation offered by the compartment mod

le features for probabilistic assessment, providing flexibility in comparing alternative 
conceptual models and facility designs, as well as ensuring the capability for robust sen

lysis.  

  compartment model, each EBS and near-f
cells where concentration is assumed to be uniform. In this way, an actual three-dimensional 
system is represented by a group of cells connected by mass transfer relationships that are 

lained in the next section. 

5.3 Conceptualization 

The Yucca Mountain repository is in unsaturated tuff.  After an initial thermal transie
the temperature at the repository horizon drops to below the boiling point and the re

of liquid water and humid air with the drip shield and waste canist
corrosion of these barriers.  After the canister fails, the humid air and/or seepage wa
canister and contact the waste, initiating dissolution of the waste form and release of 
radionuclides.  Figure 5-1 schematically illustrates the release and transport of radionuclides 

m the repository when seepage is present.   
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Figure 5-1 
Schematic illustration of radionuclide release and transport with seepage from Yucca 
Mountain repository (from DOE/OCRWM, 2002). 

Within the waste package, the spent-fuel rods are initially supported and surrounded by structural 
elements. After waste canister failure, the internal steel oxidizes to form a voluminous high-
surface iron oxide corrosion product. This leaves spent-fuel assemblies unsupported and may 
lead to their rearrangement as shown in Figure 5-2(b). The highly reactive corrosion products are 
expected to remain in place and to act as a transport barrier. The stainless steel canister inner 
layer is also expected to corrode fast relative to the alloy C-22 outer barrier. The outer canister is 
expected to fail primarily by general corrosion, and to gradually lose its mechanical properties. 
Hence, eventually the entire waste package loses its original configuration.   

 

Figure 5-2 
Schematic description of long-term spent-fuel waste package degradation (DOE/OCRWM, 
2008b). 
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Upon contact of the water with the waste, those spent-fuel rods with failed claddings at the time 
of c nuclides into the water.  The intact cladding will 
gra ion – a form of cladding failure) thereby increasing the 
spe posed to water and increasing the release of radionuclides with time.  
Radionuclides within gaps between the spent-fuel matrix and cladding, within fuel pellet 
fractures, an  boundaries will dissolve quickly.  Meanwhile, the spent-
fuel matrix itself will begin oxidation and alteration in a well-documented corrosion process that 
wil  
solubility limit o

Bec orrosion product, the released 
radionuclides must pass through the corrosion product before reaching the invert below the waste 
pac n and associated low moisture content result in an 
extre efficient in the corrosion product, which will reduce release 
rates.  Furthermore, some radionuclides may be sorbed onto corrosion products.   

The y general corrosion. Based on the heterogeneous 
temporal conditions in the repository, waste pack ted in time. When a 
par aste package and the 
inv e. This 
con er continues to degrade via 
general corrosion.  The area is limited by 

Once radion
uns  that 
has hemical characteristics as tuff.  The dominant migration pathway of 
rad s under partially saturated conditions.  

Imm ne of relatively dry host rock due to 
 “drift shadow” effect (DOE/OCRWM, 
pillary discontinuity between the cavity and 

the surrounding unsaturated medium, which diverts water from flowing into the cavity (Zh
Zheng, 1994). As a result of the reduced flow below the cavity, water saturation is reduced

 advection at the 
ambient 

saturations and infiltration rates prevail.   

anister failure will start releasing radio
dually “unzip” (open along axial direct
nt fuel inventory ex

d within spent-fuel grain

l lead to a more gradual release of radionuclides, depending on the rate of alteration and the
f the radionuclides in the water contacting the spent fuel. 

ause the steel surrounding the spent-fuel rods alters to a c

kage.  The dry conditions in Yucca Mountai
mely low effective diffusion co

 failure mode of the canister is primaril
age failures are distribu

ticular container is corroded, the interface area between the degraded w
ert, potentially important to diffusive transport of radionuclides, will evolve with tim
tact area may be small initially, but will expand as the outer canist

the top area of the invert (Figure 5-1).  

uclides are released from the waste canister, they migrate through the invert to the 
aturated zone below the waste package. The invert is composed of crushed tuff gravel
 the same geoc
ionuclides is along a thin film of water on gravel surface

ediately below the emplacement drift, there is a zo
diversion of water around the drift: the so-called the
2002). The drift shadow effect is the result of the ca

ou and 
, as 

shown in Figure 5-3. Therefore, radionuclides are transported by diffusion and
reduced flow rate until reaching the host rock outside the shadow zone, where 
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Figure 5-3 
An example of illustrating reduced water saturation in host rock below an emplacement 
drift (from DOE/OCRWM, 2002). 

The COMPASS code addresses these key FEPs relevant to the source-term, EBS, and near field 
after canister failure: 

• water contact with the waste package due to seepage or condensation of water vapor; 

• time-dependent seepage rate for the dripped drifts; 

• distributed cladding failure over time; 

• dissolution of radionuclides from spent-fuel; 

• shared elemental solubility; 

• sorption;  

• radioactive decay/ingrowth; and 

• diffusion and advection transport from waste form to the geosphere via corrosion product, 
invert, and near-field rock matrix and fracture. 
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To 

1.  the container, water immediately contacts the waste package and forms a 
continuous liquid water pathway from the waste form to the EBS and near field outside the 
waste canister.  

ides and basket tubes that support spent-fuel rods are assumed to corrode and 
ce to corrosion product immediately after water contact. 

3. T aterial that is in close contact with spent-

4. m contacting water. 

5. The fraction of inventory exposed to water at a given time is assumed to be equal to the 

dissolve.  

7. Radionuclides residing in the gap between spent-fuel matrix and cladding as well as in the 

h the spent-fuel matrix are assumed to dissolve into water 
congruently with spent-fuel alteration.  

9. A constant spent-fuel alteration rate is assumed and is equal to the reciprocal of the time for 
completely altering the spent-fuel matrix. 

10. The waste form, corrosion product, invert, near-field rock matrix, and near-field rock f
are each treated as a single compartment, in which instant mixing of radionuclides is 
assumed.  

11. Mass transfer between compartments occurs by diffusion and advection, if present, and may 
be retarded by sorption. 

12. The time-dependent seepage rate is treated as a piecewise smooth step function. 

13. 
14. 
15. The nearest flow fracture is assigned a zero-concentration boundary condition.  

 

model the above FEPs, the following assumptions are made: 

Upon failure of

2. The steel gu
redu

he corrosion product is assumed to be a porous m
fuel rods. 

Intact cladding is assumed to protect spent-fuel fro

fraction of failed cladding. 

6. The exposed spent fuel is assumed to fill with water in its void space where radionuclides 

grain boundary of spent fuel are assumed to instantly dissolve upon contact with water. 

8. Radionuclides bound wit

racture 

The distributed cladding failure is treated as a piecewise smooth step function. 

Sorption is treated using a linear equilibrium sorption model. 

16. Water flowing into the drift can be diverted, in which case only a portion of seepage water 
flows into the waste package while the rest flows to the invert and may dilute radionuclide 
concentrations there. 

Assumptions (1) through (5) are related to the treatment of FEPs within the failed waste canister 
and can be illustrated in Figure 5-4.  The compartment model representation of the system is 
depicted in Figure 5-5. 
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Figure 5-4 
Conceptualization of a failed waste package consisting of spent-fuel
corrosion product, and water.   

 rods, cladding, 

 

 

Figure 5-5 
Compartment model for COMPASS. 
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In Figure 5-5, the “Basalt” compartment between corrosion product and invert is only used fo
the igneous-intrusion scenario, in which basaltic magma is postulated to flow into the 
emplacement drift, fill up the empty space, and form basaltic rock after cooling down.  In this 
igneous-intrusion case, there may be diversion of seepage flow around the basalt, and pre
water contac

r 

venting 
t with waste packages.  This feature is only used for the low-probability igneous 

event scenario, and only as a sensitivity parameter, since information on the hydraulic properties 
aluated. of basalt formed from magma solidification within the drift have not been specifically ev

5.4 Mathematical Equations 

Mathematical equations for the system shown in Figure 5-5 follow mass conservation 
constitutive equations in a control volume. In the waste-form compartment, there are terms 
associated with the different release mechanisms. Thus, the following equation holds: 

( )

( ) .,,...2,1,)(

)()(1)()()(

,,,,

,,1,1,
,

fiwicpiwcpwaf

icim
a

ficigiwiiwi
iww

ttniCQCCTtttu

tMtff
t

ttMtffAA
dt

AVd

≥=−−−−+×

+++−= −− δλλ

 Eq. 5-1

where:  

 

A is the total concentration [mol/m3], 

V is volume [m3], 

t is time [yr], 

alf life [yr], 

f

f

δ(t) is a Delta function [1/yr], 

tf is the canister failure time [yr], 

ta is the spent-fuel alteration time [yr], 

u(t) is the unit function (u(x) = 0 if x • 0; u(x) = 1 if x > 0) [unitless], 

 “cp” denote the waste-form and corrosion-product compartments, 
respectively,  

λ is h

g is the fraction of inventory for a given nuclide in the gap and grain boundary [unitless], 

m is the fraction of inventory for a given nuclide in the spent-fuel matrix [unitless], 

fc is the cumulative fraction of failed cladding [unitless], 

M(t) is inventory of a given nuclide [mol], 

T is the mass transfer coefficient between two neighboring compartments [m3/yr], 

C is the aqueous concentration of a given radionuclide [mol/m3], 

Q is the seepage water flow rate [m3/yr], 

subscript “w” and

subscript “i” is the nuclide index in a decay chain, and 

n is the total number of nuclides in a decay chain. 
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The inventory for the ith nuclide is determined by: 

.0,,...2,1),()()(
11 ≥=+−= −− tnitMtM

dt
tdM

iiii
i λλ  Eq. 5-2

If the inventory starting time is t = 0, the initial condition for 

 

Equation 5-2 is: 

ii Eq. 5-3 

u

.,...2,1,)0( niMM ==  0,

The total concentration and aqueous concentration are related according to the following 
eq ation: 

.,...2,1,)1( niPSCA iiii =+−+= φθ  Eq. 5-4 

θ  is the moisture content [unitless] of the compartment and is equal to porosity multiplied by 
water saturation, 

S is the amount of sorbed radionuclides per unit volume [mol/m3] of the solid in the 

 

In other compartments, the mass balance equations are similar to Equation 5-1 except that no 

where 

φ  is the porosity of the compartment [unitless], 

compartment, and 

P is the amount of precipitated radionuclides per unit volume of the compartment [mol/m3].

source term is present.  Hence, the mass balance equation can be generally expressed as:  

( ) ( )[ ] ,,,1,1,
,

ij
k

ikijjkijiiji
ijj CQCCTAA

dt
AVd

−−−+−= ∑−−λλ

( )[ ] .,,...2,1,,...2,1,
j

ttmjniCQCCT ≥==+−+ ∑
≠  Eq. 5-5 

where the third and fourth terms on the right hand side (RHS) of Equation 5-5 represent the total 
incoming fluxes from the contacting compartments, and the fifth and sixth terms represen
total outgoing fluxes to the contacting compartments if there are  “m” number of compartments 

g the jth compartment. 

The initial f

follo

nimjtA

,,, fil
jl

ijillj
≠

t the 

contactin

 condition (i.e., t = t ) in all the compartments is zero concentration, expressed as 
ws using the subscript “j” as the compartment index: 

.,...2,1,,...2,1,0)( ===  Eq. 5-6 , fij
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If “k” is the element index, the capacity factor for the kth element in the jth compartment can
be defined as: 

.,...2,1,,...2,1,)1(

 

,, LkmjK kjdjjjkj ==−+= ρφθα  Eq. 5-7 

d

where  

ρ is the bulk density [kg/m3] of the compartment,  

K  is the sorption coefficient [m3/kg], and 

L is the total number of elements in the problem. 

Assuming that the ith nuclide is an isotope of the kth element, the total and aqueous 
concentrations can be related using the capacity factor defined in (Equation 5-7): 

.,...2,1,,...2,1,,,,, nimjPCA ijijkjij ==+= α  Eq.

To determine the aqueous concentration of radionuclide with solubility limit consideration, the 
following equation is used: 
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where  

Sk is the solubility for the kth element [mol/m3], and 

A  is the summation of total concentrations of all isotopes of the kth element considered 

for the ith nuclide is determined as a fraction of the solubility.  This fraction is equal to its total 
concentration over the summation of the total con es (top part of Equation 
5-9).  In this case, precipitation is present and can ed from Equation 5-8.  Otherwise, 
the aqueous concentration is simply the total concentration reduced by the capacity factor to take 
into

⎪
⎧ ∑

,ij
AA

∑
k

kj ,

in the problem. 

Equation 5-9 means that if the summation of aqueous concentrations of all the isotopes 
belonging to the same element exceeds the solubility of the element, the aqueous concentration 

centrations of all isotop
 be determin

 account of sorbed radionuclides (bottom part of Equation 5-9). 
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The boundary condition is zero concentration in the last compartment: 

=iffA .0,  Eq. 5-10 

where the subscript “ff” denotes “far-field” rock. 

tments associated with diffusional transport is 
assumed to be proportional to the interface area and harmonic mean of diffusivities between the 
two compartments, i.e.: 

The mass transfer coefficient between two compar

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

+
=

k

k

j

j
jkjk

D
d

D
dAT 1

 Eq. 5-11 

where: 

Ajk is the interface area [m2] of the two compartments, 

d is the diffusive length [m] of the compartment, and 

D is the effective diffusion coefficient [m2/yr] of the compartment. 

The radionuclide release rate from the near field to the far field takes into account diffusive 
release from both near-field fractures and the matrix, as well as advective releases from the 
fractures (see Figure 5.5): 

( ) imffmiffffi CTCTQm ,,,, ++=  Eq. 5-12 

where:  

 is the mass transfer coefficient between the near-field rock fracture and the far-field 

rock,  

is the mass transfer coefficient between the near-field matrix and the far-field rock, and  

the subscript “f” and “m” denote fracture and matrix, respectively.   

5.5 Solution Method 

The compartment mass-balance equations for all the compartments shown in Section 5.4 form a 
group of first order differential equations with respect to time that are solved numerically in 
COMPASS.  At each time step, the radionuclide decay and in-growth are solved analytically. In 
this manner, the equations reduce to linear differential equations that can be solved using typical 
linear equation solvers.   

fffT ,

ffmT ,
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To solve the linear equatio
spatial discretization in wh

n system, a fully-implicit method is used for treating temporal and 
ich radionuclide concentrations in all compartments are solved at t + 

∆t.  This method is unconditionally stable for all time-step sizes, thus it is suitable for 
performance assessment calculations involving long time periods.  Furthermore, this met
allows fast computation times, which is desirable for probabilistic assessment calculations.  

The resulting set of linear equations is solved using a banded matrix solution method. In this 
method, all elements in the matrix farther than the “bandwidth” (i.e., one or two non-zero 
elements immediately adjacent to the diagonal elements) are zero and make no contribution to 

The time-stepping scheme is controlled by considering the solutions obtained at t + ∆t by taking 
 is 

hod 

the solution. Hence, a banded matrix solver can be built that avoids operations over zero 
elements.   

At each time step, COMPASS first calculates radionuclide decay / ingrowth and checks 
elemental shared solubility and determines aqueous concentrations according to Equation (5.9).  
The modified concentrations are then fed to the linear equation solver to obtain the 
concentrations due to transport.    

a whole step of length ∆t to those obtained from taking two steps of length ∆t/2.  The next step
chosen such that the next step will be set to a factor times the current step.  This factor is given 
by: 

max

9.0
E

βη =    Eq. 5-13 

where β is a user given (or default) tolerance and Emax is the maximum error found.  This error is 
defined as: 

ε+∆++∆+

∆+−∆+
=

=
= )()(

)()(
2
,

1
,

2
,

1
,

...1
...1

max max ttAttA

ttAttA
E

ijij

ijij

mj
ni

   Eq. 5-14 

where:  

ε is  a small number close to machine precision, 

 represent the total concentrations for the ith nuclide in the jth compartment 

at the end of the time-step, obtained by the full and two half-step routes, respectively.   

Clearly,  

2
,

1
, and ijij AA

βηβη <>>< maxmax if1and,if1 EE    Eq. 5-15 
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The factor of 0.9 is inserted in Equation 5-13 to be cautious.  Furthermore, the η values are 
“capped” above and below by minimum and maximum factors of 0.5 and 1.5.  Such a time-
stepping is similar to a second order Runge-Kutta or modified midpoint rule. On the two half-
steps route, the radionuclide decay / in-growth and capacity factors need to be computed for each 
half of the route.  The maximum time step is capped by 10% of the minimum half-life of the 
nuclides considered. 

The solution scheme is also designed to take advantage of situations where the solutions have 
settled to a nearly constant value. At such times a decision is taken as to whether the two half 
steps are needed, thus increasing the computational efficiency.  This feature is especially 
advantageous to a condition with a high infiltration rate in the near field.  In this case, the 
radionuclides may be released from the near field soon after completion of waste dissolution 
such that the near field transport modeling may be terminated.  As a practical matter, this 
situation does not occur in typical TSPA calculations associated with Yucca Mountain, owing to 
the low flow rates and long retention times in the near field. 

COMPASS includes reports on system mass balance at any given time t.  This includes: 

• Inventory [mol] at t, 

• Total nuclides [mol] at t remaining in the waste-form, corrosion-product, invert, and near-

•  to the far-field rock compartment (i.e., leaving the 
near field).  

field rock compartments, and 

Cumulative output amount [mol] up to t

The nuclide masses at a given time must satisfy the following relationship: 

.,...2,1,)()()(
,...1

, nidmVtAtM
t

t
ij

mj
iji =+= ∫∑

f=

q. 5-16 

where the near-field release rate is obtained from Equation 5-12. 

 

 

COMPASS outputs incremental cumulative release rates to the far-field models of IMARC.  For 

ττ  E

)(tmi

System mass balance reports provide two useful functions. First, a system mass balance report
checks the correctness of physical and mathematical models as well as programming errors, if 
any, during code development.   

Secondly, a system mass balance calculation can be used to evaluate the capabilities of various 
system components in containing radionuclides.  For different disposal designs or designs with 
different properties, mass balance reports will show different amounts of radionuclides retained
within the near field or released into the far field, thereby providing a quantitative basis for 
comparing designs and properties.  

a given nuclide, this is calculated according to: 
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( ) ττ dmtR n

n

t

tni ∫
−

=
1

)(  Eq. 5-1

where:  

7 

 is the release rate [mol/yr] for the ith nuclide during the output time interval ∆t,  

is the instantaneous release rate [mol/yr] for the ith nuclide at time t given by Equation 

5-12, and  

dτ is the simulation time-step.   

The output time interval is also the IMARC time-step and is normally greater than the 
COMPASS simulation time-step. This is determined by the two output (or IMARC) times tn and 
tn-1 and hence ∆t = tn-tn-1. 

Equation 5-17 means that numerical integration of instantaneous release rate with respect to the 
simulation time-step is carried out for every output time interval, or IMARC time-step.  In this 
way, the detailed evolution of the near-field system is incorporated into the output release rates 
to the far-field and no peak release rates during the interval will be missed.   

5.6 Verification 

Three test cases are conducted to verify the COMPASS code.  The test cases are described 
below.  The input files for these test cases are provided in Appendix D.   

Case 1 tests the COMPASS capability to simulate transient diffusion transport with constant-

w 
tion of the inventory, the waste compartment 

concentration is kept constant and equal to its solubility at all times.  In addition, all the 
e a unit volume, area, length, porosity, and saturation.  The 

diffusion coefficient is assumed to be 0.0316 m2/yr for all compartments. Transport into the near-

 
-6.   

This case is equivalent to a one-dimensional transient diffusion problem with a zero initia
concentration, a constant concentration (C0) at x = 0, and zero concentration at x = L. The 

( )ni tR

)(tmi

concentration boundary conditions in a finite medium. For this purpose, a stable and 
conservative contaminant is assumed to have a large initial inventory (105 moles) and very lo
solubility (10-6 mol/m3).  Assuming instant dissolu

compartments are assumed to hav

field rock matrix is suppressed by assigning an extremely small value to the matrix diffusivity. 
The zero-concentration boundary is assumed to be held at approximately 5 m from the center of 
the “waste” compartment.  The solubility-normalized concentration in the “fracture” 
compartment, approximately 4 m from the waste-package compartment, is plotted as a function
of time in Figure 5

l 

analytical solution for the problem can be found from Carslaw and Jaeger (1986, p.103): 

( )222 /
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1sin121),( LtDne
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⎛−−= ∑  Eq. 5-18 
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By choosing L = 5 m, the normalized concentration at x = 4 m as a function of time is compared
with its COMPASS counterpart in Figure 5-6.  The constant boundary conditions in a f
region eventual

 
inite 

ly lead to a steady state (i.e., the third term in Equation 5-18 disappears), shown 
in Figure 5-6 as the horizontal line at later times.  Figure 5-6 demonstrates that COMPASS is in 

e cases.   excellent agreement with the analytical solutions for both the transient and steady-stat

 

Figure 5-6 
Comparison of COMPASS with analytical solution for one-dimensional transient diffusion 

“nuclide” with constant concentration boundary conditions. transport of a conservative 

Case 2 tests the COMPASS capability for simulating advection transport of a radioactive decay 
chain. In this problem, a three-member decay chain is assumed to be instantly dissolved into 
water within the waste package and subsequently released at a given flow rate Q .  Such a 
problem can be described by the following differential equations for mass balance of the three 
nuclides: 

( )

( ) .0,112 tMdM λ >+  Eq. 5-19 

,11
1 MQ

dt
dM λ +−=

( ) .2233
2 MMQ

dt
dM λλ ++−=

2
2 MQ

dt
λ +−=

where Mi is the mass of the ith nuclide [mol]. 
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5-16 

The initial conditions are: 

.3,2,1,)0( 0 == iMM ii  Eq. 5-20 

Assuming the unit volume, the analytical solutions for the release rates of the three nuclides are: 
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  Eq. 5-21 

To simulate this case with COMPASS, the release of the decay chain 237Np → 233U → 229Th is 
calculated for an advective water flow rate of 0.1 m3/yr.  The initial inventories for the three 
nuclides are 1,000, 100, and 10 moles, respectively, and are assumed to be instantly dissolved. 
The three nuclides are also assumed to be readily soluble. All compartments are assumed to have 
0.4 porosity, 0.8 saturation, and unit interface area. The volumes of all compartments, except for 
the fracture compartments (see Figure 5-5), are assumed to be extremely small.  (Note that the 
porosity and saturation together gives a moisture content of 0.32 and effective flow rate of 
0.1/0.32 = 0.3125 m3/yr.)  

Furthermore, diffusion lengths as well as diffusion coefficients in all compartments are set to 
extremely small values.  In this way, all compartments, except for those representing fractures, 
are eliminated from consideration along the radionuclide migration pathway in the near field, and 
the calculated release rates from the fracture compartment are equivalent to the waste package 
releases described in Equation 5-21.  Figure 5-7 compares the release rates for the three nuclides 
calculated by COMPASS and the analytical solution using the same parameter values.  The two 
solutions match each other to several significant figures. 
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Figure 5-7 
Comparison of advective release rates of the three-member decay chain calculated by 
COMPASS and the analytical solutions. 

Case 3 tests COMPASS’s capability for simulating advective release with sorption.  The problem 
is defined as the advective release of a radionuclide with a given initial inventory from a 

domain that has the length d along the transport direction and a moisture content e Darcy 
velocity is v and the retardation coefficient of the nuclide in the domain is R.  This can be 
described by the study in Kozak et al. (1993) and the analytical solution is: 

0
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τ
λτ

=

= +−

 Eq. 5-22 

To simulate this case in COMPASS, a radionuclide with the half life of Np-237 and an initial 
inventory of 1,000 mol is assumed to be soluble and instantly dissolved upon contacting with 
water. All the compartments are assumed to have unit interface area and extremely small values 
for diffusion coefficients and distances.  The corrosion-product compartment (Figure 5.5) is 
assumed to have a volume of 5 m3.  The volume of all other compartments is assumed to be
extremely small so there is no delay time associated with these compartments. In this way, the 
release rate output from COMPASS 
of E , a 
saturation of 0.8, a solid density of 2250 kg/m3, and a sorption coefficient of 1.0 m3/kg, the 

3  is 

 

is equivalent to that from the domain defined in the problem 
quation (5-22).  The Darcy velocity is assumed to be 0.1 m/yr.  Given a porosity of 0.4

moisture content is equal to 0.32, the pore flow rate is 0.3125 m /yr, and the retardation factor
equal to 4,220 (unitless).   
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In Figure 5-8, the calculated COMPASS release rate is compared with that calculated by 
Equation 5-22 using the same parameter values.  It can be seen that for 237Np, the release rate is 
reduced due to sorption, as compared with Case 2 that has the same inventory and flow rate 
(Figure 5-7). In contrast, in Case 2 all the radionuclides are released earlier than 1,000 years. In 

d 

 

Figure 5-8 
Comparison of COMPASS and the analytical solution with advective release of 
radionuclide retarded by sorption. 

The results of these verification exercises demonstrate that COMPASS is able to accurately 
reproduce analytical solutions for the near field.   

5.7 Interface with IMARC 

As one component of the larger IMARC TSPA code, COMPASS is required to provide input to 
the unsaturated zone code, which is implemented with a concentration boundary condition at the 
upper edge of the unsaturated zone solution domain. Consequently, the output from COMPASS 
is translated into a concentration boundary condition using the average advective flow into the 
unsaturated zone: 

Eq. 5-23 

where Ri is the release rate from COMPASS (mol/y), v is the infiltration rate outside of the 
shadow zone of the drift (m/y), and A is the cross sectional area of the repository (m2). This 
simple approach will tend to understate concentrations at the interface between the near field and 

this case, sorption greatly delays the release such that the inventory is not completely deplete
until after 10,000 years.  This process is captured by COMPASS and the comparison with 
analytical solution is exact to several significant figures. 

 

,/ vARC ii =  
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the unsaturated zone; however, in terms of overall system performance the approach is 
 in the far-field model/code, the geosphere codes in IMARC are used to 

calculate the discharge rate (mol/y) at the accessible environment, using a standard 3000 acre-

C evaluates 
s of the 

repository, and conducts a COMPASS analysis for both of those conditions. Radionuclides 

herefore, at each 
time step, COMPASS is run for dripping and non-dripping conditions, and the resulting releases 

appropriate. As discussed

feet/year dilution factor. Consequently, alternative approaches for calculating concentrations at 
intermediate points in the geosphere do not affect the concentrations at the accessible 
environment.  

An additional complication in the use of COMPASS arises from the multiple release 
mechanisms for the CSNF. At each interval in time in the performance period, IMAR
the fraction of waste packages that have failed in the dripping and non-dripping part

contained in the gap fraction are released immediately upon waste package failure, so 
COMPASS must be run at each time step (in the distributed canister failure curve), to evaluate 
the releases from waste packages that have failed during that time increment. T

are added to releases occurring at that time from waste packages that failed at all previous time 
steps. The result is the cumulative release from a set of waste packages that have failed 
distributed in time, which have releases by different mechanisms over different time scales. 
Therefore, at any time, the summed releases represent the total release (mol/y) from all waste 
packages that have failed prior to that time. 

The overall relationship between COMPASS and IMARC is illustrated in Figure 5-9. 

 

Figure 5-9 
Illustration of integration of COMPASS in IMARC.  NWP,seep(t) is the number of waste 
packages failed under seepage conditions.  NWP,no-seep(t) is the number of waste packages 
failed under no-seep conditions. mi,seep(t) and mi,no-seep(t) and are the near-field release rates 
calculated by COMPASS under seeping and non-seeping conditions. 
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5.8 Sensitivity Analysis 

his section presents 
sensitivity analysis of some parameters, especially those that are considered potentially important 

he 
e 

e is assumed to be 0.4 m3/yr.  When varying other 
parameters, values for sorption in Appendix E and a rapid alteration time of 3,000 yrs 

fa

• Seeping conditions:  waste packages without cladding credit (i.e., 100 percent of the cladding 
 failed when the waste package fails), 

• distributed cladding failure per 
Figure 4-30), 

• Non-seeping conditions: waste packages without cladding credit, and 

• Non-seep itions:  waste packages with cladding credit. 

The total e shown in Figure 5-10.  Note that the total release rates are 
dominated I at early t

or non-seeping conditions, the two cases are shown in Figure 5-10: without cladding credit at 

he 
imate 

igure 5-10).   

or the seeping case without cladding, the release of 99Tc and 129I is controlled by the alteration 
time.  After the spent-fuel matrix is completely altered, the two more soluble and non/low 
sorbing nuclides are quickly removed from the near field due to the high seepage rate, leaving a 
tail in the release curve that is dominated by the less soluble and higher sorbing actinide 
nuclides.  With cladding credit, the number of spent-fuel rods exposed to water contact is 
distributed over time, thereby reducing the early (up to 3,000 yrs) release rate but raising the later 
(from 3,000 to 135,000 yrs) release rates.  When all the cladding has failed (at about 150,000 
yrs), the release curve joins the release curve for waste packages under seeping conditions 
without cladding credit.   

There are unavoidable uncertainties in some of the COMPASS parameters.  T

and have greater uncertainties.  In all the cases, the parameter values described in “Required 
Input Parameters” have been used.  The canister failure time is assumed to be 1,000 years for t
purpose of clarity for observing the impact on near-field release rates (“source term”).  Th
seepage rate for the cases with seepag

(characteristic of the mean value used in IMARC 9) are used.   

5.8.1 Cladding Credit 

Four cases are set up for calculating near-field release rates by COMPASS.  These cases test the 
sensitivity of distributed cladding ilure under seeping and non-seeping conditions: 

is assumed

Seeping conditions: waste packages with cladding credit (i.e, 

ing cond

release rates in Bq/yr ar
 by 99Tc and 129 imes. 

F
all (“no-seeping & no cladding”) and with distributed cladding failure (“no-seeping & with 
cladding”).  It can be seen that the two cases have the same peak release rates except that t
distributed cladding failure delays the peak release rate by about 135,000 years, the approx
time period for complete cladding degradation (see F

F

5-20 



 
 

Near-Field Modeling 

5-21 

 

redit 

n 
tion by 
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Figure 5-10 
Sensitivity analysis on cladding credit: total release rates with and without cladding c
under seeping and non-seeping conditions. NF: Near Field. 

5.8.2 Sorption by the Corrosion Products 

It has been shown in the parameter section that corrosion products may be a significant diffusio
transport barrier in waste packages that are not dripped on.  The role of radionuclide sorp
corrosion products is investigated in this sensitivity ana

Four cases are set up for this purpose:  

1. Seeping conditions:  waste package with sorption by the corrosion products, 

2. Seeping conditions:  waste package without sorption by the corrosion products,  

3. Non-seeping conditions:  waste package with sorption by the corrosion products, and 

4. Non-seeping conditions:  waste package without sorption by the corrosion products.   

The release rates of the actinides (the sum of the release rates from all actinides) and 237Np (the 
primary dose contributor) in Bq/yr are shown in Figure 5-11.  Note that the results exclude I 
and 99Tc because these nuclides are assumed to be non-sorbing, and thus there is no difference in 
their release rates when sorption by the corrosion products is assumed to be greater than zero and
when sorption by the corrosion products is assumed to be zero.   
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with and without sorption by the 
corrosion products under seepage conditions.  It can be seen that seepage makes the release 

 be released effectively when the seepage rate is 
sufficiently high. 

r four curves are release rates from waste packages under non-seeping conditions.  
Comparing total actinide release rates, it can be seen that without sorption by the corrosion 

o (at 106 yrs) to many orders of magnitude (< 106 yrs) higher 
sion products.  For 237Np, the sorption effect is less significant 

6 er retardation by 
dix E). As a result, 

237Np dominates the total actinide release rate. 

Figure 5-11 
Sensitivity analysis on sorption by corrosion products: total actinide and 237Np release 
rates with and without seepage.   

The top two curves in Figure 5-11 are actinide release rates 

insensitive to sorption by corrosion products.  Because the sorption is assumed to be reversible, 
the sorbed nuclides in the corrosion products can

The lowe

products, the release rate can be tw
than that with sorption by the corro
because of the isotope’s extremely long half-life (2.1 x 10  years) and low
corrosion products and higher mobility relative to other actinides  (Appen
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5.8 l

To es e on radionuclide release, four cases are evaluated:  

1. Se o itions teration times of 3,000 yrs, 

2. S pi ackages with alteration times of 30,000 yrs,  

3. ith alteration times of 3,000 yrs, and  

4. itions:   waste packages with alteration times of 30,000 yrs.   

The tal ates under seepage conditions are shown in Figure 
5-1  c er 
non-seep itions, the release rates are not sensitive to alteration time.   

e waste package is dominated by 99Tc and the release 
 relea

y the 
alteration rate, but its matrix fraction release rate decreases as alteration time increases.  After the 
more mobile radionuclides 99 129I are removed from the near-field system, the near-f

release rates of the less mobile actinides, which 
on time. 

.3 A teration Time 

inv tigate the sensitivity of alteration tim

eping c nd :  waste packages with al

ee ng conditions:   waste p

Non-seeping conditions:  waste packages w

Non-seeping cond

 to  radionuclide release and 129I release r
2.  It an be seen that for slow diffusion transport of radionuclides from waste packages und

ing cond

Alteration time, however, can be relatively important for advective release from waste packages 
that experience seepage.  The top two curves in Figure 5-12 are total release rates from waste 
packages under seepage conditions for alteration times of 3,000 and 30,000 years respectively.  
Because the total activity released from th
of this nuclide is controlled by the spent-fuel alteration rate, the early peak se rate is shown 
to decrease as alteration time increases.  For 129I, its instant-release fraction is not affected b

Tc and ield 
release rate (“source term”) is dominated by the 
are not sensitive to alterati

 

Figure 5-12 
Sensitivity analysis of spent-fuel alter
alteration times and seepage co

ation time: total and 129I release rates with different 
nditions. 
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5.9 Summary 

The observations from the sensitivity analyses are summarized in Table 5-9. 

The sensitivity of sorption and containment parameters depends on transport conditions in the 

y the corrosion products while slow diffusive release is sensitive to 
sorption by the corrosion products.   

On the other hand, containment parameters are more important to advective release than to 
 release.  Containment parameters are also more important to non-sorbing and soluble 

nuc Consideration of distributed cladding 
failu e release rates without cladding credit.  
Sim r the release rates of 99Tc and 129I in the spent-fuel 
mat 99 129 e gap and grain boundary that are assumed to 
be released instantly.  

Summary of Sensitivity Analysis for Waste Packages Subjected to Advection (Active 
Seeping Conditions) and Diffusion (Non-Seeping Conditions) 

 Advection Diffusion 

near field; i.e., whether diffusive or advective transport is dominant.  Advective release is not 
sensitive to sorption b

diffusive
lides than sorbing and solubility-limited nuclides.  
re results in a lower peak release rates compared to th
ilarly, longer alteration time helps lowe
rix but not the release rates of Tc and I in th

Table 5-1 

Sorption in co sion-
product 

Not sensitive Sensitive to arro ctinide release 

Cladding credit Sensitive to Tc and I Not sensitive 99 129

Alteration time Sensitive to 99Tc and 129I Not sensitive 

 
It is worthwhile noting that the above observations are based on a single waste package.  In the 
total system that involves other factors such as distributed waste canister failure, far-field 
retardation, and dilution, these near-field parameters may not play a significant role in the 
calculated peak dose release rates to the biosphere.   
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6  
GEOSPHERE MODELS 

 

Models for describing the transport of radionucli
the geosphere are described in a number of previous EPRI reports on the IMARC methodology 

des away from the repository near-field through 

ot changed since Version 6 (EPRI, 
ised in Version 8 (EPRI, 

imp  

 
dec  permeability context, from the base of the 

ion can occur both in the fractures and in the rock matrix.  Upon reaching the 
saturated zone portion of the calculation at the water table, IMARC considers two-dimensional 
advective dispersive transport of the radionuclides during their migration to the RMEI location 
down gradient.  The saturated zone module also accounts for matrix diffusion of radionuclides 
into immobile porewaters contained in the rock blocks below the water table, as well as 
radionuclide sorption and daughter-product in growth. 

Radionuclides leached from the waste facility are advected and dispersed downward through the 
unsaturated zone.  The unsaturated zone is modeled as a one dimensional column represented as 

os y, double permeability continuum to represent coupled fracture/matrix 
 The unsaturated zone is comprised of vertical fractures which are relatively 

perm a o matrix which is much less permeable. A multiphase 
(air a d pr ssures, water saturations and water fluxes in 
both porosity zones and between the matrix and fracture regions, although the air phase is 
assu ation describing transient unsaturated flow. 

The r pecies and form linear decay chains.  The model can 
accommodate y chain can be of any specified length. 
As well as being advected, dispersed and subject to radioactive decay, the radionuclides can 
ads  fra

Once the radio ct disperse and decay within the two 
dimensional saturated aquifer.  Groundwater flow in the saturated zone is assumed to be 

(EPRI, 1996; EPRI, 1998). The underlying models have n
2002a, although the dimensionality of the saturated zone model was rev
2005c), and implementation and parameterization of the models has continued to evolve with the 
state of knowledge of the Yucca Mountain system. This section describes the current 

lementation of these models in IMARC 10.

IMARC 10 accounts for transient variably saturated flow and advective dispersive transport of a
ay chain, in a coupled dual porosity, dual

repository to the water table.  The dual porosity, dual permeability approach allows for the 
coupling of fluid and solute interactions between the fractures and the porous rock matrix.  
Radionuclide sorpt

a double por it
interactions.

e ble, and an intervening porous r ck 
n  water) approach is used to solve for the e

med to be passive in the context of Richards’ equ

 radionuclides can decay into daughte  s
any number of decay chains, and each deca  

orb onto cture walls and the matrix solids.   

nuclides reach the water table, they can adve , 
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rep the bulk hydraulic conductivity of the 
fractured ro  equivalent porous medium which 
may be anisotro ow was necessary to achieve the high level 
of computational efficiency n nvolving hundreds to thousands of 
scenarios.  While the model currently assumes homogeneity of the rock mass in the saturated 
zon wed to vary spatially in the 
future b e properties could be 
define a ionuclide transport in the 
saturated zone can be represented either in the context of a single or a double porosity medium.  

rical blocks) is assumed to contain 
immobile groundwater, radionuclides can diffuse into or out of the matrix which leads to a 

 sorb onto 

 
ow 

6.1 Unsaturated Zone 

The code used for analysis of transport in the unsaturated zone (UZ) has no formal name, and is 
referred to simply as the “UZ code.” A multi phase approach is used to solve the unsaturated 
flow problem in which the water is mobile but the air phase is assumed to be ssive, wh
consistent with the use of Richards’ equation.  The model uses a control volume spatial 
discretization scheme, and includes the following features: 

Relative permeability and capillary pressure data are input separately (via tables) for each rock 
strata for both the rock matrix and the fractures. 

Beginning with the usu

resentative of long term steady state conditions with 
ck mass being assumed to be representative of an

pic.  The assumption of steady state fl
eeded for a risk assessment i

e, the saturated zone flow and transport properties could be allo
ecause the equations are solved numerically, meaning that th

d differently for each finite element in the mesh.  Transient r d

In both cases, the porosity of the mobile zone through which the groundwater is flowing is 
represented by the value of the input fracture porosity.  For the double porosity transport 
situation, although the rock matrix (represented as sphe

physical retardation effect.  Dispersive mixing in the flowing groundwater is fully three 
dimensional and is represented in the classical Fickian context.  The radionuclides can
the solid material of both porosity zones.  The three dimensional velocity field can either be 
specified to be uniform by inputting the three components of the water velocity vector, or the
velocity field can be obtained by solving the saturated groundwater flow equation.  If the fl
field is solved for, the model currently allows for one pumping well (which is assumed to be 
pumped at a constant rate) to be located within the aquifer. 

pa ich is 

The unsaturated zone is modeled as a double porosity, double permeability (matrix fractures) 
system. 

6.1.1 Unsaturated Zone Flow 

al form for the variably-saturated flow equation: 

′⋅−∇= ± qV
S

ww

w

t
)(

)(

∂
∂ θ     Eq. 6-1 

where the Darcy flux of the water phase is 

w w w wV K P g D= − ⋅ −∇ ∇λ ρ( )  Eq. 6-2 
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and where:  

S water saturation w      is the 

θ  is the porosity 

is th

sor 

Pw e water pressure 

K is the absolute permeability ten

λw  = krw w/ µ µw  is the viscosity of water 

ρw    is the density of water 

Krw is the relative permeability of water 

D is the depth 

G leration and 

qw

’   is a source/sink term representing fluid exchange between the fractures and the rock 

 

, as well as the pressures and saturations are, however, different 

e

        Eq. 6-3 

The

is the gravitational acce

matrix. 

The basic form of Equations 6-1 and 6-2 are assumed to hold for both the fractures and the rock
matrix.  The values of parameters such as porosity and permeability (matrix versus fracture), the 
form of the constitutive relations
between the fracture and the rock matrix. 

Th  water pressure is related to the air pressure by the capillary pressure Pcaw according to 

P P P S= + ( )a w caw w  

 porosity is given by  

θ θ= + −o w woc P Pm( ( ))1   Eq. 6-4 

where:  

cm is the compressibility of the medium, and 

oθ  is the porosity at P  = P . w wo

Equation 6-1 is discretized using  a mass conservative, monotone, fully implicit, finite volume 
method.  The discretized equations have the same form for both matrix and fractures.  If N is the 
time level, then the discretized equation for either the fractures or the matrix is of the form: 

)()()(
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       Eq. 6-5 
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where  

DgP iwiwiwi ρψ −= ,  

Vi is the volume of node i, and  
ηi are the neighbor nodes for node i. 

Upstream weighting is used for ( ) ( / )w w ij
ρ λ + 1 2

: 

( ) ( ) ( )
( ) ( )

( , )w w ups i j w w i

N

ij lj

N

li

N

w w j

N

ij lj

N

li

N

ρ λ ρ λ γ ψ ψ
ρ λ γ ψ ψ

= −

= −

+ + +

+ + +

1 1 1

1 1 1

0

0

 if 

                          if 

<

>
     Eq. 6-6 

Equation (6-5) is valid for both the matrix and fractures.  If i and j are both matrix nodes, or both 
fracture nodes, then 

ij ij
ij

ij
K A

zγ = +1 2/ ∆
  Eq. 6-7 

where:  

Aij the interfacial area between node i and node j,  

Kij+1/2 is the absolute permeability, and  

∆zij  is the distance between node i and node j. 

If node i is a fracture node, and node j is a matrix node, then 

ij matrix i
x y z

K V L L L
γ = + +4 2 2 2( )   Eq. 6-8 

, dual-
t each 

1 1 1

where Lx, Ly and Lz are the fracture spacings in the x-, y- and  z-directions. 

Equation 6-5 is solved using full Newton iteration, with variable substitution, using either Pwi or 
Swi as the primary variable.  This method has proved to be very reliable for dual-porosity
permeability systems.  For the case of fracture-matrix coupling, there exist two unknowns a
node (pressures or saturations in both fractures and matrix) which are solved for simultaneously 
in a fully-coupled fashion. 
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6.1.2 Unsaturated Zone Transport 

The transient, unsaturated zone, advective-dispersive transport equations are solved using the 
same finite volume technique used to solve the unsaturated zone flow equations.  Mass transfer 
between the fractures and the rock matrix is accommodated by including an advective-dispersive 
flux between matrix nodes and the adjacent fracture nodes.  Equilibrium radionuclide sorption is 
modeled using a linear isotherm.  The time varying source concentrations for each species at the 
repository level is passed to the unsaturated transport model and used as the top boundary 
condition.  The concentrations are set to zero for the initial condition.  The model outputs either 
the solute flux history at the water table for each species. 

Summarizing, the unsaturated zone transport model includes the following features as 
implemented in the current version of IMARC: 

• Initial concentrations are set to zero for each species. 

• Source concentration histories for each species can vary with time. 

• Each species is allowed to have a different decay parameter, and ingrowth of daughter 
products via chain decay is accounted for. 

• The sorption parameter Kd for each species varies with depth through the unsaturated zone 
and between matrix and fracture nodes. 

With this conceptual model, the conservation of species α  is expressed by the following mass 
balance equation: 

∂
∂ θ ρ θ

θ λ λ
α

α
α α α α

α α α α α α α α

t S K C V C S D C

S R P R C q C G
N

w b d w w

w p p

ext

s

{ ( ) } { }

{ }
, ,...,

( ) ( )
*

+ = − ⋅ −

+ − ± ±

∇ ∇

=                                                                                                      12
        Eq. 6-9 

and where:  

Cα  is the concentration of species α    

Pα  is the concentration of parent of species α  

Dα is the dispersion/diffusion tensor of species α  

λα is the decay constant for species α  

λp(α) is the decay constant for parent of species α  

ρb         is the bulk density of matrix or fracture surface density of fractures 

Kd
 α is the linear sorption coefficient for species α  
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α

αρ
θR

K
S

b d

w

= +1
 

q
ext is the Darcy flux crossing an external boundary 

α α
*C C=  if qext  is exiting the unsaturated zone 

if qext  is entering  the unsaturated zone 
α α
*C = 0C  

Gα is the mass flux between the fractures and the rock matrix 
0
αC  is the time varying source concentration in the repository.  

As was the case for the flow equation, a transport equation analogous to Equation (6-9) is written 

 equations are discretized using a finite volume method.  For the case of a 
y, double-permeability system, the unsaturated zone is discretized as a 

two-dimensional grid for both flow and transport, with two horizontally linked control volumes 
at each depth to represent the matrix and fracture nodes.  The mass transfer between the t

termined by calculating the advective-dispersive flux between the two adjacent 
olumes at each elevation and each time step.  If N is the current time step and i is the 

con  of the solute conservation equation 
for any particular species (i.e. dropping the 

for both the fractures and the rock matrix in which fracture-matrix coupling is assumed in the 
context of a dual-porosity, dual-permeability medium. 

The governing
double-porosit

wo 
zones is de
control v

trol volume under consideration, then the discretized form
α  subscripts) for either the fractures or the matrix is:  

{ [ ] [ ] }θ θw i w iS R C S R C
t

−
∆

N N V i+1

( ) ( )/
/

/λ γ ψ ψ
η

ij
N

j
w ij

N

ij wj

N

wi

N

isp diff

C
i

+

+

∈
+

+ + +
= −∑ 1 2

1 2

1 2

1 1 1

  Eq. 6-10
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( ) { ( )

/ /

/ /α θ γ
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∈

+

+
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+
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1
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1 1

i
N

i
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i
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i i

N

iP R C V C q+ + + +
− +1 2 1 1 2 1 2/ / * /} ( )λ

 

The external source term  is given by , 

ηi

i
q

i

ext

i

Nq q=
+( ) 1, dispα  the dispersivity of either the 

fractures or rock matrix, and diffD  is the diffusion coefficient.  Note that the transport equations 
can be solved sequentially for each species in turn, with the parent species concentrations being 
known quantities.  In Equation (6-10),  

ij

ij

ij

A
z′ =γ ∆

                                                Eq. 6-11 

if i and j are both matrix or fracture nodes.  If node i is a fracture node, and node j is a matrix 
node, or vice versa, then: 
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ij i
x y zL L LV= + +4 1 1 1
2 2 2( )                  Eq. 6-12 

The velocity

′γ

 used in the dispersion term in Equation (6-10) is given by:  

( ) ( )
/ / //w ij ij w ij

N

wj

N

wi

N

ijV A+ +

+ + +

+= −
1 2 1 2

1 1 1

1 2γ λ ψ ψ                  Eq. 6-13 

where ijA +1 2/ he usual interfacial area for matrix-matrix or fracture-fracture flow.  For 

matrix-fracture flow, then: 

 is t

ij i
x y zL L L

The concentration used in the source/sink term is: 

* /NN +1/2 +1 2

A V+ = + +1 2 2/ ( )                       Eq. 6-14 

C C ii) (=     if

-15 

eighting and fully implicit temporal 
weighting is used.  An adaptive time-stepping procedure is used for the transient unsaturated 

 

ial solution 
of the differential equations. The unsaturated zone is discretized spatially as shown in Figure 6-1.  

1 1 1

( )  
i

q < 0  

                                       = ( C )source

N+1/ 2
  if 

i
q > 0                 Eq. 6

In order to maintain monotonicity, upstream spatial w

flow and transport problems whereby the value of the time step is increased as the response of 
the system slows with time.   

The stratification of the unsaturated zone is represented as six overlying segments: 

• The first segment consists of one finite difference cell only, which is used to specify the 
boundary conditions for the water in-flow and radionuclide fluxes from the near field;

• The next four segments are used to represent different unsaturated horizons below the 
repository: TSw-3C, TSv-5, CHnv-5, and CHnz-6; and  

• The last segment consists of one cell only situated below the water table and used as a 
boundary condition to fix pressure. 

In each of the segments, irregular discretization, which is finer at the top and the bottom of each 
layer and coarser within, is used. The grid has been chosen to ensure an accurate spat
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Figure 6-1 
Discretization of the Unsaturated Zone 

nted to mimic a 7-point finite difference operator to conserve memory and 
decrease execution time.  An automated grid generator ensures that the finite element grid, 
consisting of hexahedral brick elements, is sufficiently resolved to ensure good convergence of 
the flow solution.  Flow is assumed to occur only n the mobile fracture zone. 

The y = 0 and y = YL) boundaries of the aquifer are no flow boundaries. 
The  = 
0) i ackground lateral inflow to the saturated 
zone.  Finally, the top boundary (z = ZL) assumes a known water flux enters across the water 
table. The net infiltration of water entering across the water table below the repository is 

6.2 Saturated Zone Flow and Transport 

The steady-state velocity field in the saturated zone is specified by solving the steady-state 
saturated groundwater flow equation.  The domain is spatially discretized using the finite 
element method, but a modified influence coefficient approach (Therrien and Sudicky, 1996) has 
been impleme

 i

 bottom (z = 0) and side (
 downstream boundary (x = XL) is a prescribed head boundary.  The upstream boundary (x
s a specified water flux boundary representing a b
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computed by the unsaturated zone flow module as the total time-integrated volume of water 
which leaves each unsaturated zone column representing the areal extent of each  repository 
sub-region divided by the total simulation time.  The result is a time averaged infiltration rate 
across the water table for each unsaturated zone column which underlies the repository. Th
recharge of water entering across the portion of the water table outside of the repository is 
specified as a constant given by the space-time average of the infiltration in each unsaturated-
zone column. 

e 

he steady-state, saturated groundwater flow equation is given by: 

             Eq. 6-16 

where:  

Q  is the source/sink term for water entering or leaving the domain via the well, 

h  is the total hydraulic head and  

K  is the bulk hydraulic conductivity tensor of the saturated zone rock mass.   

The three-dimensional form of the transient saturated-zone transport equations for the mobile 
(i.e., fracture) and immobile (i.e., rock matrix) zones are solved using the finite element method 
to spatially discretize the aquifer.  As is the case for the flow problem, a modified influence 
coefficient is, however, used to mimic a 7-point finite difference operator.  The grid generator 
ensures that the mesh is sufficiently resolved under and near the repository at the water table to 
ensure good convergence of the transport solution.  Solute mass transfer between the fractures  
and rock matrix zones is modeled using a first-order mass transfer approach which accounts for a 
diffusive mass exchange between the two regions (Sudicky, 1990).  Because water is assumed 
not to flow in the immobile zone in the interior of the rock matrix blocks, this region acts as a 
contaminant source or sink (depending whether the concentration in the mobile zone is less than 
or greater than the concentration in the immobile zone).  Solute sorption is again modeled using 
a linear isotherm approach.  The same contaminant decay rates from the unsaturated zone 
transport simulation are used for the saturated zone.  The transport equation for each 
radionuclide  is solved using the Laplace Transform Galerkin (LTG) technique.   

The bottom (z=0), side (y=0 and y=YL), and downstream (x=XL) boundaries of the aquifer are all 
zero dispersive flux boundaries. The concentrations of all nodes on the upstream (x=0) boundary 
are set to zero.  The portion of the top (z = ZL) water table boundary which is not directly 
beneath the waste repository is assumed to be a type III (or Cauchy) boundary, where solute-free 
water enters at the prescribed recharge rate.   

The boundary conditions for the portion of the water table which lies underneath the repository is 
a type III boundary condition, in which the unsaturated zone transport module computes the 
solute flux history at the water table for each unsaturated zone column and passes this 
information to the saturated zone transport module. With this boundary condition, the continuity 
in the solute mass flux is preserved at the water table between the unsaturated and saturated 
zones 

T

∇ ⋅ ∇ ± =( )K h Q 0
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The model computes two breakthrough/flux-history curves; one for the fractures and one for the 
matrix. The breakthrough data from both the fractures and the rock matrix is incorporated into a 
composite breakthrough/flux-history curve which is then used as the input into the saturated zone 
transport module. The composite flux-history curve is calculated from: 

                    Eq. 6-17 

where  is the total solute flux crossing the water table from the unsaturated zone.   

The saturated zone transport model outputs maximum and areally-averaged concentrations and 
advective fluxes at the downstream compliance boundary.  

The conservation of species 

WT

c

f

ext

f m

ext

mq t q C q C( ) = +

WT

cq

α  in the mobile zone is expressed by the following mass balance 
equation: 

Mobile Zone: 

∂
∂ θ θ

θ λ λ
α

α α α α α

α α α α α α α α α

t R C q C D C

R P R C C C
N

m m m m m

m p m p m

s

{ } { }

{ } ( )
, ,...,

( ) ( )

= − −

+ − − − ′

=

∇ ⋅ ∇

Γ
                                                                                           1 2

  Eq. 6-18 

where:  

the subscript m denotes the mobile (i.e., fracture) zone,  

m
q is the Darcy flux in the saturated zone,  

αmD  is the hydrodynamic dispersion coefficient, and  

 represents the concentration in the rock matrix containing the immobile porewater.  

The term containing  accounts for the transfer of mass between the mobile and immobile 

e comprised of spheres, then the diffusive mass 
transfer coefficient  is given by: 

αC ′

αΓ
zones.  Assuming that the rock matrix blocks ar

αΓ

α
αθΓ = im im

b

D
r

15
2

*

                     Eq. 6-19 
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where  

αimD*
 is the effective diffusion coefficient of the rock matrix and  

rb is the radius of a spherical matrix block. 

 those used in the unsaturated zone transport section.  A The remaining symbols correspond to
similar equation, but without the advective and dispersive flux terms, describes mass 
conservation in the immobile zone which is given below. 

Immobile Zone: 

∂
∂ θ

θ λ λ
α

α α

α α α α α α α α α

t R C

R P R C C C
N

im im

im p im p im

s

{ }

{ } ( )
, ,...,

( ) ( )

′ =

′ − ′ + − ′

=

Γ
                                                                                             1 2

     Eq. 6-

where the subscript im refers to the immobile (i.e., rock matrix) zone.  

As mentioned earlier, the transient transport equation is solved by the LTG procedure. In th
procedure the Laplace transform of the spatially-discretized nodal concentrations is obtained. 
When the values are inverte

20 

is 

d numerically, the result yields the time domain concentration values 
at specified output times. 

cky, 1989; 

imp tores 
and operates on the nonzero entries in the matrices. 

re 
cha reases. This increase in size of the rock blocks in a 
ractured medium reduces the potential for matrix diffusion and, accordingly, the travel time for 

contaminant migration. DOE has adopted this idea of channelized flow or flowing intervals. 

A f rval, shown schematically in Figure 6-2, is defined as a fractured zone that 
faci ter surveys. The flowing 
interval is characterized in terms of interval spacing, which is not the same as the fracture 

acing. Figure 6-2 shows the difference between the flowing interval spacing and the fracture 
spacing. The flowing interval spacing is taken as the distance from the mid-point of the flowing 
interval to the midpoint of the next flowing interval. As the figure suggests, the flowing interval 
spacing is greater than the fracture spacing. This conceptualization for flow in the SZ is deemed 
to be more realistic than simply taking the fracture spacings in the SZ (EPRI, 2000). 

The discretized form of the transport equations are presented elsewhere (see e.g., Sudi
Therrien and Sudicky, 1996; Lacombe et al., 1995) and therefore need not be presented here. 
The discretized equations for both flow and transport are solved using an efficient 

lementation of the ORTHOMIN-accelerated iterative sparse-matrix solver which only s

EPRI (1996; 1998; 2000) describes the conceptual model for flow in the SZ and its implications 
for mass transport. That discussion is summarized here. In particular, as the flow becomes mo

nnelized, the size of rock blocks inc
f

lowing inte
litates flow in the SZ. It is defined on the basis of borehole flow me

sp
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Figure 6-2 
Conceptualization of flowing intervals (The flowing interval spacing is defined as the 

ing interval to the midpoint of the next. The typical 
spacings between the flowing intervals are much greater than the fracture spacings (after 

). 
 the rate of 

spread of contaminants than would be the case with smaller blocks. Figure 6-4 illustrates features 
of the flowing intervals defined in wells at Yucca Mountain for which flow-meter surveys were 
ava
sec

EPRI (2000) noted that ground-water flow in the uppermost 200 m of the SZ is being carried in 
one-quarter of the vertical section. With the flowing intervals developed in this manner, linear 
flow velocities within the flowing intervals are four times higher than would be the case if flow 
were assumed uniform across the entire vertic tion. EPRI (2000) further assumed that within 
the f pacings and lock sizes will be much smaller than 
flowing-interval spacings and in keeping with fracture spacing measurements made from the SZ 
(Figu

distance from the midpoint of one flow

EPRI, 2000). 

The mean flowing interval spacing for the SZ is estimated to be 19.5 m (Figure 6-3). This value 
is significantly larger than the mean fracture spacing, which is a fraction of a meter (Figure 6-3
With large blocks, diffusion into the matrix is likely less effective in attenuating

ilable. The flowing intervals represent a relatively small proportion of the total vertical 
tion in each borehole (EPRI, 2000).  

al sec
lowing interval, the fracture s  resulting b

re 6-2). 
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Figure 6-3 
Comparison of the probability distributions of the log of corrected flowing interval spacing
and corrected fracture spacing (after EPRI, 2000) 

EPRI (2000) postulated that representing the flowing z

 

one as a fracture removes credit for matrix 
diffusion into the blocks along the flowing interval. This conceptualization remains the basis for 

lowing 

 

 

flow and transport in the saturated zone in IMARC 10. In addition, the definition of the f
interval spacing is made in such a way that the actual thickness of the intact rock block is 
exaggerated. Conceptualizing the SZ in terms of flowing intervals with rock blocks determined
by the fracture spacings makes matrix diffusion more viable as a mechanism to attenuate the rate 
of contaminant migration. 
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Figure 6-4 
Comparison of the flow meter survey Information among various boreholes (the cross-
hatched areas indicate the flowing intervals and the number within the flowing interval 
represents the percentage of total flow in that interval) (CRWMS, M&O, 2000e). 
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The saturated-zone transport zone conceptual mo el has two segments: 

•  tuff segment extending from beneath the repository to 15 km down gradient, and 

• A subsequent alluvial segment extending over the next 5 km down gradient to the location of 

 

y 

oral 
derivative term and, thus, avoids the time-step integration, which for TSPA analyses over long 

temporal domain. The method of de Hoog et al. (1982) is used for the numerical inversion the 
Laplace p-space solutions. 

The boundary conditions for the transport equation are specified as follows: 

• initial concentrations at all nodes of the SZ computational domain are set to zero; 

• there is no other dispersive boundary flux except one from the repository footprint, where the 
fluxes from the fractures and from the matrix for every one of the vertical columns are 
incorporated as one 

• A uniform recharge rate is applied over the entire simulation domain; and 

• boundary condition type III (Cauchy condition) is always used over the entire water table 
surface (Bear and Verruijt, 1987). 

 

d

A fractured

the Reasonably Maximally Exposed Individual (RMEI), the “compliance point.” 

The three-dimensional spatial discretization of the saturated zone is shown in Figure 6-5 and 
Figure 6-6. 

The SZ code offers a number of capabilities for using alternative calculation approaches. The 
code provides two approaches to solve the transport equations for each radionuclide – either the
Laplace Transform-Galerkin (LTG) method or a standard time-stepping integration method. The 
LTG technique for solving the linear mass transport equation in a steady-state flow field has 
been developed by Sudicky and coworkers; the the approach is described in detail by Sudick
(1989), Sudicky and McLaren (1992), and EPRI (1996). The application of the Laplace 
transformation of a finite-difference advection-dispersion equation eliminates the temp

times is a very heavy computational burden. The transformed equation in the Laplace p-space is 
then solved using conventional methods. The SZ code employs the Galerkin technique, and then 
the nodal p-space solutions for the radionuclide concentrations are inverted to the primary 
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Figure 6-5 
Three-dimensional discretization of the saturated zone in plan view 

 

0 500 1000 1500 2000 2500 3000 3500 4000
0

150

 

Figure 6-6 
sional discretization of the saturated zone in profile view 

The  different resolving time steps in periods of 
special interest. This is achieved by specifying several Laplace spaces with an equal number of 

ical 

6.3.1 Unsaturated Zone Transport 

The transport code was verified using the analytical model CMM (Wu, 1991).  Table 6-1 
displays the simulation parameters for a verification example in which a non-retarded parent 
decays into a retarded non-decaying daughter.  Figure 6-7 shows profiles through the unsaturated 
zone for this simulation.  Results are given in Figure 6-7 at 25 and 75 days, and it can be seen 
that there is excellent agreement between the numerical and analytical results. 

Three-dimen

 LTG method provides the flexibility to have

nodal p-space solutions, with each one extending over different time scales. This is of pract
interest for high release rates concentrated in short time periods. It is also important for 
improving resolution of the arrival time and the peak values of the maximum concentrations 
crossing the downstream face of the SZ. 

6.3 Verification and Testing 
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Table 6-1 
Unsaturated zone parameters for verification example involving transport of a two-member 
decay chain a single-porosity column. 

Parameter Value 

Darcy flux (m/day) 1.0 

Water content (θSw) 0.35 

Parent decay constant (day-1) 1.139x10-2 

Daughter decay constant (day-1) 0.0 

Parent diffusion coefficient (m2/day) 10-4 

Daughter diffusion coefficient (m2/day) 10-4 

Longitudinal dispersivity (m) 0.5 

Parent retardation factor 1.0 

Daughter retardation factor 2.0 

 

 

 

Figure 6-7 
Concentration profiles for the unsaturated zone verification problems 
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6.3.2 Saturated Zone Transport 

The saturated zone transport model was verified against two analytical models, CMM which was 
mentioned above, and a double-porosity solution for a set of parallel fractures developed by 
Sudicky and Frind (1982). 

The CMM verification example involved the transport of a two-species decay chain along a one-
dimensional single porosity column.  This example was selected to ensure the saturated zone 
transport code was correctly handling the decay of the parent species and the ingrowth of its 
daughter.  The relevant simulation parameters are given in Table 6-2.  The results of the CMM 
verification simulation are displayed in Figure 6-8.  The results indicate that the numerical model 
is capable of faithfully reproducing analytical results. 

The next example consists of transporting a decaying, non-sorbing solute through a one-
dimensional, double-porosity column.  This example was chosen to verify that the code was 
correctly transferring mass between the mobile and immobile zones.  The relevant simulation 
parameters are given in Table 6-3.  The results of the double porosity verification simulation are 
displayed in Figure 6-9.  The results again indicate that the numerical model is reproducing 
analytical results. 

Table 6-2 
Saturated zone parameters for verification example involving transport of a two-member 
decay chain and a single-porosity column. 

Parameter Value 

Darcy flux (m/day) 10  -4

Longitudinal dispersivity (m) 1.0 

Mobile zone porosity 10-4 

Parent decay constant (day-1) 1.54x10-4 

Daughter decay constant (day-1) 0.0 

Parent diffusion coefficient (m2/day) 1.38x10-4 

Daughter diffusion coefficient (m2/day) 1.38x10-4 

Parent retardation factor 1.0 

Daughter retardation factor 1.0 

 

6-18 



 
 

Geosphere Models 

Table 6-3 
Saturated zone parameters for double-porosity verification example. 

Parameter Value 

Darcy flux (m/day) 10-4 

longitudinal dispersivity (m) 0.1 

mobile zone porosity 10  -3

immobile zone porosity 10-2 

decay constant (day-1) 1.54x10-4 

mobile zone diffusion coeff. (m2/day) 1.38x10-4 

immobile zone diffusion coeff. (m2/day) 1.38x10-5 

mobile zone retardation factor 1.0 

immobile zone retardation factor 1.0 

 

 

Figure 6-8 
CMM saturated zone verification results 
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Fig
Dou  verification results 

Anothe MARC code 
and the numerical model FRAC3DVS (Therrien and Sudicky, 1996). FRAC3DVS has been 
verified against many different analytical solutions for a wide range of problems. The simulation 
domain  in the 
z-direc y flux 
of 3.3 m gitudinal dispersivity was 
20 m, while transverse horizontal and transverse vertical dispersivities were each 5 m. For the 
second  m and 
5 m, respectively, while the transverse vertical dispersivity was reduced to 0.05 m. This latter 
trial was designed to test the ability of the SZ flow and transport module to handle a second 
compo y 100 m 
patch, which was oriented perpendicular to flow with a specified concentration of 1.0. 

odule 
n point 500 

ure 6-9 
ble porosity saturated zone

r verification test reported by EPRI (2000) involved the SZ module in the I

 for this test was 1000 m in the x-direction, 5000 m in the y-direction and 1000 m
tion. The input data for this test are not related to Yucca Mountain. A uniform darc

/yr parallel to the x-axis was imposed. For the first trial, the lon

 trial, the longitudinal and transverse horizontal dispersivity values were held at 20

nent of transverse dispersivity. The source for both of these trials was a 100 m b

Figure 6-10 compares the results of these verification tests with FRAC3DVS and the SZ m
in IMARC. The breakthrough curves for the two models at a hypothetical observatio
m down gradient are nearly identical, for the set of parameters used in the analysis.  
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Figure 6-10 
Comparison of concentration vs time at a point 500 m downgradient from the source for a 

ispersivity verification example. 

The he downstream face from three-dimensional and two-
dimensional representation of the saturated zone have been compared. These tests result in very 
close agreement. This is the result of minimal vertical variation in concentrations, as shown in 
Figure 6-11. The good agreement is due to the very low lateral dispersivity of the SZ media and 
practically vertical isolines for the concentrations at the downstream face outside of the 
repository footprint as shown in Figures 6-11a and 6-11b. These findings are corroborated by the 
three-dimensional view displayed in Figure 6-12. 

transverse-d

 results for the concentrations at t
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5 15  

Figure 6-11 
(a, top): Concentrations at downstream face for 99Tc at year 500,000 obtained from 3D 
model formulation;  
(b, bottom): relative concentrations along the central line of the computational domain for 

00,000 obtained from the 3D model formulation. 99Tc at year 5

 

Figure 6-12 
Concentration profile at 1,000,000 years for the best-estimate set of input parameters. 
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The SZ code has been heavily tested over the years, and is considered highly reliable. However, 
the combination of the Laplace transform method and Galerkin finite elements leads to a lack of 
continuity between portions of the solution domain at low and intermediate concentrations and 
under some other conditions. Examples of this lack of continuity are shown in Figure 6-13, 
which shows the effect of subdividing the time domain into differing numbers of Laplace p-
spaces. Here the introduction of more Laplace p-spaces partially avoids the step-wise form of the 
maximum concentrations at the downstream face and approaches a smooth curve. It is necessary 
to point out that the subdivision of the temporal domain in more Laplace spaces does not affect 
either the arrival of the maximum concentration or its value. The numerical instabilities occur for 
the low concentration range, which by definition are not risk significant. This numerical artifact 
was addressed in detail to provide improved understanding of the shape of the curves under 
various conditions. These numerical issues do not affect TSPA calculations carried out to the 
time of peak dose. 
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Figure 6-13 
Discontinuities at the interfaces of the Laplace p-spaces 
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An s been made to overcome the discontinuities in the numerical inversion procedure 
of t ver, this effort did not 

ontinuities of the inversion method. This set of tests illustrates that the 
em o es does not arise from the numerical inversion method itself, but is a 

omplex f  of the L ution me  

eral k  of th nuiti d: 

 They occur at low concentrations; th
ffect e arti

They occur at times when the boundary condition o  inpu ution
changing at the same time that the bo ; 

There is no general method for eliminating the discontinuities for all combinations of input 
parameters; when discontinuities have been 
tuned te th  part f co nd 

As the f p-s ases solu roac the c
slightly increased comp

he effect of the number of p-spaces on computation time is shown in Table 6-4.  

omain. The columns show 
the amount of computation time used by the submodels in IMARC. As the number of 

aplac s increases, the proportion of the overall CPU time resulting from the  

C  COM  
[m

UZ 
Mod
[min

SZ  
w 
el 
] 

l  
 

tal 

attempt ha
he Laplace p-spaces by applying quadruple precision arithmetic.9 Howe

resolve the issue of disc
probl f discontinuiti
c eature TG sol thod. 

Sev ey features e disconti es are note

• e peak concentrations produced in the code are not 
a ed by thes facts; 

• f the flux t to the sol  are 
undary of a Laplace p-space is encountered

• 
encountered, the numerical method has been 

to elimina em for that icular set o nditions; a

•  number o paces incre , an exact tion is app hed, but at ost of 
utation time. 

T

Table 6-4 
CPU time for varying numbers of Laplace p-spaces in the time d

L e space

ase Output
times 

PASS
in] el 

] 
Flo

Mod
[min

SZ 
Transport 

Mode
[min]

To
CPU  
Time 
[min] 

3 Laplace  0 0.39 E-03   spaces 2D 27 .60  4.667 0.44 1.44 

5 Laplace  1 0.38 E-03   spaces 2D 65 .50  4.683 0.76 2.64 

15 Laplace spaces 2D 1 0.38 -03 60 .45  4.683E 1.85 3.69 

33 Laplace spaces 2D 1 0.38 E-03  66 .54  4.500 4.41 6.34 

3 Laplace  0 0.38 -02   spaces 3D 27 .62  7.578E 11.50 12.58 

 
Despite th
sat

ese issues with the numerical solution at low concentrations, the code provides 
isfacto t hig ntrati e dos her a lts a
portant for making decisions about the acceptability of the analysis. Consequently, EPRI has 

concluded that the SZ code is fit for purpose.  

                                                          

ry results a her conce ons, wher es are hig nd the resu re more 
im

 
9 The Allan Miller package for quadruple real and complex arithmetic has been downloaded from his quadruple 
precision (home page http://users.bigpond.net.au/amiller/quad.html) and the recommendations at the “High-
Precision Software Directory” of Bailey et al. (2003) from Lawrence Berkeley National Laboratory used. 
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6.4 Conversion to a Standard Dilution 

Regulatory requirements in 40 CFR 197 and 10 CFR 63 require a basic assumption of the use of 
 acre (3.7x106 m3/y) by the RMEI. T called the “representative 

olume.” fic appro e regu s for carr t the co on 
rdized groundwater usage.  

 CFR 6 ides the acceptable s fo g th on: 

“D se on ternat s for g the  of th
representative volume. The DOE must e its ch and any u rlying 
assumptions, to NRC for approval. 

(1) DOE may calculate the dimensions as a well-capture zone. If DOE uses this approach, 
it m e tha

 (i) Water supply well(s) has (have) character
we own a Va a, fo ell- d len
of the screened intervals; 

(ii) Screened interval(s) include(s) the highest concentration in the plume of 
ble environment; and 

equals the representative volume.” 

In IMARC, the approach in paragraph (2) has been implemented. Nodes at the end of the 
saturated zone are identified where the concentrations equal 0.1 percent of the peak 
concentration; this delineates the extent of the plume according to provision 10 CFR 63.332 
(2)(i). The orientation of the model grid ensures that provision 10 CFR 63 (2)(ii) is met. Water 
flow associated with this plume is calculated and compared to the representative volume. 
Experience in evaluating IMARC outputs has shown that the use of a low transverse dispersivity 
leads to narrow plumes, so that the volumetric water flow associated with the plume is below the 
representative volume. Consequently, for IMARC with the current sets of input parameters, it is 
acceptable to calculate the total discharge in the plume (mol/y), and to divide that value by the 

3,000 -feet per year his value is 
v
from TSPA analyses to the standa

Speci aches are described in th lation ying ou nversi

10 3.332 prov  alternative r performin e conversi

OE must u e of two al ive method determinin dimensions e 
propos osen method, nde

ust assum t the: 

istics consistent with public water supply 
lls in the T of Amargos lley, Nevad r example, w bore size an gth 

contamination in the accessi

(iii) Pumping rates and the placement of the well(s) must be set to produce an annual 
withdrawal equal to the representative volume and to tap the highest concentration within 
the plume of contamination. 

 (2) DOE may calculate the dimensions as a slice of the plume. If DOE uses this 
approach, it must: 

(i) Propose, for approval, where the location of the edge of the plume of contamination 
occurs. For example, the place where the concentration of radionuclides reaches 0.1% of 
the level of the highest concentration in the accessible environment; 

(ii) Assume that the slice of the plume is perpendicular to the prevalent direction of flow 
of the aquifer; and 

(iii) Assume that the volume of ground water contained within the slice of the plume 
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representative volume (m3/y) to produce concentrations (mol/m3) as output from the saturated 
zone.  IMARC contains the algorithms the convert to concentrations if the flow in the plume are 
to exceed the representative volume, but the algorithms have been unnecessary in any 
calculations to date owing to the low values of transverse dispersivity used.  

Concentrations calculated in this manner are used as input to the biosphere analysis. Biosphere 
considerations are described in Chapter 7 and Appendix B of this report. 

6.5 Input Parameters 

Analysis in the geosphere requires input of an extensive set of parameters. Among the most 
important parameters for the unsaturated zone are the characteristic curves, expressed in IMARC 
as saturation versus air entry pressure and saturation versus relative conductivity. Characteristic 
curves represent the constitutive relationship between saturation of water and pressure head on 
the one hand, and saturation and relative hydraulic conductivity on the other. These characteristic 
curves are input in tabular form as sets of 400 sets of values for each of the four geological units 
in the unsaturated zone, and for fracture and matrix properties. These tabulated curves are 
presented in graphical form in Figures 6-14 to 6-17.  

Values for the sorption coefficient Kd used in IMARC 10 geosphere are presented in Tables 6-5 
through 6-7. The values for Kd are treated as uncertain in the IMARC event tree, with the low 
and high values assigned a 5% probability, and the mean value assigned a 90% probability. The 
values in these tables are based on the values used by DOE in the TSPA-LA (DOE/OCRWM, 
2008, 2008a), with professional judgment used to adapt the values to the fewer number of 
geological units represented in the IMARC conceptual model. Additional parameters needed to 
evaluate the unsaturated and saturated zone model in IMARC are presented in Appendix A. 
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Figure 6-14 
Pressure-saturation curves for the matrix of each geological unit in the IMARC 
Unsaturated Zone (EPRI, 20
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Figure 6-15 
Pressure-saturation curves for the fractures of each geological unit in the IMARC 
Unsaturated Zone (EPRI, 2005c). 
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ration curve for the matrix of each geological unit in the IMARC 
Unsaturated Zone (EPRI, 2005c). 

Figure 6-16 
Relative conductivity – satu
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tive conductivity – saturation curve for the fractures of each geological unit in the 
Figure 6-17 
Rela
IMARC Unsaturated Zone (EPRI, 2005c). 
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Table 6-5 
Values for K  (m3/kg) for the unsaturd ated TSw2-3 and TSv 4 units. 

TSv 4       Unit TSw2-3           

 Low Mean High Low Mean  High 

Cl 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

I 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Np 3.00E-04 5.00E-04 3.00E-03 5.00E-04 1.00E-03 2.00E-03 

Pu 4.00E-02 7.00E-02 1.50E-01 5.00E-02 1.00E-01 1.50E-01 

Ra 0.00E+00 3.00E-02 5.00E-01 3.00E-01 5.00E-01 8.00E-01 

Se 0.00E+00 3.00E-02 2.00E-01 8.00E-03 1.40E-02 2.00E-02 

Tc 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Th 3.00E+00 5.00E+00 8.00E+00 3.00E+00 5.00E+00 8.00E+00 

U 1.00E-04 2.00E-04 2.00E-03 1.00E-04 2.00E-04 1.50E-03 

 

Table 6-6 
Values for Kd (m

3/kg) for the unsaturated CHnv and CHnZ units. 

Unit CHnv  CHnZ 

 Low Mean High Low Mean  High 

Cl 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

I 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Np 5.00E-04 1.00E-03 2.00E-03 3.00E-04 5.00E-04 3.00E-03 

Pu 5.00E-02 1.00E-01 1.50E-01 5.00E-02 1.00E-01 1.50E-01 

Ra 2.00E-01 3.00E-01 5.00E-01 2.00E+00 3.00E+00 4.00E+00 

Se 3.00E-03 9.00E-03 1.50E-02 8.00E-03 1.40E-02 2.00E-02 

Tc 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Th 3.00E+00 5.00E+00 8.00E+00 8.00E+00 1.50E+01 2.00E+01 

U 1.00E-04 2.00E-04 1.50E-03 2.50E-04 5.00E-04 1.50E-02 
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Table 6-7 
Values for Kd (m

3/kg) for the saturated units. 

Unit Fractured SZ Alluvial SZ 

 Low Mean High Low Mean  High 

Cl 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

I 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Np 1.00E-03 1.50E-03 2.00E-03 5.00E-03 6.00E-03 7.00E-03 

Pu 9.00E-02 1.00E-01 1.10E-01 8.00E-02 1.00E-01 2.00E-01 

Ra 3.00E-01 5.00E-01 8.00E-01 3.00E-01 5.00E-01 8.00E-01 

Se 8.00E-03 1.40E-02 2.00E-02 8.00E-03 1.40E-02 2.00E-02 

Tc 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Th 3.00E+00 5.00E+00 8.00E+00 3.00E+00 5.00E+00 8.00E+00 

U 5.00E-03 6.00E-03 7.00E-03 3.00E-03 4.00E-03 5.00E-03 

6.6 Geosphere Summary 

IMARC 10 contains models for flow and transport in the unsaturated and saturated zones 
Yucca Mountain. These models are abstractions of the real conditions in the vicinity of the 
repository, and are simplifications of comparable models implemented by DOE for their TSPA. 
The current models are the end result of many years of incremental updates, which have 
developed in response to improved understanding of the geosphere.  

The current un

at 

saturated flow model is founded on a one-dimensional representation of the 
unsaturated zone, in which four hydrological units are specified. The model for transport of 

 output from the near field model, and calculates the discharge to the 
tion of time. The saturated zone module calculates transport to the 

radionuclides takes the
saturated zone as a func
location of the RMEI using a two-dimensional representation of the aquifer. Two zones with 
different properties are incorporated in the conceptual model: a fractured zone and an alluvial 
zone. Both the unsaturated and saturated zone models have been subjected to extensive testing 
and verification to ensure that the models have been correctly implemented in IMARC. 
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7  
BIOSPHERE MODEL 

 

7.1 Background, Objectives and Scope  

ministic evaluations of 
such BDCFs were first developed within the EPRI program in 1996 (EPRI, 1996). The 

ty of 
 those assumptions.  

The biosphere model is implemented in IMARC as a radionuclide-specific set of Biosphere Dose 
Conversion Factors (BDCFs). As implemented in IMARC 10, a BDCF is a single-valued 
conversion factor that has concentration in groundwater as an input, takes into account the 
potential exposure pathways to the RMEI, and converts the groundwater concentration to a dose 
to the RMEI. Groundwater concentrations are calculated in IMARC per 10 CFR 63 and 40 CFR 
197 with regard to the use by the RMEI of 3,000 acre-feet per year (3.7x106 m3/y).  

Use of the BDCF is predicated on the assumption that the dynamic response of the biosphere to 
changes in groundwater concentration are rapid compared to the changes themselves, such that 
the biosphere is in equilibrium with the groundwater concentration. For the exposure pathways in 
the biosphere analysis, this assumption is more closely associated with the dynamics of the 
surface soil layer. The BDCF for an individual radionuclide is taken to be the equilibrium annual 
dose to the RMEI derived assuming indefinite unit concentration of that radionuclide in 
abstracted groundwater. 

In IMARC, the BDCFs are solely an input parameter, which is read by the code and multiplied 
by groundwater concentrations to produce dose. The BDCFs are calculated externally to IMARC 
using the computer code AMBER, Version 4.5. A description of AMBER can be found in 
Enviros and Quintessa (2003), and Enviros (2003). The steady-state BDCF is calculated using a 
tran interests of 
comple

This chapter describes the approach used to develop and implement Biosphere Dose Conversion 
Factors (BDCFs) that can be used to convert assessed concentrations of repository derived 
radionuclides in groundwater at Amargosa Valley into radiation doses to the Reasonably 
Maximally Exposed Individual (RMEI), as prescribed by regulation. Deter

justification and explanations for updated calculations were then reported in EPRI’s Phase 6 
TSPA published in February 2002 (EPRI, 2002). Those reports and other interim work 
considered alternative conceptual assumptions and data assumptions, as well as the sensitivi
results to

sient calculation assuming a steady-state unit concentration input. In the 
teness, the remainder of this chapter is dedicated to a more thorough description of the 
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conceptual model implemented in AMBER. This discussion is an update from earlier 
descriptions of the treatment of the biosphere (EPRI, 1996; 1998; 2002a). 

last published IMARC version, are: 

• Revision of the enhancement factor applied to the level of contamination assumed pres
airborne dust, compared with the soil from which it arises; and 

es to a variety of element dependent parameter values based on review the 

In e sur medium, rather than 
a ph al rial 
that has be to the domestic environment. The following 
media were identified as s

• ter (

• mosp

• Arable 

• 

• Cultiva

The exposure pathways shown in Table 7-1 are carried forward for consideration in the 

The main changes made to IMARC since Phase 8, the 

• Assumption of a lower average irrigation rate, more consistent with the range of agricultural 
and gardening produce practice in Amargosa Valley; 

• Updated assumptions for RMEI consumption of locally produced (i.e. contaminated) 
foodstuffs; 

ent in 

• Chang
BIOPROTA10 database and other sources. 

xpo e assessment, the features correspond to a particular contaminated 
ysic location. Thus, for example, exposure to contaminated soil might arise from mate

en transferred on clothing from the land in
ources of radiation exposure: 

Wa for domestic use, animal watering and irrigation), 

At here (indoor and outdoor), 

Crops (in field and storage), 

Animals (in field or barn), 

ted Soil, and 

• Farm Products in the Storage, Distribution and Processing System. 

mathematical model. The relative significance of the pathways has been assigned by a 
combination of professional judgment and experience, and a critical evaluation of the screening 
of pathways conducted by DOE in their biosphere assessment. 

                                                           
10 BIOPROTA is an international program set up to address the key uncertainties in long term assessments of 
contaminant releases into the environment arising from radioactive waste disposal, which EPRI has participat
as part of the Yucca Mountain project. 

ed in 
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Table 7-1 
Exposure Pathways 

Source Pathway 

Domestic Water Ingestion– included 
Spray Inhalation– omitted, low significance 
Immersion (bathing)  - included 
External (exposure to storage/distribution system) – omitted, low 
significance 

Irrigation Water Spray Inhalation – included 

Atmosphere Suspended soil and other dust – included 
vapor/gas – omitted, low significance 

Cultivated Soil Ingestion, with food product, and direct ingestion – included 
External exposure – included 

Crops in Field and 
Storage 

External exposure– omitted, low significance 

Animal in Fiel External exposure– omitted, low significance d/Barn 

Food Products External (e.g., silage clamp) – omitted, low significance 
Ingestion – included 

 
As pre act has not been considered as this is 
not iev
2003). 

The ain tric uncertainties are identified, 
specifically those for which there is some useful basis for adopting a probability distribution 

ons for each radionuclide based on Monte 
Carlo sampling of parameter values for those parameters. Also presented are the means, 
confidence in the means and the 5th and 95th percentiles of the overall distributions. At the s
time, deterministic calculations have been made according to the procedure used in previous 

ents (EPRI; 1996, 2002a) but using updated best estimate values of parameters. The 
purpose was to determine if there was a systematic the best estimate BDCFs 
and  m

7.2 n

, 
RI 

and is now updated accordingly.  Ideally in the BIOMASS approach, 
all the elements of the Interaction Matrix for radionuclide transfer and RMEI exposure should be 

in vious EPRI work (2002a), uptake via dermal cont
 bel ed to be a significant exposure pathway from groundwater contamination (IAEA, 

 m  additional feature of the new results is that key parame

function, and the dose results are presented as distributi

ame 

assessm
 difference between 

the eans of the probabilistic results. 

 Co ceptual Model Basis 

The methodology for the biosphere assessment is based on the BIOMASS methodology (IAEA
2003). This methodological approach was previously used in draft form during work for EP
(1996) and EPRI (2002a), 

cross-referenced to the System Description output and to the list of FEPs. Accordingly, the 
Interaction should contain all the FEPs identified as being relevant to a model description of 
radionuclide transfer, while a list of excluded FEPs, with the rationale for exclusion, is also 
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retained. That process is only summarized here, but the outcome is the same as if a m
interaction matrix approach was used. 

7.2.1 Water Supply 

A variety of FEPs have been identified in the conceptual model that could potentially change the 

ore formal 

concentration of radionuclides in the water supply, compared with that in the abstracted well 
water. These include evaporation of the water, sorption onto sediments or other surfaces, 

pitation and dissolution. 

 the 

assumed to take place). Sorption onto suspended sediment, and subsequent sedimentation, may 
occur over time; however, the overall effect of this will only be to reduce radionuclide 
concentrations in bulk water supplied at the point of delivery. The periodic removal of 
accumulated sediments from cister s and other parts of the storage and distribution system
potentially give rise to a transient “spike” in water concentration resulting from the 
remobilization of radionuclides. This might possibly be relevant if the focus of interest were the 

m exposure with a specific year; over a longer period, however, the average 
con r  
any
sediment fro tem is unlikely to be significant, since the 
vol in
on t  nd
irriga  so fects of sorption and sedimentation in modeling radionuclide transfer 
within the water distribution system can therefore be ignored. 

 and/or dissolution of radionuclides associated with changes to water chemistry (e.g. 
redox conditions or microbial action) may possibly affect concentrations in bulk water. Again, 

 at the well head. Therefore, provided that the radionuclide 
concentration in bulk water (i.e. including suspended solids) is specified at the 
geosphere-biosphere interface (i.e. in the part of the geosphere from which water is directl
abstracted), it will be cautious (i.e., “conservative”) to ignore the effects of precipitation and 

he 
stem are considered negligible compared with those associated with other media. 

This might be less easy to justify for an ‘industrial’ or ‘commercial’ biosphere system, in which 
maintenance of water storage, distribution and supply systems could potentially constitute a 
specialized job. However, the present assessment context excludes consideration of large-scale 
commercial/industrial activities. Hence, sorption and sedimentation within the water storage and 

sedimentation, preci

Evaporation of water during storage and distribution might give rise to a small increase in 
concentration of those radionuclides remaining in solution. However, total water losses via this 
route are considered unlikely to be significant, in an arid environment (Walter, 1985), and
process is not included in the model. 

Although suspended sediment may be present within the water supply, the total sediment load 
must be low enough for the water to remain potable (since no deliberate water treatment is 

n  could 

dose fro
cent ation in the water supply will not exceed that delivered at the well head. Furthermore,
 transfer of radionuclides associated with the possible removal to soil of accumulated 

m within the water distribution sys
umes volved will be comparatively small. Moreover, if the material is suitable for spreading 
he la , sorption coefficients are unlikely to be significantly different from those for the 

ted il itself. The ef

Precipitation

however, their net effect can only be to reduce radionuclide concentrations in bulk water 
compared with that delivered

y 

dissolution in the water supply.  

Potential exposures linked to contact with contaminated sediments and other surfaces within t
water supply sy
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distribution system can also be ignored in the context of evaluating radiological exposures. 
Decay and in-growth of radionuclides would also be negligible compared with geosphere 

 it is assumed that the 
water supply to other parts of the biosphere system is provided at the same bulk concentration as 

 in the geosphere model within the TSPA.  

Concentrations of dust or trace materials in the atmosphere can vary rapidly over a considerable 
range according to local meteorological conditions (atmospheric pressure, wind speed, 
precipitation etc) as well as factors such as artificial disturbance (e.g. dusts generated by 

he processes involved are complex; however, a significant proportion of the 
enerated transfer of aerosol and vapor will typically remain within a near-surface 

atm eri ain. Nevertheless, 
over time, such transpo sphere system; at the 
sam , tmospheric processes. 
Bec u th, for example, irrigation and 
percolation in groundwater, it is considered appropriately cautious, without being excessively so, 

at their effect can be ignored. 

spheric 
ssessment 

model. However, radioactive vapor, gas or aerosol within the atmosphere can represent a 
potentially important exposure pathway for some radionuclides leading to a dose via inhal

aluate radionuclide concentrations in the near-surface atmospheric 
y layer, or in indoor atmospheres that may receive releases of gas or vapor. Standard 

pra e s age atmospheric 
concentrations and those in soils, plants sing empirical 
cor

7.2.3 Arable Crops 

f irrigation water. A fraction can be 
retained on the plant surface and another fraction can be transferred within the plant, particularly 
to edible parts. Weathering of plant surfaces results in transfer of radionuclides that have fallen 
onto crops down to the soil. Crops may then become contaminated by root uptake. Soil splash 
may result in further crop contamination. Although seasonal factors can substan ally influ
details of what could happen within any one year, given the nature of the time frames of interest 
as discussed above, all the above processes can be modeled on the basis of equilibrium between 
the concentration in the irrigation water and the concentration in crops, or between the soil and 
crops. Models, for this set of processes with the same type of context, commonly use this 
approach (BIOMOVS II, 1996). 

EPRI (1996) identified fruit consumption as an important pathway for some radionuclides. 
BIOMASS (IAEA, 2003) included a special working group to consider this process. While the 

processes and processes occurring at the well head. For modeling purposes,

that delivered at the well head, as calculated

7.2.2 Atmosphere 

plowing). T
locally-g

osph c boundary layer and not travel very far before being deposited ag
rt can lead to losses of radionuclides from the bio

e time  other material will be brought into the system from outside by a
ause s ch transfers are expected to be small compared wi

to make the simplifying modeling assumption th

Such simplifications mean that there is no need for an explicit representation of atmo
transfer processes, and no atmosphere compartment is therefore incorporated in the a

ation. 
It is therefore appropriate to ev
boundar

ctic  i to represent the long-term equilibrium relationship between aver
and other environmental media u

relations.  

Crops will become contaminated due to direct deposition o

ti ence 
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IAEA w
model s

ork has some implications for model parameter values, no changes to the EPRI (1996) 
tructure are suggested.  

7.2.4 An

The same duct contamination, with 
co tra
wat but r contribution via crop 
contamination or direct ingestion). 

7.2.5 Cultivated Soil 

Cultivated
G  the
modeled. ated with typical plowing depths and to the 
d nant s within 
th oil re e 
to erosion
(2003), this process is ig  low significance compared with infiltration. Cropping is 
as ed t s may also be of low significance for 
most radionuclides.   

or 
e etc can affect how foo

(diluted) before consumption. Processing may result in changed concentrations in the 
foo

7.2.7 Radiation Exposure Pathways 

e items of interest correspond to a 
tion. Thus, for example, exposure to 

the land 
into the domestic environment. Based on the Radionuclide Transfer Interaction Matrix, and the 

sphere (indoor and outdoor) 

• Arable Crops (in field and storage) 

imals 

 equilibrium approach is adopted for animal pro
ncen tions being directly related to concentrations in the irrigation water (for consumption of 

er also contribution via crop contamination) or in soil (fo

 soil is assumed to be plowed or dug over, if not every year then every few years. 
iven  time frames under consideration this means that detailed soil structure is not to be 

A “well mixed” layer is assumed associ
omi region in the profile for root uptake by crops and other biotic activity. Processe
e s sult in downward movement, primarily due to infiltration of water. Loss from soil du

 is identified in the interaction matrix; however, noting the sensitivity studies in IAEA 
nored due to

sum o effectively remove activity from soil though thi

7.2.6 Farm Products in Storage, Distribution and Processing Systems 

Radionuclide behavior in stores is not considered to be of great interest only producing a min
decay effect. However these assumptions for storag d is distributed 

ds/fodder. 

It should be noted that, in the case of exposure assessment, th
particular contaminated medium, rather than a physical loca
contaminated soil might arise from material that has been transferred on clothing from 

corresponding definitions for each leading diagonal elements, the following media can be 
identified as qualitatively distinct sources of radiation exposure: 

• Water (for domestic use, animal watering and irrigation) 

• Atmo

• Animals (in field or barn) 

• Cultivated Soil 
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• Farm Products in the Storage, Distribution and Processing System 

owing exposure pathways are carried forward for consideration in the mathematical 
model.  

As s E ered since this 
is n b ation (IAEA, 
200

7.3 Mathematical Model for Radionuclide Behavior and Radiation Dose 
Assessment 

7.3.1 Introduction 

del used to represent the dynamic transfers in the biosphere arising from the application 
of contaminated well-water is represented in Figure 7-1. Mathematical representations of the 
tran  
from the identified exposure pathways are described in subsection 7.3.3.  

The AMBER computer program, Version 5, was used to evaluate appropriate BDCFs for the 
exposure pathways (see Table 7-1) arising from the agricultural and domestic use of the 
con d
(2006).  

The foll

in previou PRI work (2002a), uptake via dermal contact has not been consid
ot elieved to be a significant exposure pathway from groundwater contamin
3). 

The mo

sfers are described in subsection 7.3.2. The equations used to represent the doses arising 

taminate  well water. A description of AMBER can be found in Enviros and Quintessa 

 

Figure 7-1 
Representation of the transfers between compartments of the biosphere 
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7.3.2 Mathematical Model 

7.3.2.1 Inter-compartmental Transfer Processes 

hematical representation of the inter-compartment transfer processes takes the form of a 
ma tr  
of first-orde h
the par

The mat
trix of ansfer coefficients that allow the compartmental inventories to be represented as a set

r, linear differential equations. Generally, for the ith compartment, the rate at whic  
 com tment inventory changes with time is given by: 

⎟⎟
⎠

⎜
⎝

⎟
⎠⎝ ≠≠ ij

iNiij
ij

iiNjjidt
⎞

⎜
⎛

+−⎟
⎞

⎜⎜ ++= ∑∑i NNtSMNdN λλλλ )(  Eq. 7-1 

where:    

Ni is the activity of radionuclide N in biosphere compartment i, Bq, 

is the activity of radionuclide N in biosphere compartment j, Bq, 

M  is the amount of radionuclide M in biosphere compartment i (M is the precursor 

Si  is an external source term of radionuclide N to compartment i, Bq y-1, 

N 

λji  compartment i from the other j (≠ i) 

λ  is the set of transfer coefficients representing the loss terms of N from compartment i 

ntation of the 
transfer processes identified in the conceptual model. 

The processes included dynamically in the conceptual model are shown in Figure 7.1. The 
ons are made on the basis of irrigation of unit area (1 m2), avoiding the need to quantify 

the s irrig
support the n
though soil concentratio  with crop type, because some rotation of crops is assumed 
in t ng te ive 
decay and in  calculate.  

7.3 .1 rrig

Irri  wa
Although a fraction of irrigation water is intercepted by crops, all the activity in the water is 
assu  to e radionuclides in crops due to 
interception of irrigation water are assessed assuming equilibrium with concentrations in the 
irrigation water). The relatively short delay before weathering removes intercepted activity to the 

⎛

Nj 

i

radionuclide of N in a decay chain), Bq, 

(t)

λ is the decay constant for radionuclide N, y-1, 

is a set of transfer coefficients inputs to
compartments in the system, y-1, 

ij

to the other j (≠ i) compartments of the system and to sinks. 

The inter-compartment transfer rate coefficients (λij) are the mathematical represe

calculati
area ated on the assumption that enough water is available to irrigate sufficient land to 

eeds of the candidate critical groups. A single soil compartment is considered, even 
ns may vary

he lo rm. There are a number of loss mechanisms from this soil, as well as radioact
-growth, to

.2.1  I ation source term 

gation ter, extracted from a contaminated well, is assumed to be applied to cultivated soil.  

med nter the soil immediately (concentrations of 
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soil is ignored (so far as the concentration in soil calculation is concerned). Similarly, the 
proportion of intercepted activity which is absorbed by the crop is also ignored (so far as 
calculation of this concentration is concerned). It is assumed that plant material, excluding the 
cropped fraction, is recycled and incorporated into the soil. Changes in irrigation water 
concentrations from the well head to the soil surface are also ignored. Thus, the source term to 
the soil due to irrigation, S, mol m-2y-1, is given by: 

S = VirrCw Eq. 7-2 

where, 

Virr  is the rate of irrigation water applied to the soil, m3m-2y-1, 

Cw  is the radionuclide concentration in the well water, mol m-3. 

7.3.2.1.2 Leaching (and other downward losses) from cultivated soil 

The rate coefficient for the transfer of radionuclides out of cultivated soil due to leaching, λ1I, 
y-1, is given by: 

dR
I

w
I θ

λ =1  Eq. 7-3 

where: 

I is the net annual infiltration/recharge rate, m y-1, 

R is the retardation coefficient for contaminants within the cultivated soil compartment, 

θw is the water-filled porosity of the cultivated soil compartment,  

d is the thickness of the cultivated soil compartment, m. 

The R term is calculated using the following equation: 

d
w

t KR
θ

ρθ )1(
1

−
+=  Eq. 7-4 

where: 

θt is the total porosity of the cultivated soil compartment, 

ρ is the grain density of the cultivated soil compartment, kg m-3, and 

Kd is the linear, reversible sorption coefficient of the cultivated soil compartment, m3kg-1. 

Sorption-derived values obtained from column experiments are considered more relevant than 
batch experiments, where available, being more likely to represent fully the effect of water 
moving through the soil.  
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As discussed in Section 7.2.1, the use of Equation 7-4 neglects a number of chemical effects that 
may occur in surface soil, such as precipitation. Water extracted from a borehole will reflect the 
chemistry of the geological conditions deep in the borehole. As that water contacts the surface 
soil, the potential exists for it to experience significantly different chemical conditions, which 
may lead to reductions in the water concentrations of some radionuclides. Since the 
radionuclides are dissolved in borehole water as they contact the new chemical regime, the only 
potential effects would be to decrease the concentration, for instance by precipitation or co-
precipitation of the radionuclide. There are no chemical processes that would tend to concentrate 
the aqueous concentration of a contaminant during these processes. As a result, the use of 
Equation 7-4 is appropriate, and if additional processes exist it will tend to err on the side of high 
concentrations, leading to high doses. 

7.3.2.1.3 Cropping 

In circumstances of high uptake of radionuclides from soils into growing plants the concentration 
in soils would be modified. The activity in that proportion of plants not returned to soil through 
plant decay, i.e. the proportion removed in cropping, would be lost from the system. It is 
recognized that this process is only significant for those radionuclides that are significantly taken 
up into crops. The crops are assumed to be grown in rotation on the unit area of land, and so the 
loss rate is taken to be the average associated with the five crops considered. The rate constant 
for removal from the soil, λ1C, y-1, is given by: 

d

YSCF

t

cropcropcrop
crop

C ρθ
λ

)1(

)(
5
1

1 −

+
=
∑

 Eq. 7-5 

where: 

CFcrop  is the concentration factor from root uptake for the crop, Bq·kg-1 (fresh weight of 
crop)/Bq·kg-1 (dry weight of soil), 

Scrop  is the soil contamination on the crop, kg (dry weight soil) kg-1 (fresh weight of crop), 

Ycrop is the wet weight biomass of the crop, kg m-2·y-1, obtained at harvest from the unit area 
irrigated. 

In Equation 7-5, the 1/5 term comes from an assumption that all 5 crops are grown in equal 
proportion. 

The equation for the radionuclide concentration in the bulk cultivated soil compartment, Cs, for 
radionuclide N, mol m-3, is: 

d
CV

C
dt

dC wirr
sICN

s +++−= )( 11 λλλ  Eq. 7-6 



 
 

Biosphere Model 

7-11 

Losses due to wind and water erosion are ignored on the basis that either they are not significant 
compared with the other transfers or they are so slow as to require the consideration of biosphere 
change before it would have a significant effect on the radionuclide concentration of the soil 
compartment.  

7.3.2.2 Dose Equations 

Doses have been assessed for each of the pathways indicated in Table 7-1. 

7.3.2.2.1 Consumption of Drinking Water 

The annual individual dose from the consumption of unfiltered drinking water from the well is 
given by: 

wingww CDCINGD =  Eq. 7-7 

where: 

Dw is the individual dose from consumption of well water, mrem y-1, 

INGw is the individual ingestion rate of well water, m3y-1, 

DCing is the dose coefficient for ingestion, mrem mol-1. 

7.3.2.2.2 Consumption of Agricultural Crops 

The annual individual dose from the consumption of agricultural crops is given by: 

cropingcropcrop CDCINGD =  Eq. 7-8 

where: 

Dcrop is the individual dose from consumption of the crop, mrem y-1, 

INGcrop is the individual ingestion rate of the crop, kg y-1, and 

Ccrop  is the radionuclide concentration in the edible part of the crop, mol kg-1 (fresh weight 
of crop). 

The Ccrop  term is calculated using the following equation: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

−
+

−

+
=

−

Y
FFF

Y
FeF

CVI
CSFCFF

C transpabsp
WT

abs
wirrcrop

t

scroppcropp
crop

2312 )1(
)1(

)(
ρθ  Eq. 7-9 
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where: 

Icrop is the fraction of radionuclide in spray irrigation water that is initially deposited on 

e plant 

hat 

p2 sociated with the edible part of the plant 
at harvest that is retained after food processing has occurred,  

Fp3 is the fraction of external contamination from interception that is retained on the edible 
part of the crop after food processing, 

W is the removal rate of radionuclide deposited on plant surface by irrigation by 
weathering processes (weathering rate) including mechanical weathering, wash-off 
and leaf fall, y-1, 

T is the interval between irrigation and harvest, y. 

It should be noted that it is assumed that the crop can be contaminated due to: 

• internal uptake of contaminants from the cultivated soil compartment into the crop via the 

roots (represented by the 

standing biomass, 
Ftrans  is the fraction of absorbed activity that is translocated to the edible portion of th

by the time of harvest (translocation fraction), 
Fabs is the fraction of intercepted radionuclide initially deposited onto the plant surface t

is absorbed from external surfaces into plant tissues, 
Fp1 is the fraction of external soil contamination on the edible part of the crop retained 

after food processing,  
F  is the fraction of the internal contamination as

ρθ )1( t

scropCCF
−  term),  

• external contamination of the crop due to deposition of re-suspended sediment from the 

surface soil compartment (represented by the ρθ )1( t

scropCS
−  term), 

• irrigation (represented by the IcropVirrCw  term). 

It is assumed that contamination can be lost due to:  

• food preparation (represented by Fp1, Fp2 and Fp3 terms), 

• weathering of the external contamination to the soil (represented by the e-WT term). 

An alternative to the e-WT formulation is applied for pasture, see Equation 7-14. This averages out 
processes on-going through the year, and is more appropriate in the case of pasture since 
cropping by cows or sheep would be continuous.  Using e-WT allows the investigation of 
alternative assumptions for T, potentially more significant for crops directly consumed by 
humans. 
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7.3.2.2.3 Consumption of Animal Products 

ual individual dose from the consumption of animal products is given by:  

Eq. 7-10 

where: 

D     is the individual dose from consumption of the animal product, mrem y-1, 

mal product, kg y ,, 

Cprod  is the radionuclide concentration in the animal product, mol y-1 

prod

The ann

prodingprodprod CDCINGD =  

prod

INGprod  is the individual consumption rate of the ani -1

The C  term is calculated using the following equation: 

prodinhairsana

wt

sas
wawfoddfoddprodingprod

BR

INGC
INGCINGCTFC

(
)1(

+

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−

++=
θρρθ  Eq. 7-11 

TFCO )

f 

ht of 
fodder), 

soil from the cultivated soil compartment by the animal, 
kg (wet weight of soil) d-1, 

3 -1

 
, 

where: 

TFproding  is the transfer factor for ingestion for the animal product, d kg-1 (fresh weight o
product),    

Cfodd  is the radionuclide concentration in the animal fodder, mol kg-1 (fresh weig

TFprodinh is the transfer factor for inhalation for the animal product, d kg-1 (fresh weight of 
product), 

INGfodd is the consumption rate of fodder by the animal, kg (fresh weight) d-1, 

Cw is the radionuclide concentration in the well water, mol m-3, 

INGwa is the consumption rate of water by the animal, m3d-1, 
INGsa is the consumption rate of 

ρw is the density of water, kg m-3, 

BRa is the breathing rate of the animal, m h , 

Oan is the occupancy time of the animal in the cultivated soil compartment, h d-1,

Cairs  is the radionuclide concentration in the air above the cultivated soil compartment
mol m-3 
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The Cairs term is calculated using the following equation: 

s
t

sf
airs dust

R
RCE

C )1(
)1(

−
⋅

−
=

ρθ
 Eq. 7-12 

where: 

dusts is the soil derived dust level in the air above the cultivated soil compartment, kg m-3. 
Ef is an enhancement factor to account for the higher activity concentration on the dust 

s 

The prodinh

particles compared with the average soil component particles from which the dust i
derived. 

TF  term is calculated using the following equation:  

)(
)(

1

1

ingf
inhfff

TFTF CL
prodingprodinh

+
=

 Eq. 7-13

where: 

fL is the fraction of inhaled act

 

ivity reaching the systemic circulation following transfer 
across the lung lining. 

odder consumed by the animal depends on the type of animal. In this example, 

ig

fC is the fraction of inhaled activity that is cleared to the gastrointestinal tract. 

f1(inh) is the fraction of inhaled activity, cleared to the gastrointestinal tract, that is 
transferred to the systemic circulation. 

f1(ing) is the fraction of ingested activity reaching the body fluids in man. 

The nature of the f
one animal type is considered, cows. It is assumed that the cows consume fodder grown on 
irr ated land. The Cfodd term, Bq m-3, is calculated using the following equation: 

SDINGWSB
CVICSCF

C
foddpastpast

wirrpast

t

spastpast
fodd 365)1(

)(
+

+
−

+
=

ρθ
 

re:  

CFpast  is the concentration factor for pasture, Bq kg-1 (fresh weight of pasture)/Bq kg-1 (dry 
weight of soil) 

Spast is the soil contamination on pasture, kg (dry weight soil)/kg (fresh weight of 
pasture), 

Eq. 7-14 

whe

past

y-1, 

Ipast is the interception fraction for irrigation water on pasture, 

SBpast is the standing yield of pasture, kg, 

W  is the removal rate of irrigation water from pasture by weathering (weathering rate), 
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SD is the number of animals per unit area, m-2, 

INGFodd  here, CF (Equation 7-11), has to be multiplied by 365 to convert to intake as kg fw
y-1. 

 

Me

•  

• 

chanistically, it is assumed that the animal can be contaminated due to: 

consumption of contaminated fodder (represented by the Cfodd INGfodd term in Equation 7-11);

consumption of contaminated water (represented by the Cw INGwa term in Equation 7-11); 

• consumption of contaminated soil (represented by the wt θρρθ +− )1(  term in Equation -7-
11); 

• inhalation of contaminated soil (represented by the BRa Oan Cairs term in Equation 7-11). 

7.3.2.2.4 Consumption of Soil 

Apart from inadvertent consum

sas INGC

ption due to soil contamination of crops, soil can be consumed by 
humans both inadvertently and deliberately. The annual individual dose to humans from this type 

en by: of soil consumption is giv

wwt

s
ingsoilsoil

C
DCINGD

ρθρθ +−
=

)1(
 Eq. 7

where: 

Dsoil  is the individual dose from consumption of the soil, mrem y-1, 

INGsoil  is the individual consumption rate of the soil, kg y-1, wet weight. 

-15 

7.3.2.2.5 External Irradiation from Soil 

The annual individual dose to humans from external irradiation from soil/sediment, during 
occupancy of the soil compartment, is given by:  

wwt

sextss
exsoil

CDCO
D

ρθρθ +−
=

)1(
 Eq. 7-16 

where: 

Dexsoil  is the individual dose from external irradiation from the soil, mrem y-1, 

O is the individual occupancy in the soil compartment, h y-1, s 

DCexts  is the dose factor for external irradiation from soil, mrem h-1/mol kg-1. 
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7.3.2.2.6 External Irradiation from Immersion in Water 

The annual individual dose to humans from external irradiation from immersion in water is given 

CC  Eq. 7-17 

he water, mrem 
-1, 

is the individual occupancy in the water, h y-1, 

ose coefficient for external irradiation from immersion in water, mrem h-1 / 
mol m . 

n of Dust 

-18 

Ddust  is the individual dose from the inhalation of dust, mrem y-1, 

, 

7.3.2.2.8 Inhalation of Aerosols/Spray in Irrigation Activities 

The annual individual dose to humans from the inhalation of aerosols in water spray is given by: 

Eq. 7-19 

by:  

watimwat DOD = wimw

where: 

Dimwat  is the individual dose from external irradiation from immersion in t
y

O    wat 

DCimw  is the d
-3

7.3.2.2.7 Inhalatio

The annual individual dose to humans from the inhalation of dust, during occupancy of the soil 
compartment, is given by: 

)( / pinhphy
phy

airsinh
norm
airsinhdust OBRCOBRCDCD +=  Eq. 7

where: 

DCinh  is the dose coefficient for inhalation, mrem mol-1,  

BR  is the normal breathing rate of the human, m3·h-1, 

BRphy  is the breathing rate for physical working in dry soil conditions, m3·h-1, 

Oinh  is the inhalation occupancy for normal activity, h y-1, 

Oinh/p  is the inhalation occupancy during hard physical activity in dry soil conditions, h y-1

Cairs  is as defined by Equation 7-12 with appropriate substitution for dusts under normal 
dust loading conditions (norm) and under physical working conditions (phy) as 
defined in Table C-2, Appendix C, mol m-3. 

waeroaeroinhaero COAIRBRDCD =  
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where:

Daero 

Airaero is the aerosol level in the air in the area affected by aerosols/spray, m3·m-3, 

Oaero  is the individual occupancy in the area affected by aerosols, h y-1.    

 

is the individual dose from the inhalation of aerosols, mrem y-1, 

Biosphere Dose Conversion Factors (BDCFs) used in IMARC 10 are listed in Table 7-2. 
Sensitivity and uncertainty analyses have been carried out for the BDCFs implemented in 
IMARC 10, and are presented in Appendix C. The purpose of these analyses is to provide a 

 
 

tive compared to values that would represent 
(the dominant TSPA 

but other key radionuclides (e.g. 
factor of 2. 

Table 7-2 
 C. 

foundation for understanding the variability of the biosphere model output on variability and
uncertainty in the model input parameters. These analyses demonstrate that the deterministic
BDCFs used in the model are moderately conserva
the mean value of an output distribution. The deterministic value for 129I 
radionuclide) is higher than the mean by about a factor of 4, 
99Tc, 237Np) are higher by less than a 

BDCF values used in IMARC 10, derived from the parameters presented in Appendix

Radionuclide BDCF (mrem/y per mol/m3) 

Tc-99 8.0E6 

I-129 3.9E7 

Np-237 4.5E8 

U-233 1.2E9 

Th-229 2.8E12 

Pu-239 1.3E11 

U-235 2.5E5 

U-238 3.8E4 

U-234 7.6E8 

Th-230 1.3E11 

Pu-242 4.5E9 

Cl-36 3.1E7 

Se-79 2.9E7 
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7.4

Since 2002, the EPRI conceptual model has been compared with ned for 
similar long rposes within 
exer national B

 Model Comparisons and Verification 

other models desig
-term performance assessment pu

cises carried out as part of the inter
a series of model comparison 

IOPROTA program www.bioprota.com. These
lides in soil; inhala

 
comparisons addressed: accumulation of radionuc tion exposure due to dust 
suspension; and the direct food chain contamination effects of spray irrigation (BIOPROTA, 
2005 he radionuclides considered in eac
TSPA. The program of comparison exercises effe  
among radio-ecology and dose assessment experts fro . No substantive errors 
or omissions were found in the EPRI approach. 

 

a; b; c). T h case include those pertinent to the EPRI 
ctively constituted a major peer review process

m around the world
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8  
N OF IMARC CODE STRUCTURE DESCRIPTIO

In this chapter, the structure of the IMARC software is outlined. These details are included t
provide a clear concept of the organization of the software.  

o 

ed 

different computing platforms: from PC to VAX, DEC and IBM UNIX workstations.  

ide 
l 

an extensive revision of the code was undertaken, with the result denoted as IMARC 8. It is 
noteworthy that the changes resulting in IMARC 8 were predominantly those associated with 

, and maintenance. There were few substantive changes in the TSPA 
methodology from Phase 7 to Phase 8. 

The programmatic structure of the EPRI team led to a modular development of IMARC 8 
(carried forward into the current IMARC 10). The modular structure is intended to allow 
independent research providers to modify parts of the code as new information becomes 
available. The current structure of IMARC is an aggregation of four “stand-alone” programs, 
with the data transfer between them carried out by COMMON blocks with subsequent re-
assignment of the variables and arrays in each individual subroutine. IMARC 10 represents 
updated parameters and improved estimations. The four main programs in IMARC 10 are:  

8.1 Context for the Current IMARC Structure 

The IMARC code, version 7 was placed under a configuration management system in 2003.  
IMARC 7.0 has since undergone restructuring first as IMARC 8.0 in 2005 and subsequently 
IMARC 9.0 in 2007 and IMARC 10 in 2008.  The code structure for Versions 8 - 10 is describ
in this chapter.  

IMARC 7.0 was a set of more than 40 FORTRAN source code files, each one of which 
contained multiple subroutines. These files were developed at different times for different 
purposes and under different Fortran compilers: Microsoft Power Station 4.x, Compaq 6.x 
Salford, Watcom and AIX Fortran (UNIX).  Currently, IMARC is compiled under Compaq 
Visual Fortran version 6.6. In addition, IMARC 7.0 contained features intended to be run on 

Given the complexity of the history of the component codes, IMARC was restructured to prov
greater traceability and clarity in the FORTRAN coding. In addition, it was found that severa
variables had the same name, but different interpretations in different subroutines making it 
difficult to follow the code logic, the sequence of computations, and data transfers. As a result, 

code restructuring, testing

8.2 Development of IMARC 8 through 10 
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• IMARC, which is an executive program used to establish the event tree, propagate 
uncertainty through the models, and control execution of the process model software; 

• COMPASS, which is a process model code for evaluating transport of radionuclides from the 
repository. The processes considered in the model include considerations of flow, chemistry, 
radioactive decay and ingrowths, and the effects of the waste package on limiting transport; 

• the unsaturated-zone (UZ) code (unnamed) is a process model code accounting for flow and 
transport below the repository horizon to the water table. This code carries out a solution of 
the transport equations using a finite difference representation for the spatial variable and an 
implicit time-stepping method for the time domain; and 

• the saturated-zone (SZ) code (unnamed) is a process model code accounting for flow and 
transport in the saturated zone. This solves the transport equation using the Galerkin finite-

thod in the spatial domain and a Laplace transform solution for the time domain. 

As discussed in Chapter 4, failure distributions for the drip shield, waste package, and cladding 

s, and 

ed, using common input and output files, from a software perspective the UZ 
and SZ codes represent a single code. 

, input/output files, associated INCLUDE files, called subroutines, main variables, their 
dimensions, and unit conversions. More significant changes to the structure and organization of 

ed in an implicit manner by internal recursive calls between the two identical 
subroutines TREEU and TREEU2 until the entire event tree is processed. This organization 

aths of 
 do-

 calling subroutine TERMU to perform an end-branch analysis for the given 
combination of the input parameters. In this way the code and the algorithm of IMARC was 
made more clear and easy to understand;  

• During the phased development of IMARC, several parameters were assigned different 
names when passing them from one subroutine to another mainly as formal arguments in the 
call operators. A change has been made to unify parameter names throughout the code; and 

element me

were generated in a separate, Monte Carlo program.  The mean of each of these failure 
distributions was translated into a lookup table used in the IMARC program.  Mathematically, 
the flow and transport solutions for both UZ and SZ are carried out using different method
are conceptually considered distinct codes. However, functionally, the flow and transport codes 
are quite intertwin

Changes in the code between Versions 7 through 10 are documented using extensive comments 
and remarks in the FORTRAN source code. In the code, they are indicated by *, *gm, or *mwk 
rather than “c” in the first column of the comment lines, which indicated comments from older 
versions of IMARC. Wherever possible, comments have been added describing the module 
purpose

the code include: 

• The call from TREEU/TREEU2 to external routine END_ROUTINE is replaced with one 
explicit call to subroutine TERMU; 

• In the IMARC Version 7.0 source code the “event tree path sampling” processing is 
organiz

is replaced by one explicit do-while loop located in the main IMARC program. In general, 
this loop incorporates the same algorithm from the TREEU/TREEU2 with minor changes 
concerning the termination of the processing along the individual and along the main p
the logic tree. When all paths of the logic tree are processed, there is an exit from this
while loop
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• alars and arrays have been set to REAL*8, as it has been found that throughout the 
em are transferred with changing precision between the routines. This is 

particularly important since the concentrations produced in IMARC have very low values. 

 In the IMARC 7.0 source code there was an option specifying the flow velocities in the SZ 
either to be computed or to be introduced from externa  For large numbers of 

 this cou ad rope elocity field o
occurring, the flow velocity fields have been set to be computed on every run. This does not 
cause a significant increase in computation time, as one run of the module FLOW3D takes 

In the subroutine NUMSZT, the Laplace Transform Galerkin method is applied to compute the 
tran e saturated zone. The previous IMARC versions assumed the Laplace inverse 
tran de’s concentrations on selected set of nodes including those at the 
downstream and top stream faces and the nodes in close vicinity of the observational wells only. 
F urpos stigatin  tem the radionuclides in the 
water table (saturated zone) t fie ow assumes Laplace inverse transformation of 
the nuclide’s concentrations in the entire saturated d main do w ificant 
change in computation time.  

8.3 Input Structure 

In IMARC, there are two approaches for character recogn  reading and processing 
input data. The first one is used in COMPA S. Thes  data om ut at, 
which provides repository and the container parameters, c rameters, radionuclides and 

eir decay chains, etc. The character recognition is used to define which block of the input data 
is currently processed according to set of “key words” previously defined in the code. The 
sub  character recognition have been placed in the file Imarc_input.f. The 
key words are situated at the beginning of the first line of each data block in the file ST.dat. 

 w tro s ro r ng essi e i
This organization of the input is very flexible and it does not require any previously defined 
seq ce o oc the .dat. 

The second approach is used in the input of hydrological data from the file HT.dat. The code 
use harac nes n the i ile c o , which 
contain data, and which represent the end of a data block. At the beginning of every line in 
HT.dat, a text character string is read. It is then written to an buffer defined in 
Ima _IO_ e first character in the text string s “c” ( ing n ” 
(“end” used  the end of the data block) this line is s d the next line is processed. 
This approach is applied to skip the numerous and useful comment lines in the file HT.dat, so as 
to overcome the problems caused by differences etween early versions of DOS/Windows and 

NIX in coding the “end of line” (line feed or carriage return). The sequence of the input data is 
strictly defined in subroutines READinit, READst and INRES called during the first runs of the 
modules calculating the flow and the transport in the unsaturated and saturated zones.   

All real sc
code several of th

•
l files.

computations ld le  to the use of imp r v s. To prevent this fr m 

about 10 seconds. 

sport in th
sformation of the nucli

or the p e of inve g the
he modi

poral-spatial distribution of 
d code n

o . The tests  not sho any sign

ition during
S e  are read fr

orrosion pa
 the inp  file ST.d

th

routines used for this

These key ords con l the call to sub utines fo  readi and proc ng th nput parameters. 

uen f the data bl ks in  file ST

s c ter recognition only to identify which li  i nput f

 internal 

ontain c mments

rc buf.fi. If th
 to define

 i denot
kipped an

“comme t”) or “e

b
U
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All input files are placed in a subfolder called .\INPUT.  These input files are: 

LOGICTREE.IM3
LAPLACE.DAT, 
ST.DAT,  
WPF.DAT,  
THER NP
NUCLID.PAR, 
HT.DAT, a
SATRAP. T. 

All output files are placed in a subfolder called .\RES. These are

IMARC.OUT, 
DOSE.
ST.OUT
IMARC_WPF.OUT,  
PROF
IMARC_NUC.OUT, 
HT.OUT, 
SATRAP. , 
BTC.OU
BTC_NC.OUT, and 
FLUX.

The grid generation module for the SZ flow and transport computations allows the possibility to 
generate either 3D or 2D uta al dom ins based on hex  br e
varying dimensions. The 2D representation of the SZ is carried ne hexahedral element 
in the  dir . T sts parin he resul  from he s 
2004a) indicate that precision is not lost in the arrival time and es of the maximum 
concen s at w am  but t t sig red p e 
achieved.  

he present 2D version of the transport in the SZ is found to be relatively fast and computational 
proved 

aces. This file is named 
he 

 

,  

MOHYD.I , 

nd 
DA

  output files : 

OUT, 
,  

MF.OUT, 

OUT
T, 

OUT. 

 comp tion a ahedral (or
 out with o

ick) elem nts with 

vertical ection he te  com g t ts the 2D and t
 in the valu

 3D case (EPRI, 

tration  the do nstre  face ha nificant uction in com uter tim is 

T
constraints could be loosened, increasing the number of the output times, allowing for im
output resolution. It is necessary to evaluate the relationship between the number of output times 
and the Laplace spaces. This evaluation illustrates the desirability of the use of a new input file to 
define the output times and the number of the Laplace sp
LAPLACE.DAT; it is opened in the main IMARC routine, as the output times are needed for t
formation of the final output tables. The tests with more detailed temporal discretization show 
that unexplained peaks or depressions in the concentrations at the downstream face, observed in
older versions of IMARC, are associated with the relationship between the number of Laplace 
spaces and the output discretization. The basic principle for the number of Laplace spaces is that 
the number of the output times has to be equal and evenly spaced in each one of the Laplace 
spaces (Sudicky, 1989; Sudicky and McLaren, 1992).
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9  
CONFIGURATION MANAGEMENT AND QUALITY 
ASSURANCE 

All IMARC activities are carried out under an appropriate quality assurance program. This 
program has several main elements:  

• rification, and benchmarking of components of IMARC, 

• 

• Documentation of each stage of development of IMARC, and 

 with DOE and NRC TSPA analyses of Yucca Mountain.  

ogram.  

ation, and Benchmarking 

able 9.1. 

Testing, ve

Ensuring traceability of results, 

• Comparison of IMARC

• Publication of IMARC results in peer-review literature, at conferences, and to oversight 
committees such as the Nuclear Waste Technical Review Board (NWTRB) and the NRC’s 
Advisory Committee on Nuclear Waste and Materials (ACNW&M). 

In this chapter, a summary is presented of activities in each of these elements of the 
configuration management and quality assurance pr

9.1 Component Testing, Verific

Individual chapters of this report have presented details of specific testing activities that have 
been conducted for component models in IMARC. These activities are summarized in T
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Table 9-1 
Summary of Testing Activities for Component Models in IMARC 

Testing Activities Component Model 

Climate, Infiltration, and Percolation Comparisons conducted between FEPS and 
results from analyses conducted by DOE, NRC, 
USGS, and others.  

Seepage Model is derived from DOE’s analysis of seepage. 
Comparisons conducted of FEPs and results with 

s. DOE analyse

Near Field  Benchmarking analyses conducted for analytical 
solutions for near-field transport. 

Corrosion  Benchmarking analyses conducted with prior 
analyses of corrosion by the EPRI team. 
Comparisons conducted of FEPs included in DOE 
analyses. Comparisons conducted of results from 
DOE analyses. 

Unsaturated Zone  Benchmarking analyses conducted with analytical 
ods. 

DOE and 
al 
work 

to evaluate the response of the hydrological 
system. 

solutions and alternative numerical meth
Comparison with FEPs implemented in 
NRC conceptualizations. Alternative conceptu
models implemented outside the IMARC frame

Saturated Zone  rking analyses conducted with analytical 
ns and alternative numerical methods. 

Evaluation of the numerical implementation of the 
Laplace Transform inversion method to ensure its 

n with FEPs implemented 
in DOE and NRC conceptualizations. Alternative 

Benchma
solutio

convergence.  Compariso

conceptual models implemented outside the 
IMARC framework to evaluate the response of the 
hydrological system.  

Biosphere International peer review through participation in 
BIOMASS. Intercomparison of the biosphere model 
with alternative models for the same processes. 
Comparisons conducted of FEPs and results with 
DOE’s biosphere model. 
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9.2 Ensuring Traceability of Results 

9.2.1 Introduction 

Information technologies have advanced in parallel with the development of IMARC, and 
approaches to establishing traceabilty of calculations and input data that were appropriate in 
early phases of IMARC no longer represent best practice. As a result, an information 
management system has been implemented to improve the approaches to documenting and 
tracing IMARC analyses. The intention of this information management system is to provide the 
ability to trace inputs and outputs associated with an IMARC analysis. 

An IMARC analysis contains the detailed input and output of a number of subsystems that 
directly or indirectly interact with the repository over a long period of time.  These subsystems 
include climate/infiltration, seepage, near field (NF), engineered barrier system (EBS), 
unsaturated zone (UZ), saturated zone (SZ), and biosphere.  The important aspects of “proper 
management” of the TSPA calculation are transparency, traceability, and consistency.  
Traceability and transparency are intended to allow any individual to trace the TSPA results to 
the conceptual models and parameter values used in the calculation.  The individual would also 
be a re 
that nceptually consistent.  For 
example, water chemistry affects two subsystem models: the near field and the unsaturated zone.  

in 

 other 
 of 

AIMS consists of the information container and user interface shell.  The procedures, a series of 
Visual Basic program commands, serve as links etween the information 
and the user interface at the user’s discretion, as shown in Figure 9-1. 

ble to trace the parameter values to their original sources.  Consistency is intended to ensu
 information used in more than one place in the analysis is co

If new information is introduced reading water chemistry, the corresponding input parameters 
both subsystems should be changed accordingly.   

To serve the above purposes of information management for IMARC, the ACCESS IMARC 
Information Management System (temporarily named as AIMS) has been developed.  The 
system uses Microsoft ACCESS, which makes it easily available and easy to use.  The
advantage is that ACCESS can interchange spreadsheets with Excel, which allows importation
IMARC results into AIMS.  

9.2.2 AIMS Structure 

and communications b

9-3 



 
 
Configuration Management and Quality Assurance 

 

Figure 9-1 
AIMS structure. 

The Information Container contains all the information necessary to IMARC including value, 
unit, subsystem, sources, date (of entering the system), person (who entered the information), 
and IMARC number.  The IMARC number is a unique IMARC run number that links the 
parameters to a specific IMARC calculation, as well as input files used in and output files from 
the calculation.   

The information includes input parameters, output results, and conceptual model description.  
The type of information can be fixed single-value or tabulated tables, uncertain parameter with 
low, mean, and high values and their corresponding probabilities, files, words, and graphics.  The 
information will be grouped into tables.  These tables look similar to spreadsheets in Excel but 
have a lot of functions for linking, tracing, and querying data.  A few examples will be given 
below. 

Table 9-2 gives an example of uncertain parameters, which, in this case, is alteration time. Note 
that the “Source” information shown in the following tables are abbreviated reference.  The 
actual reference in the actual database is complete.  For example, “EPRI (1998) TR-1011813” 
shown in Table 1 is actually “EPRI (1998) Alternative Approaches to Assessing the Performance 
and Suitability of Yucca Mountain for Spent Fuel Disposal: Phase 4, TR-108732” in the 
database.  

Table 9-3 is an example of information of tabulated data with graphics that are stored in Excel 
files.  The “value” of “Filename” column is the hyperlink to the file in the disk. Table 9-4 is an 
example of information of tabulated table, which, in this case, is the climate information 
containing sequence, climate description, and duration. Table 9-5 is an example of fixed 
parameters.   
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9-5 

Table 9-2 
Alteration Times 

Unit Low  Plow* Medium Pmed* High Phigh* Subsystem IMARC  

Number

Note Source Date Person 

years 3000 0.05 1000 0.9 5000 0.05 NF 1  EPRI(1998)  

TR-108732 

7/24/07 W. Zhou 

*“Plow”, “Pmed”, and “Phigh” denote probabilities for low, medium, and high values. 

 

Table 9-3 
Characteristic Curves 

Material Filename Sub-
system 

IMARC 
Number 

Note Source Date Person 

Ch1VI CHnv_Curve.xls UZ 1  EPRI (2005) 
TR-1011813 

7/24/07 W. Zhou 

Ch2 Ze CHnz_Curve.xls UZ 1  EPRI (2005) 
TR-1011813 

7/24/07 W. Zhou 

TSw35 TSw_Curve.xls UZ 1  EPRI (2005) 
TR-1011813 

7/24/07 W. Zhou 

TSw38 TSv_Curve.xls UZ 1  EPRI (2005) 
TR-1011813 

7/24/07 W. Zhou 

 

Table 9-4 
Climate Parameters 

Sequence Climate Duration 
[y] 

Sub-
system 

IMARC 
Number 

Note Source Date Person 

1 Greenhouse 1000 climate 1  EPRI 
(2005) TR-
1011813 

7/24/07 W. Zhou 

2 Interglacial 1000 climate 1  EPRI 
(2005) TR-
1011813 

7/24/07 W. Zhou 

3 Full glacial 
maximum 

998000 climate 1  EPRI 
(2005) TR-
1011813 

7/24/07 W. Zhou 
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Table 9-5 
Density Parameters 

Material Unit Value Sub-
system

IMARC 
Number 

Note Source Date Person 

Alluvium kg/m3 1910 SZ 1  EPRI (2002) 
TR-1003031 

7/24/07 W. Zhou 

Bf kg/m3 2040 SZ 1  EPRI (2002) 
TR-1003031 

7/24/07 W. Zhou 

Ch1 VI kg/m3 1737 UZ 1  EPRI (1998) 
TR-108732 

7/24/07 W. Zhou 

Ch2 Ze kg/m3 1746 UZ 1  EPRI (1998) 
TR-108732 

7/24/07 W. Zhou 

Corrosion 
product 

kg/m3 5240 NF 1 assume 
Fe2O3 

DOE (2001) 
TDR-MGR-MG-

000007 

7/24/07 W. Zhou 

Invert kg/m3 2250 NF 1  EPRI (2002) 
TR-1003031 

7/24/07 W. Zhou 

NF rock kg/m3 2250 NF 1  EPRI (2002) 
TR-1003031 

7/24/07 W. Zhou 

TSw35 kg/m3 2247 UZ 1  EPRI (1998) 
TR-108732 

7/24/07 W. Zhou 

TSw38 kg/m3 2308 UZ 1  EPRI (1998) 
TR-108732 

7/24/07 W. Zhou 

Waste kg/m3 5240 NF 1 compart
ment 
model 

EPRI (2002) 
TR-1003031 

7/24/07 W. Zhou 

 

Each column represents a unique property of the information.  The combination of these 
properties defines a unique record of the information.  These properties are the basis for building 
functions such as querying, tracking, relating, etc.   

On the other hand, categorizing information in the way shown in above table examples help 
ens ” densities 
are s should be, at least, similar.  Any 
differences that cannot be comprehended would indicate potential errors and deem a scrutiny.  

Figure 9-2 displays all the primary tables in the database.  Each box represents a table.  Each line 
of word(s) in a table represents a column that is a property of the information contained in the 
table.  It can be seen that there are common properties in all tables: “IMARC_No” (i.e., IMARC 
Run Number), “Subsystem”, “Note”, “Source”, “Date”, and “Person”.  These are properties for 
quality assurance purposes.  There are also common properties such as “Nuclide”, “Element”, 
and “Subsystem”, etc that link the different tables so that the information is traceable and 
consistent.   

ure the consistency of the information.  For example, the “NF rock” and “TSw35
used in different subsystem models but their value

9-6 



 
 

Configuration Management and Quality Assurance 

An important table “IMARC Runs” shown in Figure 9-2 records each IMARC calculation that is 
defined by the “Phase” (i.e., the phase number: e.g., “Phase 9” or “Phase 9a”. The latter denotes 
a small deviation from “Phase 9”), the “Purpose” (e.g., sensitivity analysis, new parameters, …),
the “Scenario” (e.g., nominal), etc.  This table is linked with another two tables through the 
IMARC Number: “IMARC Input” and “IMARC Output”.  The latter two tables link the inpu
files used in, and the output files generated from, the given IMARC calculation to the databas
All the param

 
 

t 
e.  

eter values used in the given IMARC calculation are also linked through the 
IMARC Number.  Furthermore, the table “IMARC Runs” also links with the “Model” table that 
contains conceptual model description for each subsystem. 

 

 

Figure 9-2 
Primary information tables in AIMS.  The colored properties are common properties that 
link information in different tables. 
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9.2.3 AIMS Functions 

The structure described above is the basis for the database functionality.  When opening AIMS, 
the main window shows up (Figure 9.3).  This window displays the two main functions provided 
by AIMS.  These functions reflect the user requirements that have been identified up to date.  
The users may be EPRI IMARC team members or independent reviewers.  Two major 
functionalities in the current version of AIMS are: 

• Review of previous IMARC calculations and 

• Launch new IMARC calculations. 

The first function requires traceability from the results to the models and parameter values.  The 
second function provides a QA guidance to the user who wish to launch a new IMARC 
calculation, thereby reducing human errors.  Both functions will be described below in details. 

 

Figure 9-3 
The main window shown after AIMS is launched. 

9.2.3.1 Review of Previous IMARC Calculations 

This function is designed to fulfill requirements by users who wish to inspect previous IMARC 
calculations.  The information includes  

• Key results 

• Conceptual models (descriptions and major assumptions) 

• Parameter values 
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The information trail provided by the current version of AIMS is illustrated in Figure 9-4.  As 
shown in Figure. 9-4, once the user select a previous IMARC run, the user has four trails to 
review the information that has been related to the calculation: 

• Check the input and main output files; 

• Read the detailed report; 

• Follow the trail of a given subsystem: conceptual model and the parameters used; 

• Follow the trail of a given nuclide: the peak dose and time as well as all the parameters 
related to the given nuclide/ radio-element.   

 

 

Figure 9-4 
The four information trails provided by the current version of AIMS. 

To use this function, the user must first select an IMARC run from the list box shown in Figure 
9-3.  The selection prompts a summary report for the given calculation as shown in Figure 9-5.  
Meanwhile, the hyperlink to the detailed report shows up in the main window (Figure 9-5).  
Clicking the hyperlink, the user can open the detailed report in either Word or PDF format.   
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Figure 9-5 
Summary report of a previous IMARC run prompted after selecting a run number from the 
list box.  The hyperlink to the detailed report is also shown.   

To view the input or output files directly, the user simply clicks “View Input Files” or “View 
Output Files” buttons shown in the main window (Figure 9-3).   

To follow the subsystem model and parameter trail, the user clicks “View Model Description” 
button in the main window (Figure 9-3).  This opens a window shown in Figure 9-6(a) where the 
subsystem and a brief conceptual model description are displayed.  If clicking “View 
Parameters” button, all the parameter values related to the given subsystem are displayed in a 
new window shown in Figure 9-6(b).  By navigating records at the left bottom of the “Models” 
window shown in Figure 9-6(a), the user can obtain the similar information for other subsystems.  
The subsystem example in Figure 9-6 is the Climate/Infiltration.   
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Figure 9-6 
(a) The “Models” window displays the subsystem model assumptions.   
(b) The subsystem parameter window displays all the parameter values related to the 
selected subsystem.  AIMS These parameters are read-only.   

To follow the key result to nuclide parameter information trail, the user must click the “View 
Key Results” button in the main window shown in Figure 9-3. Then, AIMS opens a window 
shown in Figure 9-7(a) that displays the peak dose and peak time for all nuclides.  Below the 
dose results, there is a list box containing nuclides.  By selecting a nuclide and then click “View 
Nuclide Parameters”, AIMS opens a another window that displays all parameter values relevant 
to the selected nuclide shown in Figure 9-7(b).  The example in Figure 9-7(b) is Np-237. 
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Figure 9-7 
(a) The “Key Results” window displays peak doses and times for all nuclides.    
(b) The nuclide information window displays all the necessary information related to the 
selected nuclide (Np-237 as an example).   
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9.2.3.2 Start a New IMARC Calculation 

The second major function is designed for IMARC team members.  The purpose is to m
human errors while the user is conducting a new IMARC calculation.  The built-in procedures 
guide the user with automated steps and document the process.  Once the user chooses to 
generate a new calculation, AIMS automatically assigns a new IMARC run number.  Afterwar
an interface will be prompted to guide the user going through eight steps as shown Figure 9-8
Each step, except for the first step, relies on the completion of the prev

inimize 

ds, 
.  

ious steps.  The completed 
re documented such that the user may interrupt and then resume the process anytime.  steps a

Each step will be explained as follows. 

 

Figure 9-8 
The “New Calculation” menu guides the user to conduct a new IMARC calculation. 

 calculation will be based.  

piece of information.  In this way, all the parameters for 

r to 

Step 1:  Select an old IMARC run number on which the new IMARC
Assuming most parameter values and conceptual models remain the same as one of the previous 
IMARC calculations, the user would wish to change one or more parameters for various 
purposes such as sensitivity analysis, implement new information, etc.  Without selecting an old 
IMARC run, the user will not be allowed to go to the next step.   

Step 2:  Duplicate the information (i.e., parameters and model descriptions) in the database and 
assign the new IMARC number for each 
the new calculation have been registered in the database.  The user will be informed when the 
duplication is completed.     

Step 3:  Enter the new parameter values and/or information by modifying the duplicated 
parameters.  The user has choices to modify one or all the information relevant to the new 
IMARC calculation.  By clicking this button, AIMS opens a new window that allows the use
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modify one or all parameters/information by clicking a button shown in the window 
9(a)).  Figure 9-9(b) shows an example of modifying alteration time.  Before these modification 
windows open, AIMS will ask for the user’s name and register the date of the change.  After 
modification of p

(Figure 9-

arameters, AIMS will remind the user to provide the source for the new 
information.  AIMS will also automatically put the user’s name and the date to the new 

.   information record.  Note that it is the user’s responsibility to enter the valid name and source

 

Figure 9-9 
Step 3: (a) The menu allows the user to modify any parameters.  (b) A parameter 
modification example: modifying alteration time.   
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Step 4:  After completing parameter/information modification, the user must document the 
changes by clicking the Step 4 button.  AIMS will then scan the changes by comparing the data 
for the ument the 
change 0.  By 
clicking f the 
input fi

new IMARC run with the previous run that the new run is based on and doc
s in a text file.  AIMS will show a hyperlink of the file as shown in Figure 9-1
 the hyperlink, the file will be open and can be used to guide the modification o

les.   

 

Figure 9-10 
The hyperlink of the file documenting the changes the user made for the new IMARC 

y to create the input 
.  The current version of AIMS does not provide the user 

e .  Instead, AIMS guides the user to create input files by 
at the new run is based on.  By 

c S creates a subdirectory for the new IMARC calculation.  
e iles to the new subdirectory and rename the files with the new 

tabase subdirectory, 
an example is shown in Figure 9-11.   

calculation (Step 4).   

Step 5:  After documenting the information modification, the user is read
files for the new IMARC calculation
int rface for creating new input files
copying and modifying the input files of the old IMARC run th
cli king the button for Step 5, AIM
Th n, AIMS copies the old input f
IMARC run number.  To understand this process and also to maintain the da

 

Figure 9-11 
The layout of AIMS directory and subdirectories.  
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In Figure 9-11, the “\Database” directory is where AIMS resides.  The “\Files” subdirectory 
contains the following directories and files: 

• “IMARC_Run_1” is a directory storing an old IMARC calculation designated as the Run 
No.1.  The “Input” and “Output” subdirectories store the input and output files, respectively, 
related to IMARC Run No.1. 

• “IMARC_Run_2”, in this example, is a new directory created for the new IMARC 
calculation designated to Run No.2.  Its input files are copied from an old IMARC run (No.1 
in this example) and are stored in the “Input” subdirectory.  Because the Run No.2 has not 
completed in the example, there is no “Output” subdirectory.   

• IMARC.exe is the executable code of IMARC.  

• “\Input” is the directory storing IMARC input files that will be accessed by IMARC.exe 
during execution. 

• “\RES” is the directory storing IMARC output files during IMARC.exe execution.   

Note that all the files and directories should not be removed nor renamed.   

After the input files are copied, AIMS opens a table that contains the hyperlinks to the files as 
shown in Figure 9-12.  The user can then open these files and make changes as necessary.   

 

Figure 9-12 
The AIMS window shows the hyperlinks to the input files.  By clicking a link, the input file 
will be open and ready for modifications (Step 5). 
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Figure 9-12

• BDCF.d

• LogicTree.IM3:  logic tree information 

 shows that six input files are specific for a given IMARC calculations: 

at: biosphere dose conversion factors 

• Nuclid.Par: sorption and solubility data 

• WPF.dat: distributed waste canister failure 

• St.dat: source-term data 

d transport data. 

C.  
 

a e calculation progress (Figure 

• Ht.dat: UZ and SA flow an

Note that the filenames shown in Figure 9-12 all have the Run Number attached for QA 
purposes.  It is user’s responsibility to ensure the modified files are valid input files of IMAR
Other files that are read by IMARC are actually invariant to most IMARC runs and thus are
saved in the “\Files\Input” all the time.   

Step 6:  Clicking this button, the user is first asked if ready for making IMARC calculation.  By 
answering “yes”, AIMS first copies all the input files from, for example, 
“…\Files\IMARC_RUN_2\Input” to “…\Files\Input” and rename them to those that IMARC can 
recognize (i.e., without the Run Number).  Then AIMS launches the IMARC calculation.  
During the calculation, a console window is shown th t displays th
9-13).   

 

Figure 9-13 
The PC console shows IMARC calculation progress (Step 6). 
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Step 7:  After IMARC calculation is completed, the user must copy the major output files from 
“…\Files\RES” directory into the directory designated for this calculation (the 
“…\IMARC_Run_2\Output” directory in the example shown in Figure 9-11 and Figure 9-12) 
and link the files to the database by clicking Step 7 button.  Afterwards, the output file 
hyperlinks are displayed as shown in Figure 9.14.  The user can click the link to view the files.  It 
can be seen that two major output files that are saved with the database are IMARC-2.out and 
Dose-2.out.  Note that “IMARC-2.out” is the copy of “IMARC.out” and “Dose-2.out” is the 
copy of “IMARC_epadose.out” in the “…\Files\RES”, respectively.  Other output files will not 
be linked with the database due large volume with relatively less useful information and will be 
overwritten once a new IMARC calculation is launched.  However, by preserving all the input 
files for this IMARC run, these output files can be recreated at anytime if necessary.   

 

Figure 9-14 
ile hyperlinks for the IMARC calculation just The AIMS window shows the IMARC output f

completed.   
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Step 8:  The key information from any IMARC calculations is the peak dose the time for each 
nuclide.  This information can be obtained by clicking Step 8 button.  AIMS will calculate the 
peak dose and time for each nuclide from the dose file and put the results into the database.  A
the end of the operation, AIMS will open the table containing the results as shown in Figure 9-
15. 

t 

 

Figure 9-15 
The AIMS window displays peak dose and time for a given nuclide (Step 8).  The example 
shown in the figure is for I-129.  The navigator at the bottom of the window allows the user 
to see the peak doses and times for other nuclides.   
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Step 9:  This is the last step for completing the documentation of a new IMARC run.  By 
clicking this button, a window shown in Figure 9-16 is open and allows the user to enter the 
necessary information.  The user does not have to complete this form in one session and AIMS 
will remind the user about the unfinished tasks.  After all the necessary information is entered, 
AIMS will regard the documentation completed, which means that this IMARC run can be 
available for inspection by any individuals and the new run will be allowed.   

 

Figure 9-16 
The final documentation window for the new IMARC calculation (Step 9).   

9.2.4 Summary 

AIM
currently provides two user functions:  information inspection for previously completed IMARC 
calculations and QA documentation for a new IMARC calculation.  The structure of AIMS is 

ach and the current IMARC code structure.  
Implementation of AIMS is intended to improve the tracebility, transparency, and consistency of 
IMARC analyses, and to ensure that future developments of IMARC are conducted according to 

S is the information management system for IMARC modeling and calculation.  AIMS 

tailored to the current event-tree appro

these improved standards.  
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9.3 Documentation of IMARC Phases 

The third element in quality assurance of IMARC has been complete documentation and version
control of each phase of the development of the code

 
, as well as reports of topical interest, 

publications in journals, and conference presentations that have drawn on IMARC for results. A 

 in 
Appendix A. It is necessary to consider each stage of IMARC development in the context of the 

d the 

In addition, IMARC has been used to support a number of EPRI reports of topical interest (see, 
e.g. a, 2005a,d, 2006b,c, 2008a). Within these reports lies additional support for the 
cap s between 
the consideration of FEPs in IMARC and those implemented by DOE and NRC. The complexity 
and diversity of the topics addresse e reports makes it difficult to easily d  a 
summary fashion, their impact on IMARC quality assurance. However, in all cases there has 
been a clear understanding by the EPRI project team of the IMARC analysis, and the alternative 
viewpoints held by DOE or NRC. In ses the reasons for differences between the analyses 
were understood and justified, and those differences assisted in producing insight into the 
pote e Yucca M tain repository. 

9.4 Independent Peer Review

An independent peer review of IMARC 9 was commissioned in 2007 by EPRI to help 
substantiate the quality of th
an international review team 
objective of the review team was to review and critically analyze the TSPA methodology and 

tionale used in the development of IMARC 9 including its sub-models, in view of current 
owledge and understanding.  Additional objectives were: 

• to comment on the adequacy of the IMARC 9 methodology for supporting EPRI’s  objective 
of developing an independent code for gaining risk-informed insight into major features, 
events and processes associated with the YM TSPA; 

• to provide recommendations for specific improvements that would help IMARC’s continued 
role in evaluating issues and sensitivities associated with the YM TSPA. 

The review team concluded that IMARC is “fit for purpose” in the sense that it provides a risk-
based methodology for integrating information from various disciplines affecting long-term 
repository performance and focuses on reasonable expectation of the dose consequence to the 
RMEI. He review team also concluded that “IMARC 9 is a very well integrated model which 
focuses on those processes which could affect the long-term performance of the repository.” 

The review team also provided a number of comments and suggestions for improvement of 
IMARC, its technical basis, and its documentation. Each of the comments made by the review 
team has been addressed in developing IMARC 10 and its documentation. A summary table 
describing how each comment has been addressed is presented in Appendix G. 

complete description of the development of IMARC, as well as a summary of key elements of 
each phase of IMARC development as described in the various IMARC reports, is presented

time of its development, since over time understanding of the repository has changed, an
design has evolved.  

 EPRI, 2004
abilities of IMARC. Furthermore, in these topical reports are additional comparison

d in thes iscuss, in

 all ca

ntial performance of th oun

 

e software and its documentation. The peer review was conducted by 
of acknowledged subject matter experts (EPRI, 2009). The primary 

ra
scientific kn
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In addition to the formal, comprehensive peer-review provided in the 2007 – 2008 IRT activity, 
IMA out the 
two decade period of development through internal reviews, publications in peer-reviewed 
journals, presentations at technical conferences, and invited presentations at meetings of the 
Nuclear Waste Technical Review Board (NWTRB) and Advisory Committee on Nuclear Waste 
and Materials (ACNW&M). 

9.5 Comparison of IMARC with Other TSPA Analyses 

The fourth elem IMARC always been  consideratio the 
IMARC results with the results by other interested parties, most prominently DOE and NRC. As 
IMARC has evolved through the years (see Appendix A), developments have always been driven 
by the n to p t to the  understa f the reposit nd its 
design.  

At all stages of the development of IMARC, there has been good qualitative agreement between 
OE TSPA results and those of IMARC. That is, the analyses have shown that similar FEPs 

have driven the performance of the repository, th timing of peak doses and the dominant 
radionuclides have been consistent, and risk-informed insights have been similar. Differences 
between the analyses have been driven by differences in details of how FEPs have been 
rep
expectation, as it is defined in 40 CFR 197. This has often led to a less conservative 
representation of FEPs than has been implemented by DOE. In all cases, when differences 

t 

nt processes and uncertainty in model 
parameters.” 

RC analyses and approaches have been subjected to independent peer-review through

ent of quality assurance of  has  close n of 

eed roduce insights with respec  current nding o ory a

D
e 

resented. In particular, IMARC has long striven to embody the philosophy of reasonable 

between EPRI and DOE TSPAs have existed over the years, there have been clear reasons for 
the differences. 

The most direct and recent comparison between DOE and EPRI TSPAs was documented by 
DOE/OCRWM (2008a). In that report, DOE compared IMARC 8 (EPRI, 2005c) to a simplified 
TSPA approach that was used as a confidence-building measure for their own TSPA. The repor
noted that  

“The mean annual dose history curves for TSPA-LA Model and IMARC show a similar 
trend in the dose histories, with a significant increase in dose to the RMEI after about 
100,000 years.” 

and 

“Overall, the EPRI TSPA Analysis accounts for the same model components and 
considers the same FEPs as the TSPA-LA Model. The EPRI model implementation is a 
more simplified abstraction of the releva
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With respect to IMARC, DOE/OCRWM (2008a) concluded that  

“In general, the main features of the dose release curves for the nominal scenario 
compare reasonably well with the TSPA-LA Model. The differences can be related 
mostly to differences in seepage and in different implementation of the inventory and 
EBS failure characteristics. This is primarily due to the fact that the EPRI TSPA did not 
use the most recent analysis and/or model report results.”  

As has been discussed in Appendix A, it has not been uncommon for IMARC parameters and 
inp e 
EP C.  

IMARC ssion of cca Mo  license
application and supporting documentation in 2008. Specific exceptions are identified in Chapter 
10, where information from IMARC 9 analyses has been ju  IM  
conduct specific analyses. In particular, resource constraints precluded u f failu
functions associated with rockfall and seismic activity for the new TAD design, and as a result 
arlier results are used to augment the IMARC 10 technical basis. 

The quality assurance of IMARC rests on five main elements: 

• Testing, verification, and benchmarking of components of IMARC, 

• Ensuring traceability of results, 

• Documentation of each stage of development of IMARC,  

• Independent peer review, and 

• Comparison of IMARC with other TSPA analyses of Yucca Mountain.  

In this chapter, a summary has been provided of information available for each of these 
elements. As a result of this body of information, EPRI concludes that there is a high degree of 
confidence in IMARC, its results, and its credibility in assisting to develop insights into the 
performance of the Yucca Mountain repository. 

uts to be based on prior information compared to contemporary DOE analyses, since th
RI team has to wait for the publication of DOE results before implementation in IMAR

 10, however, benefits from the DOE submi  its Yu untain  

used in con nction with ARC 10 to
pdating o re 

e

9.6 Quality Assurance Summary 
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IMARC 10 RESULTS AND ANALYSIS 

10.1 Nominal Scenario 

Results have been calculated using IMARC 10 for the “nominal scenario”, which excludes all 
disruptive events such as volcanism and seismic activity and rockfall. The nominal scenario 
results presented in Figure 10-1a on a log-log scale and Figure 10-1b on a log-linear scale. 
IMARC analyses over the years have typically been presented on log-log plots, and Figure 10-1a 
facilitates comparisons with older versions of IMARC. DOE results in the license application 
have been presented on log-linear scales, and Figure 10-1b is presented to facilitate comparisons 
with those results. The input files associated with this analysis are documented in Appendix F. 
The assumption of a juvenile failure from manufacturing defects leads to an initial early (10,000 
years to 100,000 years) dose, mainly associated with 99Tc and 129I. The peak dose occurs at 106 
years, and the peak dose contributors are 129I and the 237Np chain.  

The IMARC 10 results are similar to IMARC 9 results. The revised radionuclide inventory has 
not altered the key dose contributors as the re-introduced radionuclides (notably Pu-242 and Ra-
226) are not significant for RMEI dose. In general, understanding of the Yucca Mountain 
disposal system appears to be converging, and any updates to the TSPA analysis are incremental. 
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Figure 10-1 
IMARC 10 results for the nominal scenario presented on (a) log-log and (b) log-linear 
scales. 
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10.2 Nominal plus Seismic Scenario 

Results have been calculated using IMARC 10 for the nominal plus seismic scenario. As 
discussed in EPRI (2006c), a reasonable expectation case for this scenario is to represent the 
seismic behavior as a series of seismic events with peak ground velocity (PGV) of 0.75 m/s. The 
analysis presented in this section is therefore comparable to the results presented in EPRI 
(2006c). For the current analysis, an update to the seismic damage analysis is necessary, owing 
to the update in the TAD waste package design, and specifically to the increase in the alloy C-22 
overpack thickness from 20 mm to 25 mm.  

The analysis presented in EPRI (2006c) was based on a detailed analysis of the effect of dynamic 
and static rockfall on the thinner overpack design. It has not been possible to reproduce that 
exact analysis for the TAD design during 2008 due to limited resources. As a result, the 
following composite analysis is performed. The IMARC 10 corrosion failure (based on the new 
TAD design) has been superposed with the seismic effects on the old disposal-only waste 
package design to produce an effective failure curve for the combination of corrosion and 
seismic effects on the waste package. Since the seismic failure function is based on the earlier, 
less robust design, the overall failure function is conservative compared to a fully updated 
analysis. The results of this analysis are depicted in Figure 10-2. As noted by EPRI (2006c), this 
failure function represents conditions in which “A total of 64 waste packages are predicted to fail 
as a result of the repeated seismic events, 18 as a result of dynamic rock impacts and 46 as a 
result of seismic-induced SCC of the outer barrier due to a static load >10 m in height. All of 
these failures are predicted to occur during the first seven seismic events, with no further drift 
degradation predicted after 650,000 yrs.” EPRI (2006c) noted a number of conservatisms in this 
analysis, which led to the conclusion that the estimates of the number of failed waste packages 
produced by this analysis is conservative. 

As seen in Figure 10-2, the cumulative probability of waste package failure in the first 1,000,000 
years is approximately 15%. This value is contrasted with a mean cumulative failure rate of 
about 54% for the nominal scenario class in the TSPA-LA (contrast Figure 10-2 with Figure 
7.7.3-2 of DOE/OCRWM, 2008a). However, the TSPA-LA failure curves include both CSNF 
and co-disposal waste packages, while the IMARC curves only include CSNF waste packages. 
Since the co-disposal waste packages fail at a more rapid rate than CSNF waste packages 
(DOE/OCRWM, 2008a, page 7.7.1-15 states that all co-disposal waste packages fail around 
24,000 years), the two failure functions are more similar than they appear from a casual 
comparison. The co-disposal waste packages constitute 28% of the total number of waste 
packages, so the IMARC analysis represents a mean cumulative failure of CSNF waste packages 
at 1,000,000 years about 11% lower than the TSPA-LA. 
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Figure 10-2 
IMARC 10 nominal and nominal plus seismic waste package failure curves for the prio
Yucca Mountain “disposal-only” waste

r 
 package design. 

log-

eriod 

h 

her dose for times less than 10  years than the nominal scenario, and 
produce a bump in the dose curve that peaks at about 105 years. These results are similar to and 
onsistent with prior results using IMARC 10. 

IMARC 10 results from this analysis are shown in Figure 10-3a and 10-3b on log-log and 
linear scales, respectively. As in the case of the nominal scenario, the two graphs are intended to 
facilitate comparisons with past IMARC analyses and current DOE analyses.  

The initial seismic event is assumed to occur at 50,000 years, consistent with the return p
for the Solitario Canyon fault (EPRI, 2006c). During this event, all of the drip shields and 
approximately 0.001 of the waste packages are calculated to fail. Subsequent events produce 
progressively smaller fractional failures as more of the packages are buried under rockfall, whic
provides protection from waste package-to-waste package collisions. These additional early 
failures produce a hig 5

c
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Figure 10-3 
IMARC 10 results for the nominal plus seismic scenario presented on (a) log-log scale and 
(b) log-linear scales. 
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10.3 Sensitivity Calcula

ct of Pr

One of the recommendations of the IRT peer-review (EP nsitive 
the IMARC results a  of each branch.  A set of sensitivity analyses 
has been conducted to examine the effect of the shape of the probability distributions used in 
IMARC. To conduct  the nodes of the IMARC 
event tree for each o ent tr t to a one-
parameter (“one off” y variation analysis. 

bab d in Table 1 e parameters 
assigned these probability values are documented in the

The assignment of p r the sensitivity analysis is shown in Table 10-1. The 
sensitivity analysis did not include infiltration rate, since the values and the shape of the 

 are estab i presented in Figure 10-4. 

 baseline values for the shape of the probabiity density function for each 
. 

eter P(high) 

tions 

10.3.1 Effe obability Distributions 

RI, 2009) was to explore how se
re to the selected probabilities

 this analysis, different probabilities are assigned to
f the variables treated in the ev
) sensitivit

ee. This analysis is equivalen

The baseline pro ility values are presente 0-1. Specific values for th
 appropriate sections of this report. 

robabilities fo

distribution lished in 10 CFR 63. Results of th s analysis are 

Table 10-1 
IMARC 10
parameter

Param  P(low) P(mean) 

Infiltration Rate 0.05 0.90 0.05 

Retardation 0.25 0.5 0.25 

Seepage Fraction and 
 

0.0* 0.96 0.04 
Flow

Focused Flow Factor 0.865 0.0 0.135 

Alteration Rate and 0.05 0.90 0.05 
Solubility 

*Set to zero as Seep low and Focused Flow F  are represented by just two 
branches. 

 

age Fraction and F actor uncertainties
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Table 10-2 
IMARC 10 sensitivity an t of the shap lity density 
function. 

Run Parameter P(low) P(mean) P(high) 

alysis runs for the effec e of the probabi

1a Retardation 0.90 0.05 0.05 

1b Retardation 0.05 0.05 0.90 

2a Seepage Fraction and Flow 0.0 0.90 0.10 

2b Seepage Fraction and Flow 0.0 0.99 0.01 

3a Focused Flow Factor 0.73 0.27 0.0 

3b Focused Flow Factor 0.9325 0.0675 0.0 

4a Alteration Rate and Solubility 0.90 0.05 0.05 

4b Alteration Rate and Solubility 0.05 0.05 0.90 
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Figure 10-4 
Results of the sensitivity analysis showing the effect of different probability weighting of 
the IMARC 10 event-tree branches. 

The analyses that lead to the greatest increase in peak dose are runs 2a and 4b, corresponding to 
high seepage and to high alteration rate and solubility, respectively. Similarly, the greatest 
decrease in peak dose is the result of runs 2b and 4a, corresponding to low seepage and low 
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alteration rate and solubility. The variations in retardation and in flow focusing produced l
variation in peak dose. These sensitivities are consistent with understanding and past experience 
in TSPAs of Yucca Mountain. Solubility and alteration rate have a significant influence on the 
peak doses associated with radionuclides in the Np decay chain, which is one of the main 
contributors to peak dose. Seepage rate is a non

ess 

linear function, so that increases in the 
probability of high seepage results in disproportionate increases in seepage rate and seepage 
fraction, leading in turn to higher release rates from the repository. Similarly, the variation in 
retardation applies to retardation factors in the geosphere, which will delay but not decrease 
dos lived radionuclides. Changes in the flow focusing factor only produce changes 
in t
exp
var
understanding of the model. 

10.3.2 Effect of Alternative Solubility Assumption 

nother IRT peer-review recommendation (EPRI, 2009) called for EPRI to provide additional 
ing the effect of uncertainty in the nature of the solid precipitate and its effect 

n value of Np solubility on the overall dose results. Past versions of IMARC addressed this 
issue, particularly Kessler et al. (2006), in the development of IMARC 9. However, in IMARC 
10 the alteration rate has been changed compared to IMARC 9, and alteration rate and solubility 
both have effects on the peak dose. As a result, to address this comment a sensitivity analysis 
was conducted to examine the effect of higher Np solubility on the peak dose. To carry out this 
sensitivity analysis, the Np solubility was changed to the higher solubility values used in IMARC 
8 and previous versions. A comparison of the current and higher solubility distributions is shown 
in Table 10-3. In this sensitivity analysis, the values for alteration rate remain at their IMARC 10 
values. 

Table 10-3 
Values for neptunium solubility distributions (mol/m3) used in the IMARC 10 sensitivity 
analysis. In both cases the probability of the low and high values is 5 percent, and the 
probability of the mean is 90 percent. 

Source for Solubility Parameters (Version) Low Mean High 

es from long-
he fraction of the repository that experience focused flow, and this effect would not be 
ected to produce the same magnitude of effects as the changes in seepage. Therefore, the 
iations in the output from IMARC 10 in this sensitivity analysis are consistent with 

A
information regard
o

IMARC 10 4.20 x 10-7 4.24 x 10-6 4.20 x 10-5 

IMARC 8  4.2 x 10-3 8.4 x 10-2 8.4 

 
The result of the calculation with the higher solubility is shown in Figure 10-5, and compared to 
the nominal result for IMARC 10. It is noteworthy that the increase in solubility values was 
about 4 orders of magnitude, but use of the older solubility values only results in about an order 
of magnitude increase in peak mean dose compared to the nominal values.  
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Figure 10-5 
Effect of higher solubility on TSPA results. The solubility values previously used in IMARC 
8 are compared to the current nominal case. All other parameters are set to IMARC 10 
values. 

10.3.3 Effect of Cladding 

Among the recommendations of the IRT (EPRI 2009), one is to provide additional justification 
for the cladding credit taken in IMARC. In support of this objective, a sensitivity calculation has 
been undertaken to quantify the importance of cladding on the overall TSPA results. To this end, 
a set of calculations are performed for the nominal and nominal plus seismic scenarios with and 
without cladding. In the “without cladding” analysis, the failure function for cladding was set to 
99.9 percent failure at time zero. 

Results are presented in Figure 10-6. For the nominal scenario, cladding provides a limited 
benefit associated with doses from the juvenile failure waste packages, but has no consequence 
on peak dose. For the nominal plus seismic scenario, the cladding provides an additional 
mo of smoothing the peak that occurs when excess waste packages fail during early 
seis
wit
cladding is included represents the additional benefit of the intact cladding. In both scenarios, the 
benefit associated with cladding credit is limited to about an order of magnitude decrease of the 
small doses at times less than about 100,000 years. 

 

derate benefit 
mic events. The spike in the curve for nominal plus seismic at 100,000 years is associated 
h the waste packages that fail during a seismic event; the smoother and lower peak when 
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Figure 10-6 
The effect of cladding credit on IMARC 10 TSPA results. The figure compares results whe
cladding is present and when it is absent for both the nominal and nominal plus seismic 
scenarios. 

n 

10.3.4 Effect of Drip Shields 

R
positiv

s 

 
 

zero years or at 50,000 years.  The results are very close to results for cases with and without 
drip shields for the nominal scenario, with a very small performance benefit at early times and 
identical peak doses. The performance with and without drips shields is closer in this analysis 
than previously published by EPRI (2008a) using IMARC 9. The explanation of this change in 
the analysis is in the longer UO2 alteration times in IMARC 10. As an illustration of this effect, 
an additional sensitivity analysis is run using IMARC 10, but with the faster IMARC 9 alteration 
rates. This analysis is also shown in Figure 10-7, and it demonstrates a similar behavior to that 
published by EPRI (2008a). Therefore, it is concluded that with the updated and improved 

EP I (2008a) has published results using IMARC 9 showing that the drip shields have a minor 
e benefit on the results of the TSPA. To confirm this observation, analyses were run using 

IMARC 10 for both the nominal and nominal plus seismic scenarios. The analysis was carried 
out by assigning a probability of 1.0 to the juvenile failures, effectively giving all the drip shield
a life expectancy of zero years. 

The results are presented in Figure 10-7. The results with and without drip shields are identical 
for the nominal plus seismic scenario. This result is expected, since the seismic failure analysis
had all of the drip shields failing at 50,000 years. Because the waste packages last substantially
longer than 50,000 years, there is no difference in performance whether the drip shields fail at 
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esti eration rate, the net performance benefit of drip shields is even smaller than 
pre hat 
rep mpacted by early drip shield failure. 

mates of alt
vious EPRI analyses indicated. DOE’s own analysis (Figure 10-12) similarly indicates t
ository performance is only marginally i
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using the ol mates, which explains the difference between 
IMARC 9 an

10.3.5 Overall Effect of the Engineered Ba

gulatory 3 state that rrier components of the disposal 
system should contribute to the performance of th ltiple barrier concept”). It is, 
therefore, d tify the relative contri ineered barrier system (EBS) 

d the geo he performance of the repo ensitivity 
analysis was performed in which the EBS compo ld, and cladding) 
degrade rapidly and completely. That is, all of the ssumed 

suffer juv e cladding is ass ame way as in 

Results of this analysis are compared to the nominal and 
0-8. The peak doses rapidly increase to about 5 mrem/y, and remain at about that level for the 
ntire duration of the analysis. The EBS is therefore seen to produce between 2 - 3 orders of 

 

Figure 10-7 
Comparison of repo
perfo
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d IMARC 10 results. 

rrier System 
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e repository (“mu
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an sphere to t sitory. To address this question, a s
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magnitude improvement in performance at 10  years. Also note that the geological setting by 
itself is sufficient to meet the performance objectives in 10 CFR 63. 

6

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

0 200,000 400,000 600,000 800,000 1,000,000
Time (years)

M
ea

n 
A

nn
ua

l D
os

e 
(m

re 1.E-01

1.E+00

1.E+01

1.E+02
m

) 

Nominal

Nominal plus Seismic

No EBS

 

Figure 10-8 
Results of IMARC 10 sensitivity analysis assuming complete EBS failure at t = 0. 

10.3.6 Comparison of IMARC 10 and DOE TSPA-LA Results 

This section provides a side-by-side comparison of several key results from the EPRI IMARC 10 
and DOE TSPA-LA models. Direct comparison between the full DOE TSPA and IMARC results 
is difficult, because DOE results generally combine scenarios together to produce an overall 
performance result, whereas IMARC results are presented in a disaggregated form, in keeping 
with the different roles and purposes of the two programs.  
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Figure 10-9 
Comparison of (a) EPRI IMARC 10 and (b) DOE TSPA-LA annual RMEI dose estimates for 
the nominal scenario (Figure 10-9b adapted from DOE/OCRWM, 2008b; YM-LA Ch. 2, 
Figure 2.4-22b).   

10-13 



 
 
IMARC 10 Results and Analysis 

The FEPs included in the DOE’s nominal scenario are comparable to the IMARC nominal 
scenario, so direct comparisons are possible and useful for this case. Figure 10-9 compares TSPA 
results for the “nominal” case, which does not include seismic or igneous events. The nominal 
scenario for both models shows the effects of long-term EBS degradation, radionuclide release 
and transport, and uptake by the RMEI assuming no seismic, rockfall, or igneous intrusion or 
eruption events occur. It should be noted that the IMARC 10 nominal case includes assumption 
of one early WP failure, whereas DOE’s TSPA-LA treats early WP failure as a separate scenario. 
This difference should have little impact on the direct comparison of the two nominal cases, as 
the dose contribution from the TSPA-LA early WP failure case is minor relative to the nominal 
scenario, i.e., 2 – 3 orders of magnitude lower (see Figure 10-12).  Figure 10-9a presents the 
IMARC 10 mean RMEI annual dose (mrem/yr) for the nominal case.  IMARC 10 estimates dose 
assuming 100% of the repository is CSNF, i.e., no co-disposal waste packages are modeled in 
IMARC 10 (see Section 2.1). Figure 10-9b presents the DOE TSPA-LA mean annual RMEI dose 
for the nominal case.  The DOE TSPA-LA model assumes 90% CSNF and 10% co-disposal 
waste (vitrified HLW and spent fuel from defense related activities) based on the equivalent 
metric tons of heavy metal.   

The peak mean annual dose at 1 million years is approximately 0.005 and 0.5 mrem/yr for the 
EPRI and DOE models, respectively.  There are many factors that contribute to the difference in 
these dose estimates and are described in EPRI (2008c) and DOE/OCRWM (2008a,b). Dominant 
radionuclides (those contributing the most to total mean annual RMEI dose) at later times in 
DOE’s TSPA-LA for the nominal case are I-129, Pu-242, Cs-135, and Np-237; in EPRI’s 
IMARC 10, the dominant radionuclides at later times are I-129; Np-237; and U-233. EPRI 
reintroduced Pu-242 and Ra-226 in its IMARC 10 analyses and found them to be minor 
contributors to RMEI mean annual dose. 

Perhaps the most important contributor to the differences in dose estimates and dominant 
radionuclides are the different solubility values for U, Np, and Pu used in the two TSPA models. 
Pu solubility in the DOE TSPA-LA is 2 to 3 orders of magnitude higher than in IMARC 10; Np 
solubility in the DOE TSPA-LA is 3 to 4 orders of magnitude higher than in IMARC 10. 
Moreover, EPRI has determined the contribution from colloid-facilitated transport to be 
negligible for RMEI dose and does not include colloidal transport in IMARC (EPRI, 2006a). 
Biosphere Dose Conversion Factors (BDCFs) in IMARC 10 for the major actinides are 2 to 6 
times larger than those in DOE’s TSPA-LA. These two factors alone may explain much of the 
difference between the two models for total mean annual dose estimates late in the 1 million-year 
compliance period.  
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Table 10-4 
Comparison of primary features, events, and processes in the DOE and EPRI TSPA 
models. 

Feature, Event or 
Process 

DOE TSPA-LA 
(DOE/OCRWM, 2008a,b) 

EPRI IMARC 10 

Infiltration 

3 pre-10,000 yr climate states: 

present, monsoon, glacial transition 

prescribed post-10,000 yr climate  

EPRI has adopted 1 climate state in 
0 – 10,000 yr timeframe based on 
low risk importance of early climate 
states  

prescribed post-10,000 yr climate 

Drift seepage 

Low seepage rates 

High seepage fractions (nominal: 
30 – 40% of repository) 

Higher seepage rates 

Much lower seepage fractions 
(nominal: 1.25% of repository) 

Inventory CSNF and co-disposed HLW CSNF only 

Dominant Alloy 22 
failure mechanism 

SCC then GC GC 

Dominant 
radionuclides late in 
compliance period 

Pu-242, I-129, Np-237 I-129, Np-237, U-233 

Colloid-facilitated 
transport 

included in TSPA-LA negligible, not included in IMARC 
(EPRI, 2006a) 

log10 solubility 
(mg/L) 

Th: -2.1 to 1.1 

U: 0.6 to 2.9 

Pu: -1.2 to 1.1 

Np (NpO2): -1.1 to 2.1 

Th: -4.7 to -1.7 

U: -1.0 to 1.7 

Pu: -4.7 to -0.7 

Np (NpO2): -4.0 to -2.0 

UZ Kd’s for Pu, Np 
(mL/g) 

Th: 5500 to 15500 

U: 0.2 to 0.5 

Pu: 70 – 100 

Np: 0.5 to 1.0 

Th: 3000 to 20,000 

U: 0.1 to 0.9 

Pu: 40 to 150 

Np: 0.3 to 3.0 

BDCFs (Sv/y per 
Bq/m3) 

Th-229: 2.62 x 10-6 

U:-233: 9.20 x 10-8 

Np-237: 2.79 x 10-7 

Pu-239: 9.74 x 10-7 

Th-229: 1.57 x 10-5 

U:-233: 1.49 x 10-7 

Np-237: 7.24 x 10-7 

Pu-239: 2.37 x 10-6 
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In spite of the differences in mean annual dose estimates at 1 million years obtained from 
IMARC and TSPA-LA models, the mean IMARC dose to the RMEI falls within the uncertainty 
band, i.e., around the 5th percentile, presented for the DOE TSPA-LA (DOE/OCRWM, 2008b) 
nominal scenario analysis (Figure 10-10). 

 

Figure 10-10 
TSPA-LA results for the nominal scenario (excerpted from DOE/OCRWM, 2008b; YM-LA 
Ch. 2 Figure 2.4-22a). IMARC 10 nominal results fall around the 5th percentile for TSPA-LA 
expected annual doses, in spite of the different approaches and philosophies adopted by 
each program. 
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Figure 10-11 
Comparison of (A) EPRI IMARC 10 and (B) DOE TSPA-LA annual RMEI dose estimates for 
the nominal + seismic scenario (Figure B adapted from DOE/OCRWM, 2008b; YM-LA Ch. 2, 
Figure 2.4-26b). 
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Figure 10-11 compares IMARC 10 and TSPA-LA results from dose calculations incorporating 
nominal processes and seismic events.  Seismic ground motion contributes approximately 0.5 
mrem/yr to the total dose estimate from the DOE TSPA-LA (DOE/OCRWM, 2008b) modeling 
(Figure 10-11b); this dose contribution is roughly the same as from nominal processes alone.  
Likewise, EPRI modeling (Figure 10-11a) shows an incremental increase in dose from seismic 
effects of 0.005 mrem/yr, which also represents the same dose contribution from nominal 
processes alone. 

However, in terms of magnitude, the dose contribution from seismic ground motion in the 
IMARC model is two orders of magnitude smaller than the seismic contribution reported from 
DOE TSPA-LA analyses.  Likely sources of this discrepancy between the two models are: 

• The intensity of the peak ground motion for large seismic events.  While the DOE model 
assumes peak ground velocities (PGVs) as high as 4 m/s, the EPRI model assumes a PGV for 
large seismic events in the range of 0.75 to 1 m/s. 

• The predicted amount of damage sustained by waste packages due to seismic activity.  Due 
to the lower PGV estimates in IMARC, EPRI finds that damage to the WPs in WP to WP 
collisions when the drip shields are intact is minimal, such that there is very little potential 
for subsequent SCC.  Furthermore, the less severe damage to WP determined by EPRI 
modeling also results in part from the important role that drip shield failure and rockfall can 
play in limiting seismic damage to waste packages through restriction of WP motion.  In the 
EPRI modeling, all drip shields are assumed to fail after the first seismic event (at 50,000 
years).  Consequently, rockfall caused by subsequent seismic motion serves to pin down 
waste packages, dampen WP motions, and limit severity of WP to WP collisions; these 
collisions are primary drivers for potential plastic deformation which, in turn, may initiate 
SCC.  For the DOE TSPA-LA modeling, this beneficial effect of rockfall is less pronounced 
as drip shield failures do not occur at once but, instead, are distributed over time 
(DOE/OCRWM, 2008a,b).   

• The EPRI model predicts that approximately 15% of the waste packages will be breached in 
one million years; only 0.7% of that 15% is due to seismic activity (Figure 10-2). 

Table 10-5 summarizes the dominant failure mechanisms for the Alloy 22 outer waste package 
corrosion barrier in the DOE and EPRI TSPA models for the nominal + seismic scenario.  The 
DOE and EPRI models differ with respect to the dominant Alloy 22 degradation mechanism in 
the 104- to 105-year time frame.  The DOE model results indicate stress corrosion cracking (SCC) 
as the primary degradation mechanism during this time frame, whereas EPRI modeling finds 
general corrosion (GC) as the primary degradation mechanism.  Therefore, according to EPRI 
model estimates, SCC is not expected to play a major role in waste package degradation. 



 
 

IMARC 10 Results and Analysis 

10-19 

Table 10-5 
Dominant Alloy 22 waste package (WP) failure mechanisms in the DOE and EPRI TSPA 
models for nominal + seismic scenario. 

Timeframe 
DOE  

(Sandia, 2008; 
DOE/OCRWM, 2008a,b) 

EPRI 

Early (T0 – 104 yr) 

Seismic damage to co-
disposal WPs 

Negligible for CSNF WPs 

Negligible for CSNF WPs 

Intermediate (104 – 105 yr) SCC failure of CSNF 
Limited GC failure of CSNF 
WPs 

Late (105 – 106 yr) 
GC failure of co-disposal 
and CSNF WPs  GC failure of CSNF WPs 

SCC: stress corrosion cracking 
GC: general corrosion 

 

Table 10-6 
Comparison of the DOE LA and EPRI TSPA estimated annual RMEI dose rate contributions 
from the major repository evolution scenarios at 1 million years. 

Rank 
DOE LA 

(DOE/OCRWM 2008a,b) 
EPRI IMARC 10 

1 
igneous intrusion 

0.9 mrem/yr 

nominal 

0.005 mrem/yr 

2 
seismic ground motion 

0.5 mrem/yr 

seismic 

0.005 mrem/yr 

3 
nominal 

0.5 mrem/yr 

4 
volcanic eruption 

0.0001 mrem/yr 

Igneous intrusion and volcanic eruption 
scenarios are not considered in IMARC 
10.  Annual probability of igneous event 
intersecting repository below 10-8 yr-1 
threshold per EPRI (2008b) 
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Thus, in addition to the difference in magnitude between dose estimates, the different approaches 
taken by DOE and EPRI in modeling repository performance lead to differences in the relative 
ranking of the various processes (nominal, seismic, etc.).  Table 10-6 compares RMEI dose rate 
estimates and relative rankings in the DOE (e.g., Figure 10-12) and EPRI TSPA models for the 
four major scenario classes.  The DOE estimate for igneous intrusion contribution contributes the 
most to peak RMEI dose rate.  The significant dose contribution from igneous intrusion in DOE 
TSPA-LA analyses can be largely attributed to the conservative assumption made by DOE that 
100% of waste packages are breached following the intersection of an igneous event with the 
repository footprint (EPRI, 2005a). 

 

Figure 10-12 
Contributions of DOE scenarios to total annual dose estimates versus time (adapted from 
DOE/OCRWM, 2008b; YM-LA Ch. 2, Figure 2.4-18b).  
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SUMMARY 

 

This report provides a history of EPRI’s IMARC
conceptual model implemented in IMARC Versi

 TSPA code and a detailed discussion of the 
on 10. This discussion is intended to provide 

information about the code in a single report including some level of detail of the underlying 
s 

RC 

comparison is possible for the nominal scenario. Qualitatively, both analyses show similar 
,000,000 years, mainly associated with 129I. 

e curves are explicable by the DOE’s inclusion 

s 

A n eview 
d

. 
Co  

e 
consistent with the intent of the conceptual model and that EPRI’s TSPA modeling remains fit 
for purpose.  

conceptual model as well as input parameters used in the current implementation. IMARC i
intended to reflect the “reasonable expectation” philosophy established in the applicable 
regulations promulgated by EPA and NRC, although some conservatisms remain in the IMA
model.  

The FEPs included in IMARC have co-evolved along with the understanding of the Yucca 
Mountain repository, and along with design changes. The FEPs currently implemented in 
IMARC 10 are consistent with the EPRI team’s understanding of the performance of the 
repository as described by DOE in the license application (DOE/OCRWM, 2008). It is difficult 
to directly compare the full DOE TSPA results to IMARC analyses, since DOE has convoluted 
the scenarios together while in IMARC the scenarios remain disaggregated. However, direct 

behavior, with the peak dose occurring at 1
Qualitative differences between the shapes of th
of co-disposal waste packages, which lead to a more rapid rise in dose at intermediate time 
scales. Quantitatively, the IMARC peak mean dose is approximately 2 orders of magnitude 
lower than the DOE nominal scenario peak mean dose, which is within the band of uncertainty 
reported for the DOE TSPA-LA estimates. This difference primary results from the use of a les
conservative best-estimate philosophy in IMARC analyses. 

umber of parts of the code, and the code as a whole, have recently been subjected to r
an /or validation activities by the EPRI team. An independent peer review was completed 
(EPRI, 2009), and the results of the peer review have been incorporated into this document

nsiderable effort has gone into benchmarking each module against available comparable
analytical and numerical solutions. These tests provide confidence that IMARC calculations ar
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A  
APPENDIX A: HISTORY OF IMARC 

A.1 Development of the IMARC Code 

The development and evolution of the IMARC code, starting in 1989, is closely tied to the 
asing 

to 

se “Phase” reports is 
summarized here.  The focus is on development of code capabilities, identifying the specific 
tructure and modeling capabilities that were sequentially added and modified since the inception 

of the IMARC code in 1990.  Details on specific results can be found in each cited Phase report. 

A.2 Phase 1 Report (EPRI, 1990) 

In 1989, EPRI decided to develop a performance assessment methodology to independently 
evaluate the Yucca Mountain site in Nevada as a prospective site for the US CSNF and HLW 
geological repository11.  EPRI selected a risk-based approach that was patterned after previous 
EPRI risk-based analyses of nuclear reactor safety.  Key objectives in EPRI’s project were to: 

• demonstrate that a risk-based methodology was feasible and could be used by scientists and 
engineers familiar with issues surrounding long-term disposal of radioactive waste,  

• provide a methodology for integrating information (including uncertainties in this 
information) from various disciplines affecting long-term repository performance, and 

• illustrate potential insights resulting from application of a risk-based methodology (EPRI, 
1990). 

Initially, the EPRI (1990) project (later termed “Phase 1”) was viewed as a demonstration of 
feasibility of applying a risk-based approach to geological disposal, and not as an assessment of 
HLW sites in general or any site in particular.   

                                                          

development and evolution of the proposed geological repository at Yucca Mountain.  Incre
site characterization data, alternative conceptual models of repository processes, changes in 
engineered barrier system (EBS) designs, revised safety regulations, new congressional 
mandates, and court decisions have all affected the development and modification of IMARC 
remain relevant to these changing factors.  The IMARC code has evolved in distinct steps 
associated with so-called “Phase” reports by EPRI. To better understand the current version of 
the IMARC code, a history of its development and evolution in the

s

 
11 The Yucca Mountain repository is intended to include the disposal of commercial spent nuclear fuel (CSNF), as 
well as naval reactors and reprocessed high-level waste (borosilicate glass) from US defense operations.  In 
conformance with terminology by the International Atomic Energy Agency, “HLW” in this report will be used as a 
simple collective term for all of these types of wastes destined for Yucca Mountain, unless otherwise specifically 
modified (e.g., “HLW glass”). 
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The specific example of the Yucca Mountain repository examined in EPRI (1990) did, however, 
coincide with similar safety analyses by the US Department of Energy (DOE) Office of Civilian 
Radioactive Waste Management (OCRWM) in the late 1980’s and early 1990’s (Dudley et al., 
1985; O’Connell and Drach, 1986; Apted et al., 1991). A new DOE/OCRWM TSPA of Yucca 
Mountain appeared in 1993 (Wilson et al., 1993), with regular updates thereafter (e.g., 
DOE/OCRWM, 1995). 

EPRI’s (1990) risk-based approach was based on a logic-tree format, although equivalent 
techniques such as influence diagrams, event trees and faults trees also were considered.  The 
logic tree format is a special application of a decision tree approach in which only uncertain 
events or states of a system are considered.  Quoting from EPRI (1990, page 1-3): 

“Figure 1-1 [Figure A-1 in this report] shows an elementary logic tree representing two 
variables, A and B, whose values are uncertain.  The values of variable A have been 
determined to be independent of B, so the left-hand node indicates the possible values of 
A and their assumed probabilities.  The values of variable B have been determined to 
depend on A, so B is shown to the right of A with values and probabilities that depend on 
A.  The combinations of A and B values are shown to the right of the logic tree, along 
with the probability of each combination; derivation can be made of a parameter X that is 
a function of A and B, and the probabilities calculated for combinations of A and B can 
be ascribed to the associated values of X.” 

 

 

Figure A-1 
General conceptualization of logic-tree format (Figure 1-1 from EPRI, 1990). 
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The value of the logic-tree approach, as stated by EPRI (1990), was that this approach structures 
de by the judgments of technical experts.  Particularly when 

combining models, parameters, or assumptions among diverse technical disciplines, a common 
ble.  

ould be taken as a dose or release rate of radionuclides from a 
idual probabilities of each X value as a function of the selected values 

put parameters A and B (as well as C, D, E, etc.).  Thus, each discipline 
t parameter) could readily understand how it contributes to the 

overall system model.  Furthermore, alternative input parameter values and uncertainties could 
conceptualizations.  The flexibility to incorporate 

e xpanding to incorporate entirely new models, was 
approach given the early stages of site 

gn for the Yucca Mountain site in 1990. 

t 
he values of key input parameters and uncertainties 

s” for each different value of a given input 

ltiple Assumption and Release 
0) to link the various logic-tree 

s 

urated 
formations of Yucca Mountain, then lateral flow and transport in saturated formations to the 

te (Figure A-2), as required in the Environmental Protection Agency 
(EPA) safety standard for a geological repository as drafted in 1990.  The output from the initial 

e 
5 km from the edge of the repository.  

To obtain a measure of the overall cumulative release for the repository, the calculated 
kages in the repository.  

Calculations were made over a 100,000-year time post-closure period, although 10,000 years 
was the

Based o  of 1022 
separat ese 
realizat obability.  Thus, histograms were calculated of the probability of 
a given cumulative release at a given time after repository closure.  These histograms were then 

                  

and documents the interpretations ma

format for communicating the relevant variables and their uncertainties was considered desira
The logic tree facilitated the derivation of subsequent effects (parameter X in the example cited 
from EPRI (1990), which c
repository) and the indiv
and probabilities of in
(corresponding to each inpu

be readily incorporated as alternative 
alt rnative conceptual models, as well as e
considered a key advantage in the logic-tree 
characterization and repository desi

EPRI’s initial project team included experts in climatology, tectonics, volcanology, rock 
mechanics, hydrology, geochemistry, and waste package engineering (EPRI, 1990).  Each exper
developed a logic-tree representation of t
(expressed as expert judgment “probabilitie
parameter). 

A computer software package, called the Integrated Mu
Calculations (IMARC) code, was developed (EPRI, 199
representations prepared by the EPRI team of experts.  The overall performance model wa
based on the release of a solubility-limited radionuclide (237Np was the single radionuclide 
adopted in the initial Phase 1 calculation of EPRI, 1990) from a single waste package in the 
engineered barrier system (EBS), followed by vertical downward transport through unsat

accessible boundary of the si

IMARC code was the time-dependent cumulative release of radionuclides at the accessibl
boundary, defined by the prevailing regulations in 1990 as 

cumulative release was multiplied by the total number of waste pac

 period of EPA regulatory compliance in 1990.   

n the 11 nodes represented in the initial IMARC logic tree (Figure A-3), a total
e realizations of cumulative release were calculated (EPRI, 1990). Each of th
ions had an associated pr

converted into complementary cumulative distribution functions (CCDFs12) by summing release 
probabilities, starting at the highest release values.  

                                         

 The CCDF format was part of the draft 1990 EPA 40 CFR Part 191 safety standard, but this metric has since been 
replaced by a probability-weighted dose rate as the EPA’s draft 40 CFR Part 197 safety standard specific to Yucca 
Mountain.  The output of the IMARC code has been modified in accordance with 40 CFR Part 197. 

12
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Figure A-2 
Schematic of hydrological system considered in IMARC Phase 1 (EPRI, 1990). 

The  various 

illu
wou lculated performance of a geological repository 

t  
inp  
of a given repository site and concept.  Perhaps most importantly, EPRI’s Phase 1 report 

r
y 

safe
EPR
pro  to this day. 

 

 Phase 1 report confirmed the feasibility of a logic-tree approach to integrate
technical disciplines into a risk-based analysis of a geological repository for the disposal of 
HLW.  Furthermore, the Phase 1 report (EPRI, 1990), using Yucca Mountain as an example, 

strated how the IMARC code could be used to gain insight into the type of research that 
ld most efficiently reduce uncertainties in ca

at Yucca Mountain.  Sensitivity studies further demonstrated ways in which risk-importan
uts and assumptions could be identified to aid in future decisions regarding the acceptability

rep esented a “proof-of-principle” that different engineering and scientific disciplines could be 
integrated into a total system performance assessment framework to assess not only regulator

ty compliance but also to give feedback as to key areas for further research. As noted earlier, 
I’s Phase 1 report was similar to the integrated total system performance assessment 

gram conducted by DOE/ OCRWM that continues
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Figure A-3 
Initial Logic-Tree Nodes for IMARC Phase 1 Analysis (EPRI, 1990). 

A.3 Phase 2 Report (EPRI, 1992) 

In 1992, EPRI decided to revise and upgrade its risk-based methodology and associated IMARC 
code in several ways, reflecting emerging issues relevant to a repository at Yucca Mountain.  

 seismic effects on the height of 
the water table, thermal impacts from radiogenic heating, and human intrusion (EPRI, 1992). 

odifications in EPRI’s Phase 2 study that were subsequently 
found to have important implications in the safety assessment of a repository at Yucca Mountain.  

Specific objectives included: 

• conversion of the Phase 1 illustrative IMARC model to a more realistic, technically 
defensible Phase 2 model,  

• expansion from 1 radionuclide (237Np) to a set of 13 key radionuclides (9 radioelements), and 

• evaluation of specific new scenarios, including potential release of gaseous radionuclides 
(e.g., 14C), time-dependent changes in climate, net infiltration,

There were numerous IMARC m

The event tree for IMARC Phase 2 was modified as shown in Figure A-6.  These modifications 
and safety implications are summarized below. 

A-5 



 
 
Appendix A: History of IMARC 

A.3.1 Climate and Rainfall Model 

The Phase 2 report initiated a nuanced consideration of the change in climate that might occ
over time at the

ur 
 Yucca Mountain site, particularly with respect to rainfall that was considered an 

important factor in the net infiltration of water into the upper unsaturated formations at Yucca 

use,” “micropluvial” (later called “monsoon”), 

 

 performance of a repository at Yucca Mountain.  

A.3.2 Net Infiltration Model 

The sophistication of the infiltration model for the Phase 2 report was greatly increased.  Areal 
and temporal factors potentially affecting net infiltration, such as plant community dynamics, 
spatial variability of soil properties, local topography runoff-infiltration relations in arid regions, 
evapo-transpiration, and local climate patterns, were introduced for the first time in building a 
model for net infiltration.  By considering a range of credible conditions, some net infiltrations 
rates derived in Phase 2 were a factor of 10 higher than other 1993 estimates (e.g., Wilson et al., 
1993), although EPRI’s Phase 2 values are now considered to be close to the representative 
values for the Yucca Mountain site (DOE/ OCRWM, 2002).  The results of the revised net 
infiltration model were abstracted into Node 1 in Figure A-6. 

A.3.3 Model of Changes in Water Table 

Possible changes in the water table beneath a repository at Yucca Mountain resulting from either 
climate change or seismic events (so-called “seismic pumping”) were considered in the EPRI 
Phase 2 study.  Based on limited data at the time, increases in the height of the water table by up 
to several hundreds of meters were included in the Phase 2 analyses, albeit at appropriately low 
probabilities.  A panel, specially convened by the US National Academy of Sciences and the 
National Research Council, later independently confirmed the possibility of such unlikely high 
rises in the water table (NAS, 1992).  The results of the revised water table change model were 
abstracted into Node 2 in Figure A-6. 

Mountain.  The climate in the 10,000 year period following repository closure was sub-divided 
for the first time into possible “current,” “greenho
and “full glacial maximum” conditions, each with an associated rainfall and probability of 
occurrence over time.  The rainfall inputs were based on statistical distributions of rainfall 
duration, intensity and seasonal timing based on current-day analogue sites.  The possible 
impacts of large and more numerous storms, as well as cooler climate, on rainfall also were 
identified.  In 1992, it was still considered that the net evaporation flux out of Yucca Mountain
exceeded current precipitation.  Hence, the Phase 2 consideration of a future wetter climate, 
greater precipitation, and the potential for net infiltration was a significant advancement in the 
understanding and modeling of the long-term
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A.3

EPRI’s Phase 2 report was the first to set out a systematic approach to evaluating the 
characteristics and probabilities of potential volcanic and seismic events in the Yucca Mountain 
region.  The EPRI Phase methodology later became the basis for the DOE/ OCRWM’s 
Probabilistic Volcanic Hazard Analysis (PVHA), and the first analysis was reported in 1996 
(Geomatrix, 1996). A second iteration by the DOE/ OCRWM was released in 2008 (DOE, 
2008).  The key feature of EPRI’s Phase 2 report was that it was the first examination of possible 
safety consequences arising from a low-probability volcanic event, as well as the consequences 
of earthquakes possibly leading to earlier-than-expected waste package failure. 

A.3.5 Thermal Model 

The Phase 2 report included an explicit treatment of both conduction and convection modes of 
heat transfer, and the implications of such heating on the timing and amount of eventual seepage 
of water into emplacement drifts of a repository at Yucca Mountain.  Based on variability in rock 
properties and heat loading, as well as uncertainty in heat-transfer mechanisms, 3 separate 
“temperature cases” of temperature change over time were developed (see Figure A-4).  The 
alpha (α) case (“hot case” in Phase 2 report) corresponded to limited heat-pipe and buoyant gas 
flow, and the temperature of the drift wall might reach a temperature approaching 200ûC.  In the 
gamma (γ) case (“warm case” in Phase 2 report), a stronger heat-pipe effect was assumed, which 
acted to restrain temperature to the local 96ûC boiling point of water at the Yucca Mountain 
elevation.  For the beta (β) case (“cool case” in Phase 2 report), a combination of low thermal 
loading and effective convective loss of heat acted to maintain drift temperature below the 
boiling point for all time.  These three limiting cases were applied in subsequent analyses in the 
Phase 2 report, such as thermal spalling of rock faces and containment time for waste packages. 

Subsequent site characterization and application of fully 3-dimensional coupled temperature-
hydrology (TH) modeling supported the expectation of the alpha-like temperature profile for 
drifts at Yucca Mountain, although the peak temperature could be much lower in areas of low 
heat loads (e.g., at the end of emplacement drifts), leading to profiles approaching the beta curve.  
These alpha and beta curves first derived and incorporated in EPRI’s Phase 2 report also 
illustrated the difference between design concepts based on a high-temperature operating 
(HTOM, the current reference design for Yucca Mountain repository) versus a low-temperature 
operating mode (LTOM), these differences later received attention by some reviewers (e.g., 

.4 Volcanism and Seismic/ Earthquake Analyses 

NWTRB, 2000). 
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Figure A-4 
Three alternative temperature-time curves calculated for the surface of the emplacement 
drift (EPRI, 1992). 

A.3.6 Thermal Spalling Model 

Excavation and heating from radiogenic decay from emplaced waste packages were anticipated 
to i
spalling of rock surfaces of vertical emplacement boreholes (DOE/OCRWM, 1988) was 

 
odeled 

, if it occurred, would be limited to a thin zone around the 
borehole.  The consequence of thermally induced rock spalling was that the air-gap between the 

emplacement borehole would be compromised, 
hway to form between the waste package and the surrounding 

tuff.   

ution 
t 

f 
ner 

metals (304-grade stainless steel was the reference, but other metals such as alloy 825 were also 

nduce stresses at the rock surface of the emplacement drifts.  The potential for thermal 

explicitly modeled in EPRI’s Phase 2 report in 1992 (EPRI, 1992).  Several different potential
failure conditions were considered and a variety of representative rock properties were m
using the UDEC discontinuum finite-element rock mechanics code (EPRI, 1992).  Overall, the 
results indicated that the damage zone

vertical waste package and the wall of the 
forming a continuous water pat

A.3.7 Containment Model 

The reference waste package in 1992 was the same basic design as proposed in the 1988 Site 
Characterization Plan (SCP) for Yucca Mountain (DOE/OCRWM, 1988), which was composed 
of a single, thin-walled, 304-grade stainless steel container. A flexible Weibull-distrib
approach was implemented in IMARC Phase 2 (EPRI, 1992) to evaluate cumulative containmen
failure times for such a container.  This Weibull formulation allowed for broad consideration o
(1) different corrosion failure modes for a given container metal, and (2) different contai
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under consideration in 1992).  The failure times derived from the container models were 
controlled primarily by the temperature-time profiles (i.e., α, β and γ curves of Figure A-4). 

A.3.8 Source-term Model 

The proposed commercial spent nuclear fuel (CSNF) waste package design for the Yucca 
Mountain repository in 1992 was a thin-walled 304-grade stainless steel disposal container 
emplaced vertically into the floor of a backfilled drift (O’Connell and Drach, 1986).  Three 
bounding source-term release models, or “modes,” were envisioned: 

• “dry” waste packages, in which only gaseous release could occur once the container failed, 

• “wet-continuous” waste packages in which there was a continuous film of water that 
connected the waste packages (hence, CSNF when the container failed) to the hydrological 
setting of the unsaturated tuff and that could provide a conduit for aqueous radionuclide 
releases, and 

• “wet-drip” waste packages in which dripping water could provide a conduit for aqueous 
radionuclide releases once the container of the CSNF waste packages failed (EPRI, 1992). 

The proportion of waste packages in each of these “modes” was a user-defined parameter in 
IMARC.  In 1992 there was significant debate on water movement in and around the EBS for a 
Yucca Mountain repository (e.g., Apted et al., 1991).  

The CSNF was sub-divided into separate sources for radionuclides for the first time in the Phase 
2 report: 

• 

• zircaloy cladding and irradiated hardware, and 

• instant release fraction of “gap” and “grain boundary” phases (EPRI, 1992). 

For each of these “sources,” reference Yucca Mountain sources were used to obtain the 
inventories for these nine safety-related radioelements: C, Se, I, Tc, Cs, Ra, U, Np, Pu (13 safety-
related radionuclides).  These representative radioelements were selected on the basis of previous 
safety analyses of long-term releases from CSNF repositories (EPRI, 1992). 

Two basic constraints on the release of radionuclides from the UO2 matrix and cladding were 
implemented into the Phase 2 IMARC code: (1) radioelement solubility limits, and (2) 
dissolution/ corrosion rates.  Possible temperature dependencies on these values were not 
considered, based on the fact that containment times were calculated to be significantly longer 
than the initial several thousand year thermal period. Reference solubility and dissolution rate 
data as reported at that time by the Yucca Mountain Project were used (EPRI, 1992).  A series of 
existing, well-verified analytical source-term models (Pigford and Chambré, 1988) were 
implemented into the IMARC code for calculating aqueous and gaseous steady-state release rates 
for all three source-term “modes.”  

UO2 matrix, 
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In the final Phase 2 implementation of the IMARC code (EPRI, 1992), the near-field source-te
model linked “low,” “moderate” and “high” values for solubility and dissolution rate.  This 
implied correlation in IMARC between solubility values and dissolution rates was based on the
need for calculational efficiency.  It was noted that if IMARC

rm 

 
 sensitivity analyses showed a 

o te values on overall repository 
 model could be implemented at a later time, 

The “Groundwater Flux at the Repository” node considered possible lateral diversion of water by 
the   In 
1992, it was speculated that the ne
might be reduced because of such lateral diversion. 

ure/ Matrix Coupling,” considered the radionuclide-bearing 
gravitation in the unsaturated zone below the repository.  Flow in 

 
 two 

ed 

e 
x, and vice versa (see Dudley et al., 1985).  This 

assumption yielded a single flow equation in which key hydrological parameters were presented 
 

 and 

as when 

lved 
stem and the pores within the matrix.  Two limiting 

conditions for such diffusive-transfer coupling were implemented into the Phase 2 IMARC code; 

 a reduced, finite 

ac
rela g 
frac

str ng impact of variations of solubility and dissolution ra
performance, that a more detailed source-term
which indeed was done in later Phases. 

A.3.9 Groundwater Flow and Transport Model 

In the Phase 2 report (EPRI, 1992,), the groundwater system at Yucca Mountain was represented 
by a logic tree consisting of four nodes.  The motivations and bases for considering these nodes 
were as described below. 

densely welded Paintbrush Tuff unit overlying the repository horizon at Yucca Mountain.
t infiltration flux calculated at the surface of Yucca Mountain 

The second hydrological node, “Fract
water moving vertically under 
a fractured porous medium was described mathematically in its most complete form by 
considering separate non-linear flow equations for the matrix and the fracture network.  Terms in
these equations accounted for the extent of coupling (i.e., water movement) between these
systems.  While it was possible to solve the pair of coupled equations, this approach was judg
to be too computationally intensive for the purposes of IMARC analyses.  A simplifying 
assumption was made that any difference in pressure head developed within a fracture would b
instantaneously redistributed within the matri

as bulk or “composite” values.  For example, hydraulic conductivity and capacitance terms were
defined as the volume-weighted contributions from the matrix and the fractures.  This 
“composite” relationship, illustrated in Figure A-5, showed the combined effects of fractures
matrix.  As the unsaturated medium (i.e., unsaturated tuff) became drier (higher negative 
pressure heads), the matrix conductivity controlled the “composite” conductivity, where
the unsaturated medium became wetter, the fracture conductivity became controlling. 

In the same way that there was flow coupling between the fracture system and matrix, the Phase 
2 report (EPRI, 1992) considered possible coupling between the diffusive mass flux of disso
radionuclides between the fracture sy

“strong” coupling in which the radionuclide mass was instantaneously redistributed between 
matrix pores and the fracture system, and “weak” coupling in which there was
rate of diffusive transfer between fractures and matrix (possibly arising from the precipitation of 
fr ture-lining minerals, for example).  The effect of “weak” coupling was most evident for 

tively higher groundwater fluxes, leading to dissolved radionuclides moving downward alon
tures significantly in front of dissolved radionuclides moving in the matrix. 
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A t
“Lo
rad opah Springs and Calico Hills tuff units that underlie 

 

The
Tra
ave
calc

3

A s
gro
tim
histogram as pository temperature at the time of containment 

 

hird node of “Matrix Sorption” was considered in the Phase 2 IMARC code (EPRI, 1992).  
w,” “moderate” and “high” sorption coefficient values (Kd’s) for the nine considered 

ioelements were identified for both Top
the repository horizon at Yucca Mountain (see Figure A-2).  

 fourth and final groundwater node for Yucca Mountain considered “Saturated Flow.”  
nsport was assumed to be affected only by advection, and thus was characterized by an 
rage groundwater velocity.  Sorption effects were also considered in this saturated flow 
ulation, although there was no lateral or vertical dispersion considered. 

A. .10 Model for Transport of Gaseous Radionuclides 

implified model for the release of gaseous 14C from a Yucca Mountain repository to the 
und surface13 was also implemented into the Phase 2 IMARC code (EPRI, 1992).  Travel 
es of 14C from the repository upward to the ground surface were calculated and plotted as a 

 a function of rock properties, re
failure, and exchange of 14C (retardation) between water and gas phases during this migration.  
These histograms provided “low,” “moderate” and “high” estimates of 14C release to the surface
of Yucca Mountain that were implemented into the IMARC code. 

 

                                                           
13 The possibility and consequences of release of gaseous radionuclides (notably 14C) from the unsaturated Yucca 
Mountain site were significant issues in the US in 1992 (e.g., Lu et al., 1991).  The EPA draft standard at that tim
40 CFR 191, was promulgated on the assumption of a deep geological repository located below the water table (i.e.
solely an aqueous release pathway). While calculated releases of 14C from a Yucca Mountain repository were fa
below cosmogenic sources, calculated CCDFs for 14C often indicated a technical violation of the 40 CFR 191 

e, 
, 

r 

criterion for 14C.  
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Figure A-5 
Example of a composite Conductivity Curve Developed from Separate Fracture and Matrix 
Conductivity Curves (Dudley et al., 1985; EPRI, 1992). 
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A.3.11 Human Intrusion Model 

The Phase 2 report (EPRI, 1992) also examined a possible logic-tree approach to the human 
intrusion scenario. A general model estimating the likelihood of human intrusion was proposed 
consisting of five factors: 

• status of society, 

• knowledge of the site, 

• value of potential site resources, 

• activities at the site in the future, and 

• intrusion given such activities. 

With respect to the implications of human intrusion on the isolation performance of a repository 
at Yucca Mountain, the “intrusion given such activities” node of the human intrusion logic tree
considered three basic types of impacts: 

 

“Sensitivity studies for aqueous pathways indicate that critical factors affecting nuclide 
ount of groundwater infiltration, solubilities of radioelements, 
waste matrix, lateral diversion of groundwater flow around the 

repository, characteristics of the engineered barrier system, and coupling between 

ing 

• waste packages directly hit by drilling, 

• waste packages excavated to the surface, and 

• waste packages impacted by increased water flow. 

Further analysis of the human intrusion scenario for a repository at Yucca Mountain was 
obviated by US Congressional mandates to the EPA, including future recommendations to the 
EPA by the US National Academy of Sciences on a Yucca Mountain-specific standard.  

A.3.12 Phase 2 Results 

For the Phase 2 analyses, the IMARC code was extended to 14 nodes (Figure A-6).  The 
technical aspects of each node have been reviewed above. 

The key conclusions of EPRI’s Phase 2 report (EPRI, 1992) were 

release include the am
dissolution rate of the 

fracture and matrix flow.” 

IMARC Phase 2 results also provided EPRI with insights on policy issues of the day, includ
the release of gaseous 14C and a human intrusion scenario, with respect to the prevailing 
regulatory framework of 1992. 
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Figure A-6 
Logic-tree nodes for IMARC Phase 2 analysis (EPRI, 1992). 

A.4 Phase 3 Report (EPRI, 1996) 

The purpose for EPRI’s Phase 3 report (EPRI, 1996) using the IMARC code was to explore the 
various models, parameters, and assumptions affecting estimated performance of the 1996 Yucca 
Mountain repository concept, thus allowing inferences to be made about which of those models, 
parameters and assumptions were robust, which were relatively unimportant, and which had 
remaining uncertainties that substantially contribute to uncertainties in repository performance.  
A key aspect of EPRI’s IMARC analysis was to make an independent assessment of the 
performance-related issues of the repository concept under consideration, in order that decision-
makers in the utility industry could better judge the potential outcome of a future licensing 
process. 

By 1996, the situation for HLW geological disposal in the US had greatly changed from the 1992 
Phase 2 report (EPRI, 1992).  The changes relevant to IMARC are listed here: 

• the US National Academy of Sciences had published its “Technical Bases for Yucca 
Mountain Standards” (“TYMS Report”) (NAS, 1995); 

• the EPA was developing a new, Yucca Mountain specific safety standard, 40 CFR 197, 
although no decision had been reached on the time period of regulatory compliance (possibly 
either 10,000 years or one million years) and the acceptable level of exposure for 
compliance; 
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• there had been a fundamental change in the understanding of groundwater flow and dis
contaminant transport for the unsaturated zone portion of Yucca Mountain; 

• controversial measurements were reported of downward migration of bomb fall-out 36Cl to 
several hundred meters depth at Yucca Mountain, suggesting that perhap

solved 

s a small fraction of 

• 
ove-

 Conceptual Design” (ACD), which was a much larger waste package, 
composed of multiple layers of different kinds of steel, that was to be horizontally emplaced 
in open drifts (or only partially backfilled) drifts; 

• the 1995 TSPA report by DOE/OCRWM (1995) was a significantly more detailed and 
ious TSPAs by the DOE, explicitly considering both a 

 comparative effects 
of different engineered barrier options (  inclusion of a capillary-breaking backfill in the 

ght 

• debate had started on whether an alternative waste package design that would remain sub-
ertain impacts from local 

red by the Nuclear Waste Policy Act of 1982, had been amended by Congress to a less 
formal “Viability Assessment.” 

In response to these changing factors, many of the IMARC sub-models were necessarily revised, 
e-term and biosphere 

pathway analysis, new calculational models were developed, verified and implemented into 

ese sub-models are discussed below. 

A.4.1 Climate Change Model 

The possible need to evaluate repository performance out to one million years obviously entailed 
consideration of possible climate changes over this period.  Following the work of Goodess and 
Palutikof (1993), the Phase 3 report identified three possible future climate sequences: 

• Sequence 1: anthropomorphic activities (i.e., greenhouse, GH) having no effect on the next 
glaciation, 

• Sequence 2: anthropomorphic activities affecting the onset and magnitude of the next 
glaciation, and 

water moved rapidly in the unsaturated tuff; 

the areal density, hence thermal loading, of emplaced HLW waste packages had been 
significantly increased, leading to higher peak temperature and extended periods of ab
boiling conditions; 

• the original thin-walled, vertically emplaced waste package had been modified to the so-
called “Advanced

comprehensive analyses than the prev
10,000-year and a 1,000,000-year period of performance, as well as the

e.g.,
repository drifts led to decreases in estimated peak doses of key radionuclides by up to ei
orders of magnitude); 

 
boiling for all times after emplacement might avoid unc
hydrothermal processes; and 

• on a programmatic/policy level, the Technical Site Suitability (TSS) analysis, originally 
requi

updated, or in several areas, such as site hydrology, near-field sourc

IMARC.  Indeed, because many of these changed factors in 1996 were to become standard 
features of the current Yucca Mountain concept (e.g., horizontal waste package, integrated 
unsaturated and saturated hydrological model, climate changes up to one million years, etc.), 
many of the current sub-models of IMARC date to the Phase 3 report (EPRI, 1996).  The most 
significant of th
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• Sequence 3: “runaway”14 impacts from anthropomorphic activities (EPRI, 1996). 

For Sequence 2, judged to be the most likely for future conditions at Yucca Mountain, changes to 
current seasonal (winter vs. summer) temperature and precipitation were estimated and 
normalized to three climate regimes; interglacial (today’s climate), greenhouse modified climate 
and full glacial maximum (Table A-1). These calculations provided estimates of the duration and 
pattern of occurrence of the climate regimes over the next one million years, which served as 
inputs to subsequent net infiltration calculation described below. 

A.4.2 Net Infiltration Model 

Basically the same modeling approach as conducted for Phases 1 and 2 was applied for modeling 
net infiltration in Phase 3 IMARC analyses.  The inputs to these models, and the time frame over 
which they were applied, however, were considerably revised in Phase 3.  Calculations were 
made for three soil/ hydrological units, and three basic possible sequences of climate regime, as 
discussed above.  Model time-steps of 500 years were employed to calculate net infiltration 
changes over time.   

The primary outputs of these calculations were (1) probability distributions of net infiltration for 
a given climate regime (Figure A-7), and (2) calculated relationships between net infiltration and 
annual precipitation (Figure A-8).  The latter calculated relationships were verified by 
comparison with modern day sites with corresponding climate and topographic conditions 
(EPRI, 1996). 

A.4.3 Thermal Model and Seepage Model 

The timing and magnitude by which water may eventually seep into open emplacement drifts at 
Yucca Mountain has potentially important impacts on the (1) corrosion of water packages 
(hence, on containment time before release of radionuclides could be initiated), and (2) 

d release of radionuclides once the waste package container had 
ing the various ways that areal thermal 

                                                          

subsequent mobilization an
failed.  By 1996, DOE / OCRWM (1995) was consider
loading and spacing between waste packages (as well as spacing between emplacement drifts) 
might be used to favorably reduce seepage. 

 
14 “Runaway” means future climates no longer include glaciation periods. 
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TableA-1 
Phase 3 Climate Timeline for Sequence 22 at Yucca Mountain (from EPRI, 1996).   

 

In the Phase 3 IMARC modeling, various representative values of  

• areal thermal (mass) loading (25 or 83 MTU/ acre),  

• at-
ominated),  

heat-transfer mechanisms (“conduction” dominated vs. “convection” dominated vs. “he
pipe” d

• water-flow regimes (“fracture only” in which water entered into matrix only until 100% 
saturation is reached vs. “strong focusing” in which water only flowed in major fracture 
zones spaced 100’s or 1000’s of meters apart and intervening rock was dry vs. “weak 
focusing” in which water flow was inhomogeneous, but zones of higher percolation flux, 
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involving fracture flow, were distributed widely and were not limited to major fracture 
zones), and  

were combined in a coupled process model.  This coupled process model was used in Phase 3 to 
erent types of 

• s 
round that particular part of the emplacement drift or that the rock overlying 

the waste package remained dried out, 

 the 
ormed 

t 

e boiling point of water, the waste 

• temperature histories (see Figure A-4) 

estimate the percentage of waste packages that might experience one of four diff
“seepage” modes: 

“dry”: the waste package was not contacted by liquid water, either because of capillary force
diverted water a

• “reflux”: the waste package was contacted by water only during the time interval after
emplacement drift descended below the boiling point of water, and condensate water f
by reflux (cyclic boiling and condensation in the rock) dripped onto the waste package.  (A
all other times, the waste package was assumed to be dry), 

• “wet-drip”: once the emplacement drift descended below th
package experienced a steady rate of dripping water onto its upper surface, and 

• “episodic”: the waste package was contacted only episodically and for limited durations by 
water flow in fractures, possibly arising from fluctuations in net filtration, seismic events, 
changes in fracture mineralization, etc. 

 

 

 

Figure A-7 
Phase 3 Histogram of Net Infiltration Rates (EPRI, 1996) 
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The actual model description has been provided in EPRI (1996).  A summary table of results 
from that Phase 3 couple-process analysis showing how IMARC Phase 3 estimated the 
percentages of waste packages experiencing the four various “seepage” modes for different sets 
of conditions is shown in Table A-2. 

A.4.4 Containment Model 

In 1996, a variety of new materials and designs for waste package containers were under 
consideration by DOE (DOE/OCRWM, 1995). Both single-wall and double-wall (e.g., inner 
container of alloy 825 with an outer container of mild steel) container designs were bein
investigated. The original 304-grade stainless steel container material had been superseded by 
consideration of alloy 825, grade 16 titanium, high-nickel alloy C-22 (also called “alloy 22”), 
and a Pb-Bi alloy, and each of these materials had several possible corrosion failure modes to be 
evaluated. Also, because DOE / OCRWM was considering the possible containment 
performance from irradiated zircaloy cladding of disposed CSNF

g 

, the EPRI Phase 3 report also 
developed a containment failure model for such cladding. Finally, given a possible 1,000,000-
year timescale for regulatory compliance, additional failure modes, such as microbially 
influenced corrosion (MIC) and mechanical failure from collapse of open drifts over long time 
periods, were also considered. 

 

Figure A-8 
Phase 3 relationships between precipitation and net infiltration (EPRI, 1996). 
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The r 
mat ntially the same as for Phase 2 (EPRI, 
1992).  Each basic failure model employed multi-parameter Weibull equations to describe the 
containment failure rate as a function of time for a specific:  

• container material (including cladding), 

• type of corrosion mode for that container material 

• set of temperature-time conditions (Figure A-4), and  

• “seepage” mode (Table A-2).   

For waste packages remaining “dry” (Table A-2), the humid environment of the repository was 
assumed to allow limited dry oxidation of various waste package materials, so appropriate 
models were developed in Phase 3 (EPRI, 1996) for this corrosion mode. 

Table A-2 
Summary table of fraction of waste packages experiencing various types of water contact 
modes (EPRI, 1996). 

 Phase 3 approach (EPRI, 1996) for developing failure models for each type of containe
erial and each applicable corrosion modes was esse
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A.4.5 Source-term Model 

One of the most significant changes in the Phase 3 IMARC code (EPRI, 1996) was replacem
of numerous steady-state analytical equations by a general compartment model (akin to a 
simplified finite-element approach) for describing radionuclide source-term release from the 
EBS.  Similar compartment model approaches had been successfully used in other nationa
repository programs (e.g., Romero et al., 1991; Worgan and Robinson, 1992) for source-term 
modeling and overall repository assessment. 

For the Phase 3 compartment model named COMPASS, different regions of the EBS and near-
field rock were explicitly defined as spatial “compartments” with specific physical (length
surface area, volume, porosity, hydrauli

ent 

l 

, 
c conductivity, etc.) and chemical (solubility limits, 

orption coefficients, etc.) characteristics.  These separate compartments were then linked by 
sfer relationships and appropriate boundary conditions.  The complexity and 

computational efficiency of the COMPASS source-term model could be easily changed by 
changing the number of “compartments.” Furthermore, by implementing this flexible 
COMPASS compartment model into IMARC, any future changes in types, dimensions, number, 
boundary conditions, or characteristics of engineered barriers could be readily analyzed by 
reconfiguring the “compartments.”  

Three different COMPASS source-term models (Figure A-9) were implemented into IMARC in 
Phase 3 (EPRI, 1996) to model three limiting modes of radionuclide release: 

• An “over-flow” model in which dripping water was assumed to enter through a failure at the 
top of the waste package, to react with the waste form, and to cause the release of 
radionuclides into the internal water volume. The waste package would eventually fill with 
this water (so-called “bath tub”), then the radionuclide-bearing water would gravitationally 
flow out of a failure at the top the waste package, then flow into underlying gravel backfill, 
then the concrete invert, and eventually the radionuclide-bearing water would enter into the 
underlying unsaturated fractured tuff; 

• A “through-flow” model in which dripping water was assumed to enter through a failure at 
the top the waste package, to react with the waste form, and to cause the release of 
radionuclides into the internal water volume. Then this radionuclide-bearing water would 
gravitationally flow out of a failure at the bottom the waste package (no “bath tub”), then 
flow into underlying gravel backfill, then the concrete invert, and eventually the 

e underlying unsaturated fractured tuff; and 

• ailed 
 allow 

form out through 
the failed waste package, then diffuse through the gravel backfill and subsequently diffuse 

 

 

r 

s
mass-tran

radionuclide-bearing water would enter into th

A “no-flow” model in which there would be no advective (no water dripping) onto a f
waste package.  Formation of a continuous layer of condensate water, however, would
release and diffusive migration of dissolved radionuclides from the waste 

through the cement invert, and eventually the radionuclide-bearing water would enter into the
underlying unsaturated fractured tuff. 

A fourth model for the highly unlikely occurrence of fully-saturated conditions within the EBS
was also implemented into IMARC, but there never has been any credible evidence to support 
the speculation that such saturated-flow conditions could ever be obtained, even temporarily, fo
a repository at Yucca Mountain (NAS, 1992). 
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The implementation of the COMPASS compartment model in the IMARC Phase 3 code
fundamentally changed and greatly enhanced the overall capabilities of the IMARC code.  Giv
the inherent flexibility in revising su

 
en 

ch “compartments,” it has been possible to readily apply the 
IMARC code in subsequent analyses of newer EBS designs, as well as in analyses of possible 

egions of 

of a 
ork 

d 

transport in an underlying saturated zone (Figure A-10).   

With respect to the unsaturated zone, the new Phase 3 IMARC model for flow and transport 
llo ed the EBS to be sub-divided into separate vertical-column sub-regions (sometimes 
ferred to as “stove pipes”), and each columnar sub-region of the unsaturated fractured tuff 

could be assigned different properties and performance characteristics.  Time varying infiltration/ 
epage rates, water table depths, and source-term release rates could all be assigned different 

values for each columnar sub-region, with no lateral coupling assumed between different sub-
gions.  All physical properties controlling water flow and radionuclide transport could be 

aried with depth within each columnar sub-region, and between one column and the next.  

Because isothermal conditions were assumed, given the expected extended containment of waste 
for several 1000’s of years, the energy transport conditions were not coupled into the model, 
although the model could be modified to approximate non-isothermal conditions if that option 
became of interest. 

scenarios, such as rockfall/ drift collapse and formation of so-called “shadow zones” (r
unsaturated fractured tuff in which water occurs only in matrix, thereby limiting migration of 
radionuclides to extremely slow diffusive transport through the matrix). 

A.4.6 Groundwater Flow and Transport Model 

Another important development in the Phase 3 report (EPRI, 1996) was the implementation 
new, combined unsaturated and saturated flow model.  The conceptual model was based on w
by Kool, et al. (1994), who presented a composite approach linking one-dimensional flow an
transport through an unsaturated zone with a three-dimensional representation of flow and 

a w
re

se

re
v
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Figure A-9 
Schematic representation of compartments for various source-term release modes (EPRI, 
1996). 
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Figure A-10 
Schematic of the flow and transport model implemented into IMARC 3 (EPRI, 1996). 

Flow and transport in each columnar sub-region could be represented either as a single-
porosity/single-permeability continuum or a double-porosity/double-permeability continuum to 
represent coupled fracture-matrix interactions.  For a single-porosity simulation, the physical 
pro tical 
frac sity simulation, the unsaturated tuff was characterized by vertical 
fractures that were relatively permeable, with an intervening porous tuff matrix that was less 
permeable.  The coupling of water pressures between matrix and fractures could be specified to 
occur rapidly or slowly, allowing simulation of “weak” or “strong” coupling as in the Phase 2 
IMARC analysis (EPRI, 1992).  Sorption and radioactive decay (including decay chains) were 
also explicitly incorporated into the Phase 3 unsaturated zone model. 

With respect to the saturated zone flow and transport model for Phase 3, groundwater flow was 
assumed to be represented by long-term, steady-state conditions, with the bulk hydraulic 
conductivity of the fracture rock mass being assumed to be representative of an equivalent 
porous medium that may be anisotropic.  The assumed steady-state condition was necessary to 
achieve the requisite computational efficiency within the multi-branched logic-tree structure of 
the IMARC code (EPRI, 1996).  Transported radionuclides could advect, disperse, sorb, and 
decay within the three-dimensional saturated aquifer.  The three-dimensional velocity field could 
either be specified to be uniform by inputting the three components of the water velocity vector, 
or the velocity field could be obtained by solving the saturated groundwater flow equation.  If the 

perties of the unsaturated tuff were taken to be representative of a system of discrete ver
tures.  For a double-poro
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flow field was solved for, the Phase 3 saturated flow and transport model allowed for locating 
one pumping (extraction) well within the aquifer. 

The Phase 3 report (EPRI, 1996) also combined the new flow and transport model for saturated 
flow with numerous field data measured in the area around the Yucca Mountain site to calculate 
the likely size and location of a radionuclide-bearing contaminant plume that might eventually 
arise from the HLW repository.  This analysis was made, in part, to help inform discussions 
regarding the development of an appropriate Yucca Mountain-specific safety standard.  
Uncertainties in measured properties and regarding possible changes from future climate changes 
were evaluated.  The conceptualized plume emanating from a Yucca Mountain repository 
(Figure A-11) was relatively narrow (about 3.5 km wide) because of focusing of flow along the 
eastern margin of the ground water basin in this region.  Contaminants in the plume were 
conjectured to migrate southward, with possible interception by wells in Amargosa Valley (the 
nearest permanent population to Yucca Mountain, which was later adopted by the EPA as the 
“accessible environment boundary” in its Yucca Mountain specific safety standard 40 CFR 197) 
at a distance of 20-30 km from the repository site. It was estimated that dispersion during 
transport would result in dilution in radionuclide concentrations by about a factor of 15 assuming 
present day climate; greater dilution factors would occur for wetter pluvial conditions because 
the plume would move deeper during transport. 

A.4.7 Biosphere Model 

Another significant advancement to the Phase 3 IMARC code (EPRI, 1996) was the 
imp  dose 
effects arising from a Yucca Mountain repository, per the recommendation of a health-risk 

iences review to the EPA (NAS, 1995).  In 
l implemented into IMARC considered not just drinking 

water as the only exposure pathway, but also a variety of other possible exposure pathways, as 

his pathway analyses, dose conversion factors of key dose-contributing 
radionuclides for a unit flux to an extraction well assumed as the “accessible environment” were 

3 IMARC code (EPRI, 1996). 

of 

f 
cess drifts (DOE/OCRWM, 1988).  The induced stresses in the crown of the 

emplacement drift, in particular with no supporting backfill, could lead to possible rock 
loosening from the top of the drift and rock fall.  Such potential rockfall raised concerns for 
operational safety during emplacement, as well as degraded post-closure performance, either due 
to rockfall damage of waste packages or to unfavorable alteration of the hydrological properties 
of tuff surrounding the drift (EPRI, 1996).   

lementation of an independent biosphere model to support calculation of possible

standard made by the National Academy of Sc
particular, the Phase 3 biosphere mode

also recommended by the NAS (1995) report.  The biosphere pathway model added to Phase 3 
IMARC is summarized in Figure A-12. 

Combined with t

derived for use in the Phase 

A.4.8 Thermal Spalling (Rockfall) Model 

The reference repository design (DOE/OCRWM, 1995) envisioned horizontal emplacement 
waste packages into drifts that were only partly (or not at all) backfilled, a departure from the 
previous Site Characterization Plan concept of waste packages emplaced vertically in the floor o
backfill ac
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Figure A-11 
ard 

k-mechanical property data collected by the DOE for four rock-strength 
categories of the Topopah Springs tuff unit (“strong,” “medium,” “weak,” and “very weak”),  

nd 

es, 

Map illustrating the likely size and location of a contaminant plume moving south tow
Amargosa Valley (EPRI, 1996). 

To estimate the probability and magnitude of a possible rock block falling due to thermal 
spalling, a series of finite-element, discontinuum (i.e., specific inclusion of fractures and joints in 
the tuff, and the properties of such discontinuities) calculations were made in the Phase 3 report 
(EPRI, 1996).  Specific inputs to this modeling included: 

• reference roc

• reference data on the distribution and physical properties of joints that could slip as a 
function of resolved shear, normal stress and time (not included in the Phase 2 analysis), a

• three different thermal-loading constraints (alpha, beta and gamma temperature-time profil
see Figure A-4). 
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Figure A-12 
Schematic of biosphere transfer processes considered in EPRI (1996). 

From this range of thermal, mechanical and physical data inputs, multiple finite-element, 
discontinuum analyses were made to develop a statistical representation of possible thermal 
spalling.  In particular, the following factors were evaluated:  

• maximum size of a possible rock block that might fall, 

• average size of a possible rock block that might fall, 

• probability of rockfall in the first 1,000 years after repository closure (i.e., thermal period), 
and 

• probability of rockfall at time greater than 1,000 years after repository closure. 

Table A-3 shows the “look-up” table derived from these analyses. 

Bas ck block 
that , the Phase 3 report concluded that the effects of rock spalling on 
repository performance appeared to be minor.  Because of the minimal impact on performance, 
these rockfall effects were not included in the IMARC 3 code and the calculations reported in 
EPRI (1996).  

 

ed on the relatively low likelihood of rockfall, and the estimated small size of any ro
 might fall (Table A-3)
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Table A-3 
Results of Phase 3 rockfall analyses (EPRI, 1996). 

 

A.4.9 Phase 3 Results 

The logic-tree structure for the Phase 3 IMARC calculations is shown as Figure A-13.  The full 
set of logic-tree branches was 162 for the full simulation “Base Case.”  The expanded number of 
branches and the increased complexity of some new sub-models within IMARC3, notably
flow and transport sub-model, greatly increased the computation time for analyses.  Accordingly, 
certain simplifications were made in Phase 3 analyses (EPRI, 1996).  A reduced set of 7
radionuclides (79Se, 99Tc, 129I, 231Pa, 237Np, 233U, and 229Th) were considered, selected on the basi
biosphere pathway analysis and likelihood of being key contributors to total dose estimates.  
Infiltration and thermal/seepage mod

 the 

 
s of 

els were narrowed to single representations, and “medium” 
 dissolution rate and sorption were omitted. values case for solubility,
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The d towards helping to 
develop an informed perspective on the many open technical issues and policy decisions in the 
US repository program in 1996.  These included: 

 implications of the recommendations in the NAS (1995) “Technical Bases for Yucca 

lications of revised hydrological models of Yucca Mountain, 

• selection of new container materials, 

itions 

 the suitability of Yucca Mountain as a geological repository. 

With respect to these last point objectives, the Phase 3 report concluded (EPRI, 1996): 

“Sensitivity studies indicate that the key technical components affecting total system 
performance are: the amount of water flowing through the repository; the assumed 
biosphere exposure pathways; flow and transport properties in both the unsaturated and 
saturated zones of the Yucca Mountain geology; container material; and elemental 
solubilities.  

Reasonable assurance of very low dose rates to hypothetical individuals living in the 
Yucca Mountain vicinity (due to operation and closure of the candidate spent fuel and 
HLW disposal facility) can be provided for several thousands years into the future-
perhaps for a time period longer than the recorded history of human civilization.  
Furthermore, IMARC Phase 3 analyses suggest peak dose rates beyond several thousand 
years will likely be limited to natural background levels or lower.  Thus, we find Yucca 
Mountain technically suitable for continued development as a permanent spent fuel and 
HLW disposal facility.” 

 

 calculation cases in the Phase 3 report (EPRI, 1996) were largely directe

•
Mountain Standards” report, 

• the time-scale and health-risk formulation for an eventual EPA standard specific to Yucca 
Mountain (EPA was still working on its first draft of its 40 CFR 197 standard in 1996),  

• performance and safety imp

• alternative EBS designs, 

• relative contributions to performance and safety among engineered and natural barriers, 

• performance and safety impacts of “conservative” versus “reasonably assured” cond
and assumptions 

• identifying key research priorities for the future, and 

•
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Figure A-13 
Logic-tree structure for “Base Case” calculations using the Phase 3 IMARC code (EPRI, 
1996). 

With respect to the IMARC code itself, the Phase 3 study (EPRI, 1996) represented a signific
advance in both capabilities and flexibility of sub-models.  Sub-models developed during the 
Phase 3 study in the areas of flow and transport, source-term and biosphere still remain as core 
capabilities of the present day version of the IMARC code. 

ant 
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A.5 Phase 4 (EPRI, 1998) 

The tives for the Phase 4 study were to: 

• update the IMARC code based on new information and recent regulatory developments, 

 result 
strated 

R 
M was preparing to publish a congressionally 

andated “Viability Assessment” (VA) report on Yucca Mountain.  The reference waste 
nt in which a 2 cm-thick alloy C-22 inner 

barrier was to be encapsulated within a 10 cm-thick mild steel outer barrier, and the entire waste 
package to be emplaced horizontally in an un-backfilled drift. 

With respect to updating the Phase 3 IMARC code, most of the activities focused on compiling, 
critically reviewing and selecting revised input data.  Particular areas of data updating included 
climate change, net infiltration, the number of waste packages possibly wetted over time, and 
radioelement solubilities and sorption coefficients.  Most of the IMARC sub-models were not 
significantly revised in the Phase 4 study.  Two IMARC sub-models, the Containment Model 
and the Biosphere Model, were modified, however, as discussed in sections below.  

Several key technical issues were also directly evaluated in the Phase 4 study.  These issues 
included: 

• much higher precipitation (rainfall) values for the future at Yucca Mountain, proposed on the 
basis of certain ostracode fossils, 

• alternative safety indicators to complement dose-rate calculations calculated out to one 
million years, 

• use of influence diagrams and interaction matrices as a basis to audit and illustrate the 
completeness of safety analyses, 

• appropriate timeframes for safety assessment based on international comparisons, 

•  in future human habits as related to dose modeling, and  

• 

Phase 4 activities for the various IMARC sub-models are summarized in the following sections. 

A.5

Evidence from ostracode fossils from Washington and Minnesota were interpreted by some 
researchers as indicating that past (and hence, by inference, future) precipitation rates at Yucca 
Mountain would be many times higher than previous estimates (see DOE/OCRWM, 1995 and 

 stated objec

• identify the key technical issues important to total system performance, and 

• provide an assessment of whether protection of human health and the environment as a
of HLW disposal at the candidate Yucca Mountain facility can be adequately demon
(EPRI, 1998). 

In 1998, the first draft of the EPA’s site-specific safety standard for Yucca Mountain, 40 CF
197, was about to be issued.  DOE/OCRW
m
package design consisted of a dual-wall arrangeme

uncertainties

the impact of corrosion products on source-term release of radionuclides. 

.1 Climate Change Model 
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EPRI, 1996 for relevant references).  Phase 4 analyses based on multiple lines of other evidence, 
including specific plant taxa near Yucca Mountain and stable isotope data from deep sea cores 
and ice cores, indicated that the ostracode interpretation for much higher rainfall rates for pluvial 
conditions than previously estimated for Yucca Mountain were over-estimates.  

A.5.2 Net Infiltration Model 

Two adjustments were made to the net infiltration sub-model in IMARC in Phase 4.  First, values 
for physical parameters in the surface soil layer for Yucca Mountain were updated based on new 
site data.  Second, a more realistic model for the effects of runoff was implemented.  In 
particular, the effect of capture of run-off of water moving along slopes from high elevations to 
lower-lying soil/hydrological basin units was added to the model, as well as possible run-off of 
water from this lower-lying basin.  When no basin run-off occurred, net infiltration was higher.  
This effect was found to be small for present day climate conditions (0 to 17% increase) and 
somewhat higher (up to 60% higher) for full glacial conditions. 

The calculated net infiltration rates derived in Phase 4 are shown in Table A-4, along with other 
reported infiltration values cited in EPRI (1998).  The EPRI Phase 4 values were in reasonably 
good agreement with other independent researchers listed in Table A-4. 

A.5

rtion of waste packages that might be contacted by seeping water, 
and the relative rates of such seeping water, were made in the Phase 4 report (EPRI, 1998).  One 

 water equilibrated and moved in both fractures and 
the tuff matrix. 

endix D) was applied in Phase 4 to combine the 
following factors in order to estimate the local percolation rate of water in the region of tuff 

s 

 

.3 Seepage Model and Thermal Model 

Revised estimates of the propo

new factor concerned possible focusing of water flow as infiltrating water approached the 
repository horizon.  “Strong Focusing” was attributed to infiltrating water migrating dominantly 
in fractures (and not in equilibrium with the tuff matrix), whereas “Weak Focusing” was 
attributed to rock regions in which infiltrating

An analytical solution (EPRI, 1998, App

around the repository horizon: 

• rock regions with “strong focusing” of infiltrating water in fractures versus rock regions with 
“weak focusing” of infiltrating water moving through both fractures and tuff matrix, 

• regions of the repository that were relatively “hot” (termed “De-focused Flow Zones”) versu
regions of the repository that were relatively “cool” (termed “Focused Flow Zones”), 

• net infiltration rates (“low,” “base” and “high” values from the net infiltration logic-tree node 
for a given climatic condition), and 

• repository lifetime (“Thermal” period representing 0 – 3,000 years after closure; “Current” 
representing the current climate from 3,000-25,000 years after closure; “Glacial” 
representing full glacial maximum conditions prevailing from 25,000 years after repository 
closure). 
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Table A-4 
Comparison of estimated Phase 4 net infiltration rates with other contemporary sources 
(“This Study 1996 (Phase 4)” refers to EPRI, 1998). 

 
 

The derived percolation fluxes were, in turn, converted in the Phase 4 IMARC code into 
estimates of the fractions of waste packages being contacted by seeping water via use of the 
relationship curve shown in Figure A-14, which was derived from DOE/OCRWM data.  The 
final tabulated values for fractions of waste packages that were contacted by seepage water from 
Phase 4 analyses (EPRI, 1998) are shown in Table A-5 for the various rock (strong vs. weak 
focusing) and repository (hot vs. cool) regions of the repository horizon.  The average seepage 
rate (assumed equal to the estimated percolation rate) for any one of the fractions shown in Table 
A-5 was derived in IMARC Phase 4 by application of the relationship illustrated in Figure A-14. 
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Figure A-14 
Fraction of waste packages that will be wetted, as a function of local percolation rate 
(EPRI, 1998). 

In addition, the temperature-time curves originally derived in Phase 2 (Figure A-4) were updated 
to support the revised thermohydraulic analysis.  The revised temperature-time curves are shown 
in Figure A-15.  The “δ” curve in Figure A-15 was added to reflect a second repository design 
with natural ventilation under consideration by DOE during the Phase 4 analyses. 

A.5.4 Containment Model 

In the Phase 3 Containment Model of IMARC, uncertainties in corrosion rates of different 
materials exposed to different environments were expressed in a series of Weibull distributions.  
This approach required the establishment of numerous (in some cases, more than 100) fitting 
parameters that controlled the shape of the derived distribution of container failures, and 
esp time).  In Phase 4, 
the ose uncertainties 
inherent in the corrosion data used to the extent that such uncertainties were known, as well as 

expert judgment.  The new Phase 4 Containment Model was believed 
to more closely represent then-current knowledge and opinion on corrosion rates than the 

ecially the threshold time to failure (i.e., the lower estimate of container life
uncertainties incorporated into the new Containment Model expressed th

uncertainties derived from 

previous Phase 3 Containment Model. 
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Figure A-15 

t 
odeling by the OCRWM/DOE and the Nuclear Regulatory 

Commission (NRC). An example of the evolution of relative humidity (RH) at the surface of 
ime is shown in Figure A-16.  Experimentally, the necessary 

RH values for the onset of humid air corrosion (HAC) and aqueous corrosion (AQC) could be 

Containment Model was in identifying 
mperature thresholds below which crevice corrosion (CC) cannot occur for a given material 

(e.g., alloy C-22).  As shown in Figure A-18, by combining the onset time for possible AQC 
(represented in Figure A-18 by the TAQC line, the assumed 100ûC boiling point line) and the 
lower thresh erature for CC (represented in Figure A-18 by the TCC line, assumed to be 
80û of 
Fig

s for the occurrence of CC was about 100 years and an approximately 3,000 year 
uration was estimated for the higher temperature-time curve.  Below the TCC condition of 
igure A-18, only general corrosion (and MIC) of the alloy C-22 could occur. 

Temperature-time curves used in calculations:  α-T, “hot” packages, strongly focused 
water flow; β-T, “hot” packages, weakly focused water flow; γ-T, “cold” packages; δ-T, 
relationship expected if the repository is naturally ventilated (EPRI, 1998). 

Phenomenalogically, the Phase 4 Containment Model advanced several important concepts that 
have since become standard features not only of the EPRI approach to assessing containment bu
also of the independent m

waste packages as a function of t

well established.  In turn, the RH versus time curve of Figure A-16 could be combined with a 
representative temperature versus time curve, as shown in Figure A-17.  Thus, the RH, 
temperature and duration for HAC and AQC corrosion modes could be derived, as well as an 
initial period of dry-air oxidation.   

A further enhancement to the Phase 4 IMARC 
te

old temp
C for alloy C-22), a finite period for possible corrosion failure by CC (shaded region 
ure A-18) was derived.  For the lower temperature-time curve, the estimated duration of 

condition
d
F
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Table A-5 
Fraction of waste packages wetted used in IMARC 4 (EPRI, 1998). 

 
 
 

 

 

 

 

Figure A-16 

I, 1998). 
An example of calculated relative humidity (RH) at the waste package surface as a function 
of time after exposure (EPR
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Figure A-17 
An example of a calculated temperature at the waste package surface as a function of time 
after exposure (EPRI, 1998). 

Based on these physicochemical constraints, a new Containment Model approach was 
implemented in the Phase 4 IMARC code (Figure A-19).  Numerous analyses were provided in 
the 
and the cumulative failure rate of containers for various temperatures, water contact times and 

 example of such a derived cumulative failure function plot is 
given in Figure A-20 for a specific seepage rate and for various temperature-time profiles (the 

e-

The ase 4 report (EPRI, 1998) with respect to source-term modeling 
ment 

orrosion 
tal data of 

rding 
tu ive 

conceptual models regarding the release and mig

Phase 4 report (EPRI, 1996) to derive the time for first waste package containment failure 

groundwater compositions.  An

“α”, “β”, “γ” and “δ” designations represent Phase 4 modifications to the Phase 2 temperatur
time curves as shown in Figure A-15). 

A.5.5 Source-term Model 

 primary activity in the Ph
was an extensive review of input data on the dissolution behavior of CSNF, radioele
solubilities, and radioelement sorption coefficients for components (including metal c
products) of the EBS.  The Phase 4 report cautioned that interpretations on experimen
waste-form performance could be non-unique.  Specific recommendations were made rega
fu re data needs and appropriate experimental techniques to obtain data to confirm alternat

ration behavior of radionuclides within a Yucca 
Mountain repository.  The potential for co-precipitation of radionuclides, such as the inclusion of 
actinides into uranium-dominated alteration phases from dissolution of the UO2 of CSNF, was 
specifically discussed.   
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Figure A-18 
Anticipated range of temperature-exposure time curves for the surface of the waste 
package. TCC is the threshold temperature below which crevice corrosion cannot occur; 
TACQ is the temperature for the onset of aqueous corrosion (EPRI, 1998). 

 

 

Figure A-19 
IMARC Phase 4 flowchart for waste package corrosion degradation for Yucca Mountain 
conditions (EPRI, 1998). 
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Figure A-20 
mulative distribution functions for C-22, seepage drips, (EPRI, 1998) 

A.5.6 Flow and Transport Model 

 in IMARC Phase 4 report (EPRI, 1998) was the same as used 
in the Phase 3 report (EPRI, 1996).  Considerable new data had been obtained between 1996 and 

one 

 for Yucca Mountain, the Phase 4 report (EPRI, 
1998) for biosphere modeling explored a number of possible approaches for a quantitative 

Predicted cu

The flow and transport model used

1998, however, so that the input parameters for both the unsaturated zone and saturated z
were updated.   

A.5.7 Biosphere Model 

In the absence of a draft EPA safety standard

measure of compliance.  Factors affecting a biosphere release pathway were identified, and 
discussed within the context of various national and international perspectives.  No significant 
modifications to the Phase 3 biosphere model or model inputs were made, however, in IMARC 
Phase 4. 
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A.5.8 Phase 4 Results 

The Phase 4 IMARC report (EPRI, 1998) contained numerous sensitivity calculations intend
to explore and evaluate the “defense-in-depth” of the various barriers and processes by which 
HLW would be safely isolated in a repository at Yucca Mountain for time periods up to on
million years after repository closure.  While many barriers and processes were found to provid
significant contributions to isolation, no single barrier or process was found to be the sole driv
of repository performance. 

ed 

e 
e 

er 

Most of the IMARC Phase 4 sub-models were essentially the same as those for IMARC Phase 3, 
d updates were made for all sub-models.  An important 
del, which was significantly modified to conform to 

art 197 had been issued 
setting 10,000 years as the period for a probability-weighted peak dose-rate criterion of 15 
mrem/yr.  The accessible environment had been defined in the draft 40 CFR Part 197 as a 
reasonably maximally exposed individual (RMEI) located 18-km from the edge of the Yucca 
Mountain repository.  A fixed water well-extraction pathway and exposure scenario was also 
established in the regulation.  The Nuclear Regulatory Commission (NRC) had followed the 
draft 40 CFR 197 with their own Yucca Mountain specific regulation, 10 CFR Part 63, which 
adopted the same criteria.  

A major development in the Yucca Mountain Project (YMP) during this period was the 
establishment of a modified repository design, called the Site Recommendation Characterization 
Report (SRCR) design.  The SRCR design was new in several important ways; (1) 
implementation of a “line loading” thermal management strategy, (2) waste packages composed 
of an outer alloy C-22 corrosion barrier with an inner stainless steel container for added strength, 
and (3) the inclusion of a titanium (grade-7) drip shield. The 1998 IMARC Phase 4 report (EPRI, 
1998) had been based on a waste package with an outer mild steel container and an inner alloy 
C-22 container. 

The SRCR “line-loading” thermal management strategy entailed placing waste packages within 
an emplacement drift so closely together (within 0.10 meters) that they acted as essentially a 
single heater-line, prolonging the period of above boiling conditions along the length of each 
emplacement drift.  At the same time, the spacing between emplacement drifts was increased 
from 29-meters to 81-meters in order to ensure that a sub-boiling “pillar” of tuff rock would 
always be preserved between emplacement drifts (Figure A-21).  In this manner, there would be 
an extended dry-out period preventing any early contact of water with waste packages, while at 
the same time allowing ample drainage of any condensate water that may be formed by 
development of above-boiling conditions around emplacement drifts. 

although extensive data reviews an
exception was the Containment Mo
published corrosion test data on the various containment materials under consideration.  While 
the IMARC Containment Model has been revised several times since the Phase 4 report (EPRI, 
1996), the basic approach first introduced in the Phase 4 report has been maintained.  

A.6 Phase 5 Report (EPRI, 2000) 

By 2000, the draft EPA safety standard for Yucca Mountain, 40 CFR P

A-40 



 
 

Appendix A: History of IMARC 

The  of these “line-loading” features led to an expected thermal evolution history as 
illu ned in 
Fig , an initial “dry-out” period from 0 to many 100’s of years after waste 
emplacement, in which conditions within open emplacement drifts were at above boiling 

d drain gravitationally downward around the drifts 
ate period was characterized as between the time 

 

 material 

liance analyses in 2000 addressed a 10,000-year post-closure period.  The 
age 

 a 

ing on water seepage and a model for cladding 

 combination
strated in Figure A-22.  Three basic periods of post-closure performance can be envisio
ure A-22.  First

conditions, while any condensate water woul
in sub-boiling pillars.  The second intermedi
when at-boiling conditions would be reached within a drift to the time that temperature dropped 
below the critical threshold for crevice corrosion (line “TCC” in Figure A-18).  The duration of 
this second period was on the order of several 1,000’s of years.  The third long-term period, in
which further corrosion of waste packages would be limited to only general corrosion, was 
envisioned to extend thereafter.  

Uncertainty regarding the potential for crevice corrosion of waste package alloy C-22
during the second period was the motivation for the second new feature of the SRCR design, 
inclusion of a titanium “drip shield.”  This drip shield was an inverted “U-shaped” structure that 
would run the entire length of all emplacement drifts (on the order of 50 km) to prevent the 
dripping of water on to the waste package during the second period (Figure A-23).  The 
functional life expectancy for the drip shield estimated by DOE/OCRWM was only several 
1,000’s of years of the second period, although longer performance was considered to be 
possible. 

Thus, regulatory comp
containment performance of three metal barriers (titanium drip shield, alloy C-22 waste pack
and zircaloy cladding of disposed CSNF) of the SRCR design was expected to contain HLW in
Yucca Mountain repository for this 10,000-year period, minimizing the impact of remaining 
uncertainties on site performance. 

Based on these developments, the IMARC Phase 5 study (EPRI, 2000) was conducted to explore 
sub-system and total system performance (and uncertainties in that performance) of the new 
SRCR design concept. A review by EPRI-sponsored technical experts was made of YMP’s 
revised performance models for the SRCR design.  Modifications were made for the Phase 5 
IMARC code as described in the following sub-sections, in particular, a new model for the effect 
of “line-loading” and wide (81m) drift spac
corrosion were also introduced into IMARC 5.  A series of calculations using the revised 
IMARC 5 code were also made (EPRI, 2000) to identify key factors, uncertainties and 
conservatisms affecting the performance of a repository at Yucca Mountain. 
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Figure A-21 
Schematic plan view of reference SRCR concept for a repository at Yucca Mountain 
(CRWMS M&O, 1994). 

A.6.1 Net Infiltration Model 

The derived infiltration values from the Phase 4 study (EPRI, 1998) were compared to the range 
of reported values by independent sources as of 2000 (Table A-6).  EPRI’s Phase 4 values were 
found to be consistent with these other sources for similar sets of assumptions.  Accordingly, 
there was no change in the IMARC Phase 5 net infiltration modeling from that used in Phase 4. 
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Figure A-22 
Temperature-time history for the drift wall at Yucca Mountain (DOE, 2008b, Figure 2.3.5-
33). 

A.6.2 Thermal and Seepage Models 

Estimates for the fraction of waste packages wetted by seepage and the rate of seepage (see 
Figure A-14 and Table A-5) were updated for IMARC Phase 5, based on site data collected by 
the YMP (CRWMS M&O, 2000a; 2000b). The Phase 5 report (EPRI, 2000) also presented for 
the first time, EPRI’s review of potential coupled thermal-hydrological-chemical (THC) effects.  
These included the potential for changes in fracture flow from either mineral dissolution/ 
precipitation arising from imposition of elevated temperature and temperature gradients during 
the initial thermal period.  Also, the EPRI Phase 5 report reviewed possible changes in 
composition of groundwater due to a reflux process of boiling and condensation.  However, 
explicit consideration of such THC effects on seepage flow or groundwater composition were 
not included in IMARC 5 analyses. 
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Figure A-23 
Cross Section of Typical Emplacement Drift (DOE, 2008a, Figure 6.3.6-3). 

A.6.3 Containment Models 

The Phase 5 study (EPRI, 2000) evaluated new data on the corrosion modes and rates for 
titanium drip shield, alloy C-22 outer waste package barrier, and zircaloy cladding.  Containment 
models from Phase 4 (EPRI, 1998) were revised for alloy C-22, and new containment models for 
titanium and zircaloy were added to the IMARC Phase 5 code.  The results of these Phase 5 
analyses are summarized here. 

The failure of the titanium grade-7 (Ti-7) drip shield was assumed to possibly occur by two 
corrosion modes: (1) general corrosion, or 2) hydrogen-induced cracking (HIC).  Based on the 
data available at that time, four cumulative failure curves of Ti-7 as a function of time (Figure A-
24) were derived for a matrix of conditions of (a) dripping (AGC) and non-dripping (HAC) 
conditions and (b) with or without HIC.  Note that the Phase 5 estimated time for 50% 
cumulative failure of a Ti-7 drip shield was on the order of 100,000 years (or longer), as shown 
in Figure A-24; only 0.03% (or less) of drip shields were anticipated to be penetrated in the first 
10,000 years. 
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Table A-6 
Comparison of reported net infiltration values for Yucca Mountain (from EPRI, 2000). 

 
 

Thr  penetration of the alloy C-22 were considered in the Phase 
5 study (EPRI, 2000): 

ls to 

own in 
Figure A-26 for general corrosion and combined general corrosion + localized corrosion.  Note 
that no waste package penetrations were anticipated at 10,000 years after emplacement, and only 
about 1.5% of the waste packages were anticipated to be penetrated at 100,000 years after 
emplacement. 

ee corrosion processes leading to

• general corrosion, 

• crevice corrosion arising from a creviced contact between the waste package and support 
pedestal, and 

• stress corrosion cracking (SCC) arising from the presence of a critical flaw in the alloy C-22. 

The sequential organization of environmental conditions necessary for these various mode
arise is graphically shown in Figure A-25.  Based on data available in 2000, the derived 
cumulative failures of the waste package outer cylinder of alloy C-22 over time is sh
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Figure A-24 
Alternative failure curves for titanium grade-7 drip shields (EPRI, 2000). 

Finally, available data on the corrosion of zircaloy cladding were also evaluated to derive an 
estimated cumulative failure curve as a function of time (Figure A-27).  It was assumed that 
approximately 2% of the cladding had failed prior to emplacement in a repository.  After 
eventual failure of the waste package/EBS, two corrosion modes for the cladding were 
considered: (1) general corrosion under dry (moist air) conditions, and (2) general corrosion 
under dripping conditions.  At 10,000 years after EBS failure, about 20% of cladding was 
projected to have failed under dripping conditions and no additional cladding failures were 
predicted to occur under dry conditions. 
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Figure A-25 
Flowchart for corrosion modes of Alloy C-22 outer barrier of waste packages (EPRI, 2000). 

 

Figure A-26 
Derived cumulative failure curves for Alloy C-22 (EPRI, 2000). 
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Figure A-27 
Derived cumulative failure curves for zircaloy cladding (EPRI, 2000). 

A.6.4 Source-term Model 

The COMPASS source-term sub-model of IMARC was modified in accordance with the new 
dimensions for the SRCR design.  Extensive review and updating of data inputs for radioelement 
solubilities (Table A-7) and sorption coefficients for possible corrosion products were also 
provided in the Phase 5 study (EPRI, 2000). 

A.6.5 Flow and Transport Models 

Revision of the SRCR design did not modify any significant aspect of previous unsaturated and 
saturated zone flow and transport modeling performed by EPRI (EPRI, 1998).  Modifications to 
the saturated zone sub-model of IMARC5 code were necessary, however, because the draft EPA 
standard defined an 18-km saturated zone (SZ) from the edge of the repository to the accessible 
environment.  The SZ domain as modeled in Phase 5 IMARC (EPRI, 2000) is shown in Figure 
A-28.  A vertical thickness of 200 meters was assumed, smaller than values previously used 
(EPRI, 1996; 1998), based on evidence that open fractures in the SZ were restricted to a few 
hundred meters of the water table and were not as abundant deeper in the SZ.  This modification 
restricted the ability of the migrating radionuclide plume to spread in the vertical direction, 
although the Phase 5 IMARC was judged to be sufficiently wide to permit transverse horizontal 
spreading to continue to reduce plume concentrations as a function of travel time.  However, 
given the formulization specified in EPA’s 40 CFR Part 197, the entire plume was assumed to be 
captured, albeit mixed in 3000 acre-feet of groundwater, during extraction in a well at the 
compliance boundary.  
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Table A-7 
Radioelement solubility values adopted for IMARC 5  [Revised values from IMARC 4 are 
shown in BOLD ITALICS] (from EPRI, 2000). 
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A.6.6 Biosphere Model 

The Phase 5 study (EPRI, 2000) was the last presentation of an alternative approach to biosphere 
pathway analysis.  The promulgation of EPA’s Yucca Mountain specific safety standard, 40 CFR 
Part 197, had basically superseded the need for different stakeholders to speculate on diverse 
approaches to biosphere analysis.  The biosphere pathway analysis prescribed by the EPA and 
incorporated in 40 CFR Part 197 avoided possibly conflicting, alternative approaches and 
assumptions regarding uncertain human behavior and radiological impacts. 

 

Figure A-28 
Sketch of the simulation domain in the Saturated Zone (SZ) (EPRI, 2000). 

A.6.7 Phase 5 Results 

Numerous sensitivity analyses were conducted in the Phase 5 report (EPRI, 2000) to illustrate 
how different barriers, processes and assumptions affected repository performance.  In addition, 
a series of “barrier neutralization” calculations were also made for the purpose of identifying 
which barriers, processes and assumptions were of highest significance to repository 
performance, as measured by (a) the magnitude of peak dose rate, and (b) the timing of peak 
dose rate.  Results from the Phase 5 analyses re-confirmed the long-term safety of a HLW 
repository at Yucca Mountain. 
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A.7 Phase 6 (EPRI, 2002a) 

The primary purpose of the Phase 6 study (EPRI, 2002a) was to provide an independent 
evaluation of whether the Yucca Mountain site and repository concept would be suitable as a 
permanent geological repository for U.S. HLW.  At the time of the Phase 6 study in early 2002, a 
recommendation by the Secretary of Energy (and accepted by the President) had just been 
presented to the U.S. Congress to proceed with development of the Yucca Mountain system as a 
repository for U.S. HLW. 

The Phase 6 IMARC code was modified to accommodate new data and information regarding 
the Yucca Mountain site and revisions to the EBS design.  A series of sensitivity analyses were 
conducted to explore the key uncertainties and processes affecting long-term isolation of HLW at 
Yucca Mountain. 

A.7.1 Net Infiltration Model 

After an extensive review of then-recent data, it was decided that no changes were needed for the 
Phase 6 IMARC net infiltration sub model. 

A.7.2 Thermal and Seepage Model 

Sub-models for evaluating the fraction of waste packages contacted by seeping water (Figure A-
29) and the seepage rate (Figure A-30) as a function of local percolation (infiltration) rate around 
emplacement drifts were updated in the Phase 6 study (EPRI, 2002a).  In Figures 1-29 and 1-30, 
“MAX” refers to the maximum values derived in the modeling, “MIN” refers to the minimum 
values derived in the modeling, and “PEAK” refers to the intermediate values that are assigned 
the highest probabilities. 

A.7.3 Containment Models 

Based on data available in 2002, cumulative failure functions for the Ti-7 drip shield and alloy 
C-22 waste package were updated.  Figure A-31 shows Phase 6 alternative failure curves for Ti-7 
depending on whether the peak surface temperature would be 160ûC or 120ûC.  With respect to 
the containment performance of the alloy C-22 waste package outer barrier, a series of possible 
alternative sensitivity cases were evaluated.  
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Figure A-29 
Phase 6 fraction of waste packages experiencing seepage (“Seepage Fraction”) as a 
function of local percolation flux (EPRI, 2002a). 

 

 

 

Figure A-30 
Phase 6 mean seepage rate as a function of local percolation flux (EPRI, 2002a). 
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Figure A-31 
Phase 6 cumulative failure function for titanium grade-7 drip shield as a function of peak 
temperature (EPRI, 2002a). 

Figure A-32 shows one set of calculational cases in which the onset of aqueous corrosion was 
conservatively assumed to initiate at 160˚C and the lower temperature threshold for the initiation 
of crevice corrosion was assumed to be 85˚C.  The four cases shown are: 

• dripping (seeping) water, with emplacement of intact waste packages (WP) and drip shields 
(DS), 

• no dripping water, with emplacement of intact waste packages (WP) and drip shields (DS), 

• dripping (seeping) water, with emplacement of intact waste packages (WP) but immediate 
failure of drip shields (DS), and 

• dripping (seeping) water, with emplacement of intact drip shields (DS), but immediate failure 
of waste packages (WP). 

A range of other alternatives, including elevated concentrations of fluoride in seeping 
groundwater and uncertainties in activation energy for localized corrosion, were also evaluated.  
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Figure A-32 
Phase 6 cumulative failure curves of Alloy C-22 for alternative environments (EPRI, 2002a). 

A.7.4 Source-term Model 

Several new concepts were reviewed in the Phase 6 study (EPRI, 2002a) with respect to the 
source-term sub-model of IMARC.  These concepts included the: 

• amount of water inside a failed waste package, 

• thickness (hence, transport properties) of thin water films connecting the inside and outside 
of failed waste packages, 

• colloid formation, stability and potential radionuclide transport within the EBS, 

• potential for formation of above-boiling deliquescent brines within the EBS, and 

• use of chemical divide theory to establish bounds on the composition of groundwater 
impacted by reflux in boiling and condensation conditions of the initial thermal period. 

With respect to data inputs, an extremely conservative range of UO2 dissolution times (alteration 
times) based on the limited information at that time was established in the IMARC 6 logic tree as 
1,000 years (with a probability of 5%), 3,000 years (with a probability of 90%) and 5,000 years 
(with a probability of 5%), based on available information as cited in the Phase 6 report. A 
comparison was also made (Figure A-33) between the range of radioelement solubility values 
used in the Phase 6 IMARC code and those values used by DOE/OCRWM in 2002.  
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Furthermore, a comparison was made between the Phase 6 IMARC code capabilities and 
conservatisms with those used in 2002 by DOE/OCRWM. 

 

 

Figure A-33 
Comparis  in the EPRI Phase 6 study (EPRI, 
2002a) an

No modific nd SZ flow and transport models for 
data inputs were updated based on data 

availabl rt supported the concept of 
sluggish flo  DOE/ OCRWM 

WM, 2002) were likely to be conservative. 

es under consideration for TSPA analyses by the 
e branches were evaluated (Figure A-34). It 

f improved 
branches were not risk significant. Exceptionally low peak dose 

 a compliance limit of 15 mrem/year for the 
Np and its decay daughters, 233U and 229Th, 

dose rate.  Among the many observations and 
conclusion cluded that: 

on of radioelement solubility values used
d values used by the DOE/ OCRWM. 

A.7.5 Flow and Transport Models 

ations were made to the capabilities for the UZ a
the Phase 6 IMARC code (EPRI, 2002a), although 

e at that time.  Sensitivity analyses in the Phase 6 repo
w in the Yucca Mountain region, and indicated that the 2002

conceptual flow and transport models (DOE/OCR

A.7.6 Phase 6 Results 

In order to expand the number of radionuclid
Phase 6 IMARC code, a reduced set of 54 logic-tre
was possible to reduce the number of branches of the logic tree, because o
understanding that some of the 
rates on the order of 0.1 mrem/year (compared to
draft EPA standard) were calculated (Figure A-35).  237

were found to dominate the calculated peak 
s in the Phase 6 study (EPRI, 2002a), it was specifically con



 
 
Appendix A: History of IMARC 

“EPRI shows in this report [EPRI, 2002a] that DOE has many engineered and natural 
features that are effective “barriers” within the Yucca Mountain system that contribute to 
overall safety.  Thus, if the long-term behavior of one or more of those barriers turns out 
to be less favorable than currently projected, EPRI analyses suggest it is likely that 
overall repository performance from the remaining features would still protect public 
health and safety…In many instances in the DOE analyses for which there is uncertainty 
about future behavior, DOE introduces conservatisms in their analysis such that RMEI 
dose rates are likely to be overestimated.  In this case, additional data collected in the 
future may allow for current dose estimates to be lowered.” 

 

 

Figure A-34 
Phase 6 logic tree for IMARC calculations (EPRI, 2002a). 
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Figure A-35 
Phase 6 calculated “Base Case” of time-dependent, probability-weighted dose rate from a 
repository at Yucca Mountain (EPRI, 2002a). 

A.8 Phase 7 (EPRI, 2002b) 

By the end of 2002, the US Congress had voted to override the State of Nevada veto (as 
permitted by the Nuclear Waste Policy Act of 1982, as revised), and accept the recommendation 
of Yucca Mountain as the candidate repository for HLW disposal.  This Congressional action 
effectively moved the US program to the construction pre-license application phase with the 
NRC.  A successful license application (LA) depended on a robust demonstration of long-term 
safety, as well as focusing and prioritizing remaining research and design activities to resolve 
any remaining key technical issues (KTIs).   

The purpose of EPRI’s Phase 7 study (EPRI, 2002b) was to evaluate the performance and safety 
of the proposed repository concept at Yucca Mountain on the basis of “reasonable expectation/ 
reasonable assurance,” per the then-draft EPA safety standard 40 CFR Part 197 and draft NRC 
10 CFR Part 63 regulation.  In addition, specific analyses were conducted with respect to key 
technical issues affecting long-term repository performance. 

Given the short period between the Phase 6 and Phase 7 reports (less than 12 months), no 
fundamental changes were made to the Phase 7 IMARC code, and only minor data updates were 
made.  The conceptual model for the UZ portion of the repository system, which includes 
transport through unsaturated tuff and unsaturated alluvium, is shown in Figure A-36.   
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The logic tree for the Phase 7 analyses was expanded to 108 branches (Figure A-37) (EPRI, 
2002b) compared to the 54 branches of the Phase 6 (EPRI, 2002a) analyses.  The increased logic 
tree was implemented to introduce the seepage fraction branches. The Phase 7 probability-
weighted dose rate analysis is shown in Figure A-38.  The peak dose rate calculated out to 106 
years in the Phase 7 analysis was 0.03 mrem/year, well below the 15 mrem/year compliance 
limit in the draft EPA standard for Yucca Mountain for the first 10,000 years following 
repository closure. 

A.9 Phase 8 (EPRI, 2005b) 

IMARC Phase 8 (EPRI, 2005b) was the same as IMARC Phase 7, although it was at this time 
that substantial testing and verification activities were undertaken, and the code was placed under 
formal change control and configuration management systems. As discussed in EPRI (2005b), 
the component modules of IMARC were subjected to testing to ensure that the code was 
properly implemented, and that it produces reliable results consistent with the intended 
conceptual model implementation. IMARC 8, therefore, represents a significant baseline from 
which later IMARC versions may be compared (Kessler et al., 2006). 

 

Figure A-36 
Graphical representation of unsaturated zone (UZ) portion of the Phase 7 IMARC code 
(EPRI, 2002b). 
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A.10 Phase 9 (Kessler et al., 2006) 

IMARC Phase 9 represented an update of parameters and understanding to bring it current with 
contemporary DOE and NRC analyses. In Phase 9, analyses were conducted to evaluate the 
consequences of seismicity (EPRI, 2005c) and igneous intrusion (EPRI, 2005a). In addition, 
EPRI commissioned an independent review team (IRT) comprising individuals with broad 
experience in TSPA (Garisto et al., 2008; EPRI, 2009). The IRT reviewed an interim draft 
IMARC report with full descriptions of the models and parameters used in the code. 

Garisto et al. (2008) provided a summary of the IRT findings.  The complete IRT report has been 
published in EPRI (2009).  Generally, it was found that IMARC 9 captured the main processes in 
TSPA and their interactions.  The IRT stated its belief that IMARC 9 was “fit for purpose” in the 
sense that it provided a risk-based methodology for integration of information from various 
disciplines affecting long-term repository performance and focused on reasonable expectation of 
the dose consequence to the RMEI. The IRT also stated its belief that IMARC 9 was a very well 
integrated model, which focuses on those processes that could affect the long-term performance 
of the repository. 

The IRT also provided recommendations on moving some parameters to a less conservative 
basis by conducting ancillary analyses to support the improved parameter values. Specifically, 
the IRT suggested re-evaluation of the alteration rate of spent nuclear fuel. These analyses were 
subsequently completed and parameters in IMARC 10 have been updated in this report to reflect 
the improved, longer alteration rates indicated by the new analyses. 

Many of the IRT comments related to improving the IMARC 9 documentation.  Other comments 
provided suggestions for sensitivity analysis to identify which parameters contributed most to the 
uncertainty in the estimated dose rates, and sensitivity analyses to provide improved 
understanding of the modeled system. 

The IRT review was completed in the months immediately prior to the issuance of the Yucca 
Mountain License Application Safety Analysis Report (DOE/OCRWM, 2008).  The IRT review 
and the review of the DOE LA provided a significant new basis for re-evaluation of the IMARC 
code, parameter values used in it, and its documentation. To address this new basis, significant 
updates were necessary. The result of those updates is IMARC 10, as documented in this report. 
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A.11 Evolution of the Inventory 

A.11.1 Radionuclides and Inventory Modeled 

In line with EPRI’s focus on the commercial electric power industry, IMARC analyses to date 
have examined the 63,000 MTHM commercial SNF inventory of the full 70,000 MTHM legal 
capacity for the proposed repository at Yucca Mountain.  Accordingly, the current IMARC 
inventory considers nuclides only from commercial spent nuclear fuel (CSNF). This is not an 
intrinsic limitation of the code, but rather reflects EPRI’s research focus. The CSNF contains the 
majority of the long-lived activity in the repository. In the current statuary limit of waste capacity 
70,000 MTHM for the Yucca Mountain repository, 63,000 MTHM is from CSNF, comprising 
7,796 waste packages (TSPA-LA Table 6.3.7-1) including PWR and BWR spent-fuel with 
various burnups. DOE analysis identified “all of the radionuclides of major importance to dose 
and virtually all of the marginally important radionuclides.” (BSC, 2004a). These nuclides are 
listed in Table A.1 along with reasons for their inclusion in the DOE’s analysis (BSC, 2004a).   

In Table A.8, a total of 32 nuclides are listed.  The “Dose” column lists the radionuclides that 
contribute to 95% of the dose for the 10,000-yr period, including both major and minor dose 
contributors.  The “Precursor” column lists nuclides that are included because of their major dose 
contributing progeny nuclides. The “EPA” column lists the radionuclides that are included for 
the sake of evaluation of groundwater protection issues based on U.S. Environmental Protection 
Agency (EPA) regulations (40 CFR 197.30 and 10 CFR 63.331). The “FEIS” column lists the 
additional radionuclides that were included for the million-year calculation in the Final 
Environmental Impact Statement (FEIS). The last column, “IMARC 10”, lists nuclides that are 
included in the current IMARC inventory. 
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Table A-8 
Included Radionuclides and Screened-in Reasons  

Nuclide Half Life [yrs] Dose Precursor EPA TSPA-LA IMARC 10 

Ac-227 21.773 Ac-227   Ac-227  

Am-241 432.2 Am-241   Am-241 (1) 

Am-243 7,370 Am-243   Am-243  

C-14 5,730 C-14   C-14  

Cl-36 3.01×105    Cl-36 Cl-36 

Cm-245 8,500  Cm-245  Cm-245 (1) 

Cs-135 2.3×106 Cs-135   Cs-135  

Cs-137 30.07 Cs-137   Cs-137  

I-129 1.59×107 I-129   I-129 I-129 

Np-237 2.14×106 Np-237   Np-237 Np-237 

Pa-231 32,760 Pa-231   Pa-231  

Pb-210 22.6    Pb-210  

Pu-238 87.7 Pu-238   Pu-238  

Pu-239 2.44×104 Pu-239   Pu-239 Pu-239 

Pu-240 6,580 Pu-240   Pu-240  

Pu-241 14.35  Pu-241  Pu-241 (1) 

Pu-242 3.73×105 U-238 Pu-242  Pu-242 Pu-242 (2) 

Ra-226 1,600 Ra-226  Ra-226 Ra-226 Ra-226 

Ra-228 5.75   Ra-228 Ra-228  

Se-79 2.95×105    Se-79 Se-79 

Sn-126 2.5×105    Sn-126  

Sr-90 28.84 Sr-90   Sr-90  

Tc-99 2.15×105 Tc-99   Tc-99 Tc-99 

Th-229 7,340 Th-229   Th-229 Th-229 

Th-230 7.7×104  Th-230  Th-230 Th-230 

Th-232 1.41×1010  Th-232  Th-232  

U-232 68.9 U-232   U-232  

U-233 1.59×105 U-233   U-233 U-233 

U-234 2.47×105 U-234   U-234 U-234 

U-235 7.1×108  U-235  U-235 U-235 

U-236 2.34×107  U-236  U-236  

U-238 4.51×109 U-238   U-238 U-238 

Total  20 7 2 4 12 
1. Radionuclide included by adding the inventory to the inventory of Np-237, providing an overestimate of 

Np-237 inventory 
2. Pu-242 decays to produce U-238. However, the contribution of Pu-242 to U-238 is negligible, and Pu-242 

is a significant dose contributor by itself. Therefore in IMARC Pu-242 is modeled as a simply decaying 
radionuclide. 
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Early IMARC calculations only included a few nuclides. In Phase 3 (EPRI, 1996), the number of 
nuclides considered in IMARC increased to about 22.  Beginning with Phase 7 (EPRI, 2002b), 
and for all subsequent versions, a decision was made to only include the top 12 dose 
contributors, since the remaining radionuclides produced inconsequential doses. In IMARC 10 
the radionuclides Se-79 and Cl-36 have been added back in at the request of the IRT. In addition, 
through IMARC 9 Pu-240 was included in the IMARC inventory, and this has been replaced in 
IMARC 10 by Pu-242, owing to its greater importance in the TSPA-LA. Similarly, Ra-226 was 
not included as a decay product in earlier versions of IMARC, but it has been added back in 
because of its relative importance in the TSPA-LA. 

Specific reasons for the exclusion of each radionuclide are as follows: 

• Ac-227: short-lived, in secular equilibrium with Pa-231, excluded for low dose consequence. 

• Am-241: short-lived and low dose consequence, as a precursor to the major dose contributor, 
its initial inventory is added to Np-237. 

• Am-243: short-lived and low dose consequence. 

• C-14: was included in Phase 1 and 2 IMARC calculations (EPRI, 1990, 1992) as a gas 
release, but was later excluded in Phase 3 (EPRI, 1996) and thereafter due to low dose 
consequences. 

• Cl-36: was added in IMARC Phase 6 (EPRI, 2000a) but was dropped in Phase 7 (EPRI, 
2002b) because of low dose consequence. It has been added back in to IMARC 10 at the 
request of the IRT. 

• Cm-245: as a precursor to major dose contributor (Am-241 and Pu-241); its inventory is 
added to Np-237.  

• Cs-135: excluded for low dose consequences. 

• Cs-137: excluded for short half life. 

• Pa-231: excluded for low dose consequences. 

• Pb-210: short-lived, in secular equilibrium with Ra-226, excluded for low dose consequence. 

• Pu-241: short-lived precursor of Np-237; its inventory is added to Np-237. 

• Pu-242: Added in to IMARC 10 owing to its importance in the TSPA-LA. 

• Ra-226: Added in to IMARC 10 owing to its importance in the TSPA-LA. 

• Ra-228: excluded for low dose consequence. 

• Se-79: Excluded for low dose consequence in prior versions of IMARC. Included in IMARC 
10 at the request of the IRT. 

• Sn-126:  excluded for low dose consequence. 

• Sr-90: excluded short half life. 

• Th-232: excluded for low dose consequence. 

• U-232: excluded for short half life. 
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Table A-9 lists the latest inventory data for the 14 nuclides included in IMARC calculation.  The 
fraction of inventory for nuclides in the gap and grain boundary is also listed.  Note that the 
inventories are calculated for 2030 years – the time for the proposed waste acceptance of the 
Yucca Mountain repository. 

Table A-9 
Initial Inventory per CSNF Package 

Nuclide Daughter Initial Inventory [mol]a Gap Fraction [%] 

Cl-36  8.7x10-2 6.0 

I-129  13.4 11.24b 

Np-237 U-233 64.3 0.0 

Pu-239 U-235 181.0 0.0 

Pu-242   21.8 0.0 

Ra-226  0.0 0.0 

Se-79  0.531 3.0 

Tc-99  76.3 0.1b 

Th-229  0.0 0.0 

Th-230 Ra-226 6.61×10-4 0.0 

U-233 Th-229 2.47×10-4 0.0 

U-234 Th-230 7.48 0.0 

U-235  266. 0.0 

U-238 U-234 3.29×104 0.0 

a: based on TSPA-LA Table 6.3.7-3. 

b: mean value based on BSC (2004b). 

The IMARC inventory contains only CSNF, in keeping with its focus on waste from nuclear 
power generation. Omission of the co-disposal waste does not significantly affect peak dose 
estimates, for several reasons. First, total activity in co-disposal waste packages is about two 
orders of magnitude below that in CSNF waste packages. Furthermore, in DOE’s TSPA 
(DOE/OCRWM, 2008) the co-disposal waste packages are projected to fail at much earlier times 
than the CSNF waste packages. As a result, co-disposal packages contribute to a modest increase 
in projected doses at intermediate times, but do not contribute significantly to peak dose. 
Consequently, while the co-disposal waste packages have been omitted from the IMARC 
inventory, estimates of peak dose are not significantly affected by this assumption. 
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A.12 Summary 

Table A-10 presents a summary of the key developments in capabilities of the IMARC code for 
each of the EPRI studies from Phase 1 to Phase 10. Review and updates of input parameters were 
made during each Phase report, although such specific data revisions are not cited in Table A-10. 
Also noted in Table A-10 are important contemporaneous events in the US repository program 
that affected the development and application of the IMARC code. 

 

Figure A-37 
Phase 7 Logic Tree for IMARC Calculations (EPRI, 2002b). 
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Figure A-38 
Phase 7 calculated “Base Case” of time-dependent, probability-weighted dose rate from a 
repository at Yucca Mountain (EPRI, 2002b). 
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Table A-10 
Summary of the phased development of the IMARC code. 

IMARC 
models 

Phase 1 
(EPRI, 1990) 

Phase 2 
(EPRI, 1992) 

Phase 3 
(EPRI, 1996) 

Phase 4 
(EPRI, 1998)

Phase 5 
(EPRI, 2000) 

Phase 6 
(EPRI, 
2002a) 

Phase 7 
(EPRI, 2002b)

Phase 8 
(EPRI, 2005c)

Phase 9-10 
(current 
report) 

Climate 
Change 

Not 
considered 

106-yr climate-
change model 
added 

• 106-yr climate-
change model 
added 

• 3 alternative 
climate-change 
scenarios 

Review of 
fossil data on 
climate 

No change No change No change No change 
Constant 
climate 

Infiltration 

Simple 
precipitation 
vs. infiltration 
model 

• Added plant, 
soil, 
topography 
properties 

• Added time 
and spatial 
variations 

Formalized 
different 
precipitation vs. 
net infiltration/ 
percolation 
relations 

Added 
improved rain 
run-off model

Comparision of 
different infiltration 
models for YM 

No change No change No change No change 

Thermal/ 
Seepage 

Not 
considered 

Derived 
temperature 
vs. time curves 
for three 
different 
regions of 
repository 

Fraction of waste 
packages (WPs) 
wetted and 
seepage rate as 
a function of heat 
load, heat 
transfer and rock

Fraction of 
WPs wetted 
and seepage 
rate as 
function of 
percolation 
rate 

Update fraction of 
SRCR WPs wetted 
and seepage rate 
per percolation 
rate 

Revise 
fraction of 
SRCR WPs 
wetted and 
seepage rate 
per 
percolation 
rate 

No change No change No change 

Containment 
Simple 
containment 
time model 

• Weibull 
statistical 
approach 

• 304 SS and 
alloy-825 
considered 

Alloy-825, alloy 
C-22 and zircaloy 
cladding 
considered 

Physically-
based 
approach 
(relative 
humidity, 
temperature, 
critical 
threshold) 

Alloy C-22, Ti-7 
and zircaloy 
cladding 
considered out to 
106 years 

Added stress 
corrosion 
cracking as a 
possible 
failure mode 

No change No change 
EBSCOM 
model 

Source-term 

Only Np-237 
Dissolution 
rate only, no 
solubility 
constraint 

• Analytical ST 
models 

• Multiple SNF 
sources 

• Alternative 
water-
contact 
modes 

• Compartment 
model 
(COMPASS) 

• Revised water-
contact modes

Corrosion-
product 
sorption 
added 

Revised SRCR 
WP dimensions 

• Colloids 
evaluated 

• Coupled 
THC effects 
on water 
chemistry 

No change No change No change 
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Table A-10 (continued) 
Summary of the phased development of the IMARC code. 

IMARC 
models 

Phase 1 
(EPRI, 1990) 

Phase 2 
(EPRI, 1992) 

Phase 3 
(EPRI, 1996) 

Phase 4 
(EPRI, 1998)

Phase 5 
(EPRI, 2000) 

Phase 6 
(EPRI, 
2002a) 

Phase 7 
(EPRI, 2002b) 

Phase 8 
(EPRI, 2005c)

Phase 9-10 
(current 
report) 

Flow and 
Transport 

Simple flow 
and transport 
model 

• Separate 
models for 
unsaturated 
zone (UZ), 
saturated 
zone (SZ) 

• Change in 
water table 

Integrated UZ 
and SZ model No change 

SZ model revised 
to conform to draft 
EPA 40 CFR 197 

No change Revised well 
model 

Change to 2-D 
SZ model No change 

Biosphere 

Applied draft 
EPA 40 CFR 
191 standard 
(cumulative 
release) 

Evaluated 
human 
intrusion 
scenario 

Developed 
Yucca Mountain-
specific 
biosphere 
pathways and 
dose factors 

Examined 
alternative 
approaches 
to biosphere 
modeling 

Biosphere model 
revised to conform 
to draft EPA 40 
CFR 197 

No change No change Updated 
parameters 

Updated 
model and 
uncertainty 
analyses 

Seismic/ 
Rockfall 

• Evaluated 
borehole 
stability 

• Evaluated 
seismic 
damage to 
containers 

• Estimated 
probability of 
earthquakes

• Evaluated 
thermal 
spalling of 
rock 

Developed 
rockfall analysis 
for diverse rock 
properties 

No change No change No change No change No change 

EPRI 
analyses of 
seismicity, 
rockfall, and 
effects on 
EBS 

Igneous Event 

Evaluated 
volcano 
effects on 
water table 

Evaluated 
igneous event 
probability 

Input to 
Probabilistic 
Volcanic Hazard 
Analysis (PVHA) 

No change 
Evaluated event 
(dike) 
characteristics 

No change No change 
EPRI analyses 
of extrusive 
event 

EPRI 
analyses of 
intrusive 
event 
 

Program 
Context 

Site 
Characterizati
on Plan 
design 

• EPA to make 
a Yucca 
Mountain 
standard 

• Concerns 
about C-14 
and water 
table rise 

• NAS report 
• Revised ACD 

design 
• 104 vs 106 -year 

compliance 
period 

• 1st draft of 
EPA 40 
CFR 197 
standard 

• Viability 
assessment

• New SRCR 
design (wth drip 
sheld) 

• Probability-
weighted peak 
dose over 104 yr. 

Recommend
ation of 
Yucca 
Mountain site 
by President 

• Nevada veto 
• Congress 

overrides veto 
to accept 
Yucca 
Mountain site

Monitor 
Scientific 
takes over  
responsibility 
for IMARC 

DOE submits 
License 
Application 
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APPENDIX B: COMPASS PARAMETER VALUES 

COMPASS requires input parameters that can be categorized as follows: 

• Nuclide-dependent, 

• Element-dependent, 

• Containment, 

• Geometry, 

• Physical, and 

• Transport. 

Each category of parameter values will be discussed in details in this section. 

B.1 Nuclide-dependent Parameters 

The current IMARC inventory considers nuclides only from commercial spent nuclear fuel 
(CSNF). This is not an intrinsic limitation of the code, but rather reflects EPRI’s focus on CSNF. 
In the current statuary limit of waste capacity 70,000 MTHM for the Yucca Mountain repository, 
63,000 MTHM is from CSNF, comprising 7,796 waste packages (TSPA-LA Table 6.3.7-1) 
including PWR and BWR spent-fuel with various burnups. DOE analysis identified “all of the 
radionuclides of major importance to dose and virtually all of the marginally important 
radionuclides.” (BSC, 2004a). These nuclides are listed in Table B.1 along with reasons for their 
inclusion in the DOE’s analysis (BSC, 2004a).   

In Table B.1, a total of 32 nuclides are listed.  The “Dose” column lists the radionuclides that 
contribute to 95% of the dose for the 10,000-yr period, including both major and minor dose 
contributors.  The “Precursor” column lists nuclides that are included because of their major dose 
contributing progeny nuclides. The “EPA” column lists the radionuclides that are included for 
the sake of evaluation of groundwater protection issues based on U.S. Environmental Protection 
Agency (EPA) regulations (40 CFR 197.30 and 10 CFR 63.331). The “FEIS” column lists the 
additional radionuclides that were included for the million-year calculation in the Final 
Environmental Impact Statement (FEIS). The last column, “IMARC 10”, lists nuclides that are 
included in the current IMARC inventory. 
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Table B-1 
Included Radionuclides and Screened-in Reasons  

Nuclide Half Life [yrs] Dose Precursor EPA TSPA-LA IMARC 10 

Ac-227 21.773 Ac-227   Ac-227  

Am-241 432.2 Am-241   Am-241 (1) 

Am-243 7,370 Am-243   Am-243  

C-14 5,730 C-14   C-14  

Cl-36 3.01×105    Cl-36 Cl-36 

Cm-245 8,500  Cm-245  Cm-245 (1) 

Cs-135 2.3×106 Cs-135   Cs-135  

Cs-137 30.07 Cs-137   Cs-137  

I-129 1.59×107 I-129   I-129 I-129 

Np-237 2.14×106 Np-237   Np-237 Np-237 

Pa-231 32,760 Pa-231   Pa-231  

Pb-210 22.6    Pb-210  

Pu-238 87.7 Pu-238   Pu-238  

Pu-239 2.44×104 Pu-239   Pu-239 Pu-239 

Pu-240 6,580 Pu-240   Pu-240  

Pu-241 14.35  Pu-241  Pu-241 (1) 

Pu-242 3.73×105 U-238 Pu-242  Pu-242 Pu-242 (2) 

Ra-226 1,600 Ra-226  Ra-226 Ra-226 Ra-226 

Ra-228 5.75   Ra-228 Ra-228  

Se-79 2.95×105    Se-79 Se-79 

Sn-126 2.5×105    Sn-126  

Sr-90 28.84 Sr-90   Sr-90  

Tc-99 2.15×105 Tc-99   Tc-99 Tc-99 

Th-229 7,340 Th-229   Th-229 Th-229 

Th-230 7.7×104  Th-230  Th-230 Th-230 

Th-232 1.41×1010  Th-232  Th-232  

U-232 68.9 U-232   U-232  

U-233 1.59×105 U-233   U-233 U-233 

U-234 2.47×105 U-234   U-234 U-234 

U-235 7.1×108  U-235  U-235 U-235 

U-236 2.34×107  U-236  U-236  

U-238 4.51×109 U-238   U-238 U-238 

Total  20 7 2 4 12 
1. Radionuclide included by adding the inventory to the inventory of Np-237 due to the relatively short half-

life of Am-241. 

2. Pu-242 decays to produce U-238. However, the contribution of Pu-242 to U-238 is negligible, where as the 
dose contribution from Pu-242 is of direct interest. Therefore, Pu-242 modeling in IMARC accounts for 
simple decay only and does not track the relatively insignificant ingrowth of U-238. 
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Early IMARC calculations only included a few nuclides. In Phase 3 (EPRI, 1996), the number of 
nuclides considered in IMARC increased to about 22.  Beginning with Phase 7 (EPRI, 2002b), 
and for all subsequent versions, a decision was made to only include the top 12 dose 
contributors, since the remaining radionuclides represented inconsequential dose contributions 
and did not significantly influence repository performance. In IMARC 10 the radionuclides Se-
79 and Cl-36 have been added back in at the recommendation of the IMARC International 
Review Team (IRT, EPRI, 2009), and owing to their prominence in the TSPA-LA. In addition, 
through IMARC 9 Pu-240 was included in the IMARC inventory, and this has been replaced in 
IMARC 10 by Pu-242, owing to its greater importance in the TSPA-LA. Similarly, Ra-226 was 
not included as a decay product in earlier versions of IMARC, but it has been added back in 
because of its relative importance in the TSPA-LA. 

Specific radionuclides were excluded from IMARC based on consideration of source term 
composition, half-life, relationship to decay series, and contribution to dose. Notable examples 
and rationales for their exclusion include:  

• Ac-227: short-lived, in secular equilibrium with Pa-231, excluded for low dose 
consequence.15 

• Am-241: short-lived and low dose consequence, as a precursor to the major dose contributor, 
its initial inventory is added to Np-237. 

• Am-243: short-lived and low dose consequence. 

• C-14: was included in Phase 1 and 2 IMARC calculations (EPRI, 1990, 1992) as a gas 
release, but was later excluded in Phase 3 (EPRI, 1996) and thereafter due to low dose 
consequences. 

• Cl-36: was added in IMARC Phase 6 (EPRI, 2000a) but was dropped in Phase 7 (EPRI, 
2002b) because of low dose consequence. It has been added back in to IMARC 10 per the 
recommendation of the IRT and its prominence in the TSPA-LA. 

• Cm-245: as a relatively short-lived precursor to major dose contributor (Am-241 and Pu-
241); its inventory is added to Np-237.  

• Cs-135: excluded for low dose consequences. 

• Cs-137: excluded for short half life. 

• Pa-231: excluded for low dose consequences. However, the contribution to dose from short-
lived progeny is included in the biosphere model. 

• Pb-210: short-lived, in secular equilibrium with Ra-226, excluded for low dose consequence. 

• Pu-241: short-lived precursor of Np-237; its inventory is added to Np-237. 

• Pu-242: Added in to IMARC 10 due to its importance in the TSPA-LA. 

• Ra-226: Added in to IMARC 10 due to its importance in the TSPA-LA. 

                                                           
15 Short-lived radionuclides are omitted owing to the longevity of the EBS. In the analysis of the ingneous extrusive 
scenario (EPRI, 2004b) these short-lived radionuclides were not screened, and a full set of radionulides in the 
inventory was used. 
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• Ra-228: excluded for low dose consequence. 

• Se-79: Excluded for low dose consequence in prior versions of IMARC. Included in IMARC 
10 per the recommendation of the IRT and in light of its prominence in the DOE TSPA-LA. 

• Sn-126:  excluded for low dose consequence. 

• Sr-90: excluded for short half life. 

• Th-232: excluded for low dose consequence. 

• U-232: excluded for short half life. 

Throughout the development of the IMARC code, the list of radionuclides included in EPRI’s 
performance assessment has been revisited and revised as needed to reflect changes in 
understanding as well as evolution of DOE’s approach to and results from TSPA. 

Table B.2 lists the latest inventory data for the 14 nuclides included in IMARC calculation.  The 
fraction of inventory for nuclides in the gap and grain boundary is also listed.  Note that the 
inventories are calculated for the year 2030 – a date that has been proposed for initiation of waste 
acceptance at the Yucca Mountain repository (DOE/OCRWM,2008). 

Table B-2 
Initial Inventory per CSNF Package for IMARC 10 

Nuclide Daughter Initial Inventory [mol]a Gap Fraction [%] 

Cl-36  8.7x10-2 6.0 

I-129  13.4 11.24b 

Np-237 U-233 64.3 0.0 

Pu-239 U-235 181.0 0.0 

Pu-242   21.8 0.0 

Ra-226  0.0 0.0 

Se-79  0.531 3.0 

Tc-99  76.3 0.1b 

Th-229  0.0 0.0 

Th-230 Ra-226 6.61×10-4 0.0 

U-233 Th-229 2.47×10-4 0.0 

U-234 Th-230 7.48 0.0 

U-235  266. 0.0 

U-238 U-234 3.29×104 0.0 
a: based on TSPA-LA Table 6.3.7-3. 
b: mean value based on BSC (2004b). 
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B.2 Element-dependent Parameter 

Element-dependent parameters required by COMPASS include elemental solubility and sorption 
coefficients.  The later also depend on materials, or compartments.  Solubility is treated as 
uncertain parameter and the values are listed in Table B.3.  Additional discussion of solubility is 
provided in Appendix D. 

Table B-3 
Elemental Solubility Values [mol/l] Used in COMPASS/ IMARC 

Element Low Medium High Source 

I 0.78 0.78 0.78 EPRI (2003) 

Np 4.2×10-10 4.2×10-9 4.2×10-8 Langmuir (2006) 

Pu 8.3×10-11 8.3×10-9 8.3×10-7 EPRI (2003) 

Tc, Se, Ra, Cl 1.0 1.0 1.0 EPRI (2003) 

Th 8.7×10-11 3×10-9 8.7×10-8 EPRI (2003) 

U 4.2×10-7 2.9×10-5 2.1×10-4 EPRI (2003) 

 
Sorption coefficients in the near field are treated as fixed parameters.  Their values are shown in 
Table B.4.  Note that the tuff gravel invert and near-field rock have the same sorption 
coefficients, listed as “Tuff” in Table B.4.   

Table B-4 
Elemental Sorption Coefficients Kd [m

3/kg] 

Element Corrosion Product Tuff Source 

I 0.0 0.0 EPRI (2002a) 

Np 9.7×10-4 0.001 EPRI (2002a) 

Pu 0.099 10 EPRI (2002a) 

Tc 0.0 0.0 EPRI (2002a) 

Th 11 10 EPRI (2002a) 

U 0.002 1.0 EPRI (2002a) 

Ra 0.03 0.5 EPRI (2002a) 

Cl 0.0 0.0 Mobile contaminant 

Se 0.0 0.0 Conservative values selected 
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B.3 Containment Parameters 

Specifically, four input parameters are required: 

•  “Inventory starting time” is the time when the initial inventories shown in Table B.2 are 
determined.  For example, if the repository will open on 2033, the starting time for the 
inventories listed in Table B.2 would be equal to zero.  If the repository will open on 2038, 
the starting time for the inventories listed in Table B.2 would be 5 years.  Alternatively, the 
inventories will be adjusted so that the starting time is zero and always the same as the 
emplacement.  Since these radionuclides are all very long lived differences in assumed 
starting dates are negligible. 

• “Canister failure time” is the time when the COMPASS computation starts. In IMARC, this 
parameter is predicted as time-dependent to take into account of non-uniform spatial and 
temporal water contact across the repository.  COMPASS is run for each time step with the 
fraction of waste packages failed during that time step, to account for the instant release 
fraction released during that time, and to account for the delay in releases from the UO2 
matrix up to that time step. The failure function for the components of the EBS is presented 
in Chapter 4. 

• “Alteration time” is the time elapsed between the onset of water contact of spent-fuel UO2 
matrix to the completion of matrix alteration.  This parameter depends on the near-field 
environment.  The inverse of alteration time is assumed to be the constant dissolution rate for 
the spent-fuel matrix in COMPASS.   

• “Cladding failure fraction vs. time” is the cumulative fraction of claddings that are breached 
as a function of time.  This parameter is also predicted by the corrosion sub-model of 
IMARC and depends on the near-field environment.  Once the cladding has failed, 
COMPASS also takes no credit for the cladding potentially providing an additional transport 
barrier.   

The relationship between these times is illustrated in Figure B.1.  It can be seen that the 
inventory starting time is earlier than the canister failure time.  The alteration time is used after 
waste canister fails. The distributed cladding failure is dependent on time since canister failure.  
Note that a small fraction of claddings fails before canister failure.   

The alteration time is treated as an uncertain parameter that is bound in one node in the “event 
tree” with solubility data.  The alteration times in IMARC 10 are based on updated information 
developed by EPRI during 2008 (EPRI, 2008); values are shown in Table B.5.   

Table B-5 
Spent-fuel Alteration Times [yrs] (EPRI [2008]) 

Low Medium High 

3000 30,000 300,000 
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Figure B.2 shows the cumulative cladding failure as a function of time for “dry” (i.e., no 
dripping water into the drift) and “wet” (dripping water into the drift) conditions. As discussed in 
EPRI (1998), the failure of cladding is assumed to proceed by reaction of zirconium with 
fluoride introduced in seepage drips into the failed waste package. The wet and dry failure 
functions reflect differing rates of ingress of fluoride into the waste package. 

 

Figure B-1 
Illustration of relationships of different containment parameters (times). 
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Figure B-2 
Cladding failure distribution with time. 

B-7 



 
 
Appendix B: COMPASS Parameter Values 

B.4 Geometry Parameters 

Geometry parameters include the following parameters for all the compartments considered: 

• Internal volume is needed for evaluating concentrations. 

• Interface area is used for evaluating diffusive mass transfer rate.  

• Diffusion distance is also used for evaluation diffusive mass transfer rate. 

For the waste-form compartment, the 21-PWR fuel assembly waste package is assumed to be the 
representative package.  Although the initial cylindrical waste package configuration cannot be 
maintained after the canister loses mechanical integrity due to general corrosion, the cylindrical 
configuration is used as the reference configuration for deriving reference geometry parameters 
for the waste-form compartment.  This treatment is illustrated in Figure B.3.  The UO2 waste-
form volume is assumed to be the total volume of the 5544 spent-fuel rods contained in a 21-
PWR waste package.  Given fuel rod diameter 0.823 cm (excluding cladding) and length 3.85 m 
(BSC, 2004c), the total volume can be calculated and listed in Table B.6.  The diffusive length 
from the waste-form to the corrosion-product compartments is assumed to be the radius of the 
reference cylinder shown in Figure B.3.  Given the volume in Table B.6 and fuel rod length, the 
reference cylinder radius can be calculated, also shown in Table B.6.  The interface area between 
the waste form and corrosion product compartments is assumed to be the reference cylindrical 
outer surface area that can be calculated using the reference radius and the fuel-rod length (Table 
B.6).   

 

Figure B-3 
Reference configuration for the waste-form and corrosion-product compartments. 

The reference configuration of corrosion-product compartment is also shown in Figure B.3 as the 
annulus surrounding the waste form.  The corrosion product volume is those of all metal 
materials within a 21-PWR waste package.  The numerical value is given by BSC (2004c) and 
listed in Table B.6.  Assuming that this volume is the reference annulus volume, the annulus 
outer radius can be determined as 0.55m using the known waste-form reference radius and spent-
fuel rod length.  The corrosion-product annulus inner and outer radii are used to determine the 
perimeter of the annulus.  Because diffusive transport is directed to the invert located at the 
bottom of the waste package, the diffusive length from the corrosion-product to the invert 
compartments should be on the order of magnitude of the annulus average perimeter. In the 
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current IMARC calculation, half of the perimeter, shown in Table B.6, item No .6, is assumed 
for the diffusive length of corrosion-product compartment.  The interface area between the 
corrosion-product and invert compartments is assumed to be the projection area of the original 
waste canister that is equal to the waste canister outer diameter 1.644m (BSC, 2004c) multiplied 
by the canister length 5.165m (BSC, 2004c). 

The invert geometry is shown in Figure B.4 where R = 2.75 m and h = 0.60 m (US DOE, 2001).  
This gives: 

⎟
⎠
⎞

⎜
⎝
⎛ −

=
R

hRarccosθ  = 38.77 deg = 0.678 rad eq. B-1 

( )[ ]θθ 2sin2
2
1 2 −= RAinv  = 1.44 m2 eq. B-2 

where θ in (2) is in rad  

θsinRb = = 1.72 m  eq. B-3 

θRl 2=  = 4.61 m  eq. B-4 

 

Figure B-4 
Geometry for invert and near-field rock compartments where R = 2.75m and h = 0.6m. 
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The invert volume is determined by the invert vertical cross section area (Equation B.2) 
multiplied by the canister length.  The invert diffusive length is assumed to be half of the invert 
central thickness.  The invert-rock interface area is equal to the invert bottom area that is the arc l 
(Figure B.4 and Equation B.4) multiplying the canister length.   

The total near-field rock volume is assumed to be the volume of the rock below the invert shown 
in Figure B.4 and depends on the “shadow zone” length.  The rock volume is partitioned into 
matrix and fracture volumes according to fracture aperture and spacing (values shown in Table 
B.6 reported in EPRI, 2002a).  For matrix diffusion, the interface area for the matrix and fracture 
is needed.  This area is simply equal to the rock length (5m is assumed) multiplied by the 
canister length.  Table B.6 also lists sorption depth for rock fractures.  This value is used for 
modeling fracture sorption and is taken from SKI (1996). 

These parameters are listed in Table B.6.   

Table B-6 
Geometry Parameters 

No. Parameter Value 

1 Waste-form volume [m3] 1.135 

2 Waste-form diffusion length [m] 0.153 

3 Interface area between waste-form and corrosion-product [m2] 7.4 

4 Corrosion-product volume [m3] 2.477 

5 Corrosion-product diffusion length [m] 0.733  

6 Interface area between corrosion-product and invert [m2] 6.302 

7 Invert volume [m3] 11.16 

8 Invert diffusion length [m]  0.403  

9 Interface area between invert and near-field rock [m2] 22.31 

10 Near-field rock volume [m3]   89.30  

11 Near-field rock diffusion length [m] 2.5 

12 NF rock fracture spacing [m] 0.31 

13 NF rock fracture aperture [m] 1.8×10-4 

14 NF fracture-matrix interface area [m2] 51.65 

15 NF fracture sorption depth [m]  0.01 

16 Interface area between NF rock and FF rock [m2] 20.1 
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B.5 Physical Parameters 

For each compartment outside the intact waste form, COMPASS requires input of:  

• Density (for sorption calculation), 

• Porosity, and 

• Water saturation 

Uncertainty exists for porosity and water saturation values.  In COMPASS, the “best estimate” is 
selected for these parameters.     

The waste-form compartment is assumed to consisting of spent-fuel pellets.  Furthermore, the 
property of schoepite is assumed for degrading spent fuel pellets (BSC, 2004d).  In the 
COMPASS model, only porosity is needed and assumed to be the same of that of schoepite.  No 
sorption is considered within the waste-form compartment, which means the density for this 
compartment is not needed (zero value is assigned).  Because of uncertainty in determining water 
saturation within the schoepite pores, an assumption is made that the waste-form void space is 
fully saturated with water in light of tight pores and hence, high capillary pressure. This 
assumption will tend to overestimate the amount of solubility-limited radionuclides that can be 
released, and to maximize the diffusion rate through this compartment, so it is arguably 
conservative. 

Corrosion products are mainly hydrated iron oxide (Fe2O3).  Its porosity value is taken as the 
“best estimate” (EPRI, 2002a; BSC, 2004b).  In failed waste packages through which water is 
moving by advection, the corrosion-product water saturation is assumed to be 1.0.  In dry waste 
packages, the water saturation is determined from water adsorption mechanism given by 
Equations 6.5.1.2-27 in BSC (2004c) or Equation I-10 in BSC (2006) assuming a relative 
humidity of 95%.   

The invert solid density is the same as tuff solid density.  Its porosity is determined by the typical 
gravel size (BSC, 2006).  Water saturation in the invert is estimated by equilibrium of 
hydrological system involving gravel and the host rock under various infiltration rates (BSC, 
2006).   

Near-field rock properties are taken from a detailed analysis on drift-scale radionuclide transport 
(BSC, 2004e).  Because the fractures are assumed to be open, the fracture compartment porosity 
is unity. 
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Table B-7 
Physical Parameter Values 

Compartment Density [kg/m3] Porosity Saturation 

Waste form 0.0  0.17  1.0  

Corrosion product (dry) 5240.0  0.4  1.0  

Corrosion product (wet) 5240.0  0.4  2×10-5  

Invert 2540.0  0.45  0.11  

NF rock matrix 2540.0  0.131  0.88  

NF rock fracture 2540.0  1.0  0.015  

 
These include seepage rates for the waste packages on which seepage occurs and diffusion 
coefficients for all compartments.  The time-dependent seepage rate is determined by the seepage 
sub-model of IMARC that integrates information concerning climate, infiltration rate, flow 
focusing, etc.  Seepage diversion (the flow rate going around the outside of the WP as opposed to 
the flow rate passing through the canister) to the invert is implemented in the model but is not 
currently considered in calculation.   

The effective diffusion coefficients for all the compartments are determined from experimental 
data on diffusion in unsaturated porous media in Conca and Wright (1992) for a given moisture 
content determined by: 

Sφθ =  eq. B-5 

where φ is porosity and S is water saturation.  Using the numerical values for compartments’ 
porosity and saturation in Table B.7, the effective diffusion coefficients are determined and listed 
in Table B.8.  Note that the water saturation for the dry corrosion product is too low for Conca 
and Wright’s experimental results.  In this case, the effective diffusion coefficient is determined 
using Archie’s law (BSC, 2004c): 

eq. B-6 

where D0 is free-water diffusion coefficient assumed to be 0.0316 m2/yr (10-9 m2/s). 

It can be shown that for other compartments, the effective diffusion coefficients determined from 
Conca and Wright (1992) fit quite well with those calculated using Archie’s law. 

 

23.1
0 SDDeff φ=
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Table B-8 
Effective Diffusion Coefficients 

Compartment Diffusion Coefficient [m2/yr] 

Waste form 2.46×10-3 

“Wet” corrosion product 2.47×10-5 

“Dry” corrosion product 3.84×10-12 

Invert 2.63×10-4 

NF rock matrix 1.41×10-3 

NF rock fracture 3.46×10-5 
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C  
APPENDIX C: IMARC 10 BIOSPHERE DOSE 
CONVERSION FACTORS FOR GROUNDWATER 
RELEASE: INPUT PARAMETERS 

C.1 Data for Deterministic BDCF assessment 

Element independent data are provided in Table C.1; element specific data are provided in 
Tables C.2 to C.11 and radionuclide specific data are in Table C.12. Single values of parameters 
to be used in calculations are provided, with references. This approach relies upon justifying the 
selection of parameters from previous modeling experience, notably IAEA (2003). Given the 
dependence of the overall dose estimate on the relative combination of radionuclides in the 
water, it is difficult to identify critical but uncertain parameters until a real source term is 
applied. However, several examples of potentially important data deficiencies were identified in 
IAEA (2003). 

The data used were substantially taken from the BIOMASS Example 2A (IAEA, 2003). Where 
the data in this model were clearly not suitable for this Yucca Mountain-specific assessment, 
data were found in alternative literature, e.g. with more relevant parameter values for the arid 
climate of Yucca Mountain. For example, where available, sorption coefficients in soil were used 
for low organic content, sandy soils likely to be prevalent in Amargosa Valley. Note however, 
that soil modification by farming practice and in back yard cultivation does not make a 
definitively better assumption. 
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Table C-1 
Element-independent data 

Parameter Value Units Comments and References 

Irrigation rate, Virr  0.8E0 m3m-2y-1 Irrigation rates will vary from crop to crop. The value 
adopted is an assumed average of irrigation rates applied 
by commercial growers in the Amargosa Valley and by 
those involved in back yard cultivation. 

Concentration in well 
water, Cw 

1.0E0 mol m-3  

Infiltration rate, I 6.0E-1 m y-1  

Wet soil porosity, θ 2.0E-1 -  

Total soil porosity, θt 5.0E-1 -  

Cultivated soil thickness, 
d 

3.0E-1 m Typical plowing/tilling depths 

Soil grain density,  2.65E3 kg m-3  

Water ingestion rate 
humans, INGw 

7.305E-1 m3 y-1 Regulatory specification 

Crop ingestion rate 
human, INGcrop 

 kg y-1  

- Root veg 4.73E0  

- Green veg 3.78E0  

- Grain 2.3E-1  

- Fruit 1.268E1  

Consumption rates are for locally produced crops, which 
may be dominated by gardeners or small producers in 
Amargosa Valley (i.e. not the total consumption rates). 
Values used previously (Wasiolek, 2001) have been 
updated (Wasiolek and Rautenstrauch, 2003). 

Crop soil contamination, 
Scrop 

 kg / kg kg dw soil per kg fw crop 

- Root veg 2.0E-4  

- Green veg 2.0E-4  

- Grain 2.0E-4  

- Pasture 2.0E-3  

- Fruit 2.0E-4  

Chosen from consideration of data in (BIOMOVS, 1990), 
(Müller and Prohl, 1993), (Ashton and Sumerling, 1988), 
(EPRI, 2002) and (Brown and Simmonds, 1995) 

Crop annual yield, Y  kg fw y-1 Values are all per m2 of soil area 

- Root veg 3.0E0  

- Green veg 3.0E0  

- Grain 4.0E-1  

- Pasture, Ypast 5.0E0  

- Fruit 7E-1  

Chosen from consideration of data in (BIOMOVS, 1990), 
(Müller and Prohl, 1993), (Ashton and Sumerling, 1988), 
(EPRI, 2002) and (Brown and Simmonds, 1995) 

Standing yield of fodder, 
SBpast 

8.3E-1 kg Assumes the annual yield is grazed six times (EPRI, 1996) 
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Table C-1 (continued) 
Element-independent data 

Parameter Value Units Comments and References 

Consumption rate, INGprod  kg y-1 Refers to locally produced animal products 

- Cow meat 2.85E0  

- Cow liver 0E0  

- Milk 4.66E0  

- Chicken meat 4.2E-1  

- Chicken eggs 5.3E0  

Values used previously (Wasiolek, 2001) have been 
updated (Wasiolek and Rautenstrauch, 2003). 

Animal consumption rate, 
fodder INGfodd 

 kg d-1 Fresh weight. All animal feed is assumed to be produced 
locally, from crops produced with contaminated irrigation 
water. 

- Cow 6E1  

- Chicken 3E-1  

(EPRI, 2002)  

Animal groundwater 
consumption rate, INGwa 

 m3 d-1 All animal water is assumed to be from contaminated well 

- Cow 6E-2  

- Chicken 5E-4  

(EPRI, 2002)  

Animal soil consumption 
rate, INGsa 

 kg d-1  Wet soil, assumed to be irrigated soil 

- Cow 6E-1  

- Chicken 2E-2  

(EPRI, 2002)  

Water density, ρw 1.0E3 kg m-3  

Animal breathing rate, 
BRa 

 m3 h-1 Animals assumed to reside on irrigated soil 

-cow 5.4E0  (Brown and Simmonds, 1995) 

-chicken 1E-2  (EPRI, 2002) 

Animal occupancy, Oan 2.4E1 h d-1  

Dust in air, dusts 

- normal activity 

- physical working 
including plowing in dry 
soil conditions 

 

1.0E-7 

5.0E-6 

kg m-3 (IAEA, 2003) 

Enhancement factor for 
concentration of 
contaminants on dust 
compared with soil, Ef  

3 - Based on consideration of Wasiolek (2008) and 
Raitenstrauch et al., (2003)   
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Table C-1 (continued) 
Element-independent data 

Parameter Value Units Comments and References 

Number of animals in 
area of interest, SD 

 m-2  

- Cow 4.3E-4  

- Chicken 3.0E0  

(EPRI, 2002) 

Inadvertent soil 
consumption, human, 
INGsoil (adults) 

1.825E-2 kg y-1 Fresh weight, (Wasiolek and Rautenstrauch, 2003). 

Soil occupancy, human 
Os 

3.387E3 h y-1 (Wasiolek and Rautenstrauch, 2003). 

Inhalation occupancy, 
human Oinh 

- normal activity 

- hard physical activity in 
dry soil conditions 

 

 

5.459E3 

6.14E2 

h y-1 (Wasiolek and Rautenstrauch, 2003) for total, but ratio 
between the two activities as per IAEA (2003) 

Bathing occupancy, Owout 3.65E2 h y-1 (IAEA, 2003) 

Human Adult Breathing 
rate, BR 

- normal activity 

- physical working in dry 
soil conditions 

 

1.2E0 

1.7E0 

m3h-1 (IAEA, 2003) 

Time from irrigation to 
harvest, T 

 y  

- Root veg 4.0E-2  

- Green veg 2.0E-2  

- Grain 7.5E-2  

- Pasture 2.0E-2  

- Fruit 2.0E-2  

Typical farming practice as suggested by personal 
communications to G Smith from G Prohl and P 
Coughtrey. 
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C.1.1 Quantitative description of exposure groups and exposure assumptions 

Assumptions are required for consumption of the following foods and water, assumed to be 
consumed: 

• root vegetables; 

• green vegetables; 

• grain; 

• fruit; 

• cow meat; 

• chicken meat; 

• eggs; and 

• water. 

These foods are chosen because of their correspondence to the system description and to habit 
survey data for Amargosa Valley residents. In addition, inadvertent ingestion of soil is included. 
Consumption data for these relevant to Amargosa Valley were taken from Wasiolek and 
Rautenstrauch (2003).  These are mean values allowing for the proportion of food derived from 
uncontaminated sources. Of the small proportion which is produced locally, it is not known how 
much of that is produced in back yards or commercially. This could affect the assumption for 
irrigation rate. All water for humans and animals is assumed to come from contaminated wells. 
All animal feed is assumed to be produced locally from ground irrigated with contaminated 
water. 

Occupancy times and breathing rates are also required for inhalation and external irradiation 
pathways. Data are taken from (Wasiolek and Rautenstrauch, 2003); however, the occupancy for 
inhalation of dust from soil is split into two values, one at low dust level for most of the year and 
low breathing rate and the other at a raised dust level (associated with working/recreation with 
the soil itself) and high breathing rate, but only for a small proportion of the year. That is, it is 
assumed here that the critical group member spends some time doing activities which involve 
creation of dust, but most of the time not doing so (IAEA, 2003).  

No consideration has been given to exposure from radon. Other radioactive progeny of 
radionuclides for which groundwater concentrations are evaluated in the geosphere part of the 
TSPA are assumed to be in secular equilibrium with their parents in the groundwater at the point 
of abstraction, and thereafter, their behavior and contribution to dose is assessed dynamically. 
However, if the half-life is less than 25 days, then they are assumed to be in secular equilibrium 
with the parent in the biosphere, and their contributions to dose are included by adding the 
relevant dose coefficient to that of the parent. 
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C.1.2 Element specific data 

Table C-2 
Sorption Coefficients in Soil 

Element Kd, m3/kg Range Reference  

Ac 0.45  (EPRI, 2002) 

Cl 0.0008  (EPRI, 2002) 

I 0.007 0 to 0.44 (BIOPROTA, 2006) 

Np 0.005 0.0005 to 0.39 (BIOPROTA, 2006) 

Pa 0.54  (EPRI, 2002), (Ashton and Sumerling, 1988) 

Pb 9.7 0.8 to 5.5 (BIOPROTA, 2006) 

Po 0.15 0.009 to 7 (BIOPROTA, 2006) 

Pu 0.54  (EPRI, 2002) 

Ra 0.49 0.003 to 20 (BIOPROTA, 2006) 

Se 0.003 0.001 to 0.03 (Fuhrmann and Schwartzman, 2008), 
(BIOPROTA, 2006) 

Tc 0.0001 0 to 0.001 (BIOPROTA, 2006) 

Th 3 0.2 to 150 (BIOPROTA, 2006) 

U 0.015 0.002 to 4.5 (BIOPROTA, 2006) 
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Table C-3 
Crop Concentration Factors (CFcrop) 

Fruit Grain Green veg Pasture Root veg Reference 
Element 

Bq kg-1 fw per Bq kg-1 dw  
Ac 0.0005 0.001 0.001 0.001 0.001 (EPRI, 2002) 

Cl 50 50 50 5 75 50 

Range 1 - 400 1 - 1000 1 - 400 10 - 450 1 - 500 

(EPRI, 2002),  
(Smith et al., 1988) 
(Coughtrey et al., 1983-
85),  
(BIOPROTA, 2006) 

I 0.05 0.025 0.1 0.1 0.1 

Range 0.01 – 5 

(EPRI, 2002),  
(Smith et al., 1988),  
(Coughtrey  et al., 
1983-85),  
(Ashton and Sumerling, 
1988) 
(Klos et al., 1989) 
(IAEA, 1995) 
(Simmonds and Crick, 
1982) 
(IAEA, 2003) 
(BIOPROTA, 2006) 

Np 0.01 0.002 0.01 0.01 0.01 

Range 1E-4 – 1 1E-4 – 0.1 2E-4 – 0.3 1E-4 - 1 2E-4 – 0.3 

(EPRI, 2002),  
(Smith et al., 1988),  
(Coughtrey  et al., 
1983-85),  
(Ashton and Sumerling, 
1988) 
(Klos et al., 1989) 
(IAEA, 1995) 
(Simmonds and Crick, 
1982) 
(IAEA, 2003) 
(BIOPROTA, 2006) 

Pa 0.04 0.04 0.04 0.04 0.04 (EPRI, 2002) 
Pb 0.015 0.015 0.015 0.015 0.015 
Range 3E-4 - 1 3E-4 - 1 3E-4 - 1 3E-4 - 1 3E-4 - 1 

(EPRI, 2002)  
(BIOPROTA, 2006) 

Po 0.0002 0.01 0.01 0.0002 0.05 (EPRI, 2002)  
(BIOPROTA, 2006) 

Pu 0.0001 3.0E-05 0.0001 0.001 0.001 (EPRI, 2002) 

Ra 0.04 0.04 0.04 0.04 0.04 

Range 0.01 – 1 

(EPRI, 2002)  
(BIOPROTA, 2006) 

Se 1 1 1 1 1 

Range 0.1 – 30 

(EPRI, 2002) 
(Klos et al., 1989) 
(BIOPROTA, 2006) 
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Table C-3 (Continued) 
Crop Concentration Factors (CFcrop) 

Fruit Grain Green veg Pasture Root veg Reference 
Element 

Bq kg-1 fw per Bq kg-1 dw  

Tc 5 2 50 10 10 

Range 0.1 - 200 0.1 - 10 3 - 500 1 - 100 1 - 100 

(EPRI, 2002),  
(Smith et al., 1988),  
(Coughtrey  et al., 
1983-85),  
(Ashton and Sumerling, 
1988) 
(Klos et al., 1989) 
(IAEA, 1995) 
(Simmonds and Crick, 
1982) 
(IAEA, 2003) 
(BIOPROTA, 2006) 

Th 0.001 0.0003 0.001 0.001 0.001 

Range 0.0001 – 0.01 
(BIOPROTA, 2006) 

U 0.001 0.001 0.001 0.001 0.001 

Range 1E-4 – 0.02 
(BIOPROTA, 2006) 

 

Table C-4 
Crop Interception Factor (Icrop ) 

Element Icrop Reference 

Ac 0.3 (EPRI, 2002) 

Cl 0.3 (EPRI, 2002) 

I 0.3 (EPRI, 2002), (IAEA, 2003), (Ashton and Sumerling, 1988) 

Np 0.5 (EPRI, 2002), (IAEA, 2003), (Ashton and Sumerling, 1988) 

Pa 0.3 (Ashton and Sumerling, 1988) 

Pb 0.3 (EPRI, 2002) 

Po 0.3 (EPRI, 2002) 

Pu 0.3 (EPRI, 2002) 

Ra 0.3 (EPRI, 2002) 

Se 0.5 (Ashton and Sumerling, 1988) 

Tc 0.1 (EPRI, 2002), (IAEA, 2003), (Ashton and Sumerling, 1988) 

Th 0.3 (EPRI, 2002) 

U 0.3 (EPRI, 2002) 
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Table C-5 
External Interception Fraction Retained after Food Processing (Fp3), Internal Food 
Processing Retained Fraction (Fp2) and External Contamination Due to Soil, Food 
Processing Retained Fraction (Fp1) 

 Fp3 Fp2 Fp1  

Element Fruit Grain Green veg Root veg All All Reference  

Ac 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Cl 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

I 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Np 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Pa 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Pb 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Po 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Pu 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Ra 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Se 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Tc 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

Th 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 

U 1 0.01 0.1 0 1 0.1 (EPRI, 2002), (IAEA, 2003) 
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Table C-6 
Absorbed Fraction, External to Internal (Fabs) 

Element Fruit Grain Green veg Pasture Root veg Reference 

Ac 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Cl 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

I 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Np 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Pa 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Pb 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Po 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Pu 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Ra 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Se 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Tc 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

Th 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 

U 0.48 0.5 0.5 0.5 0.5 (EPRI, 2002), (IAEA, 2003) 
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Table C-7 
Translocation Factor (Ftrans) 

Element Fruit Grain Green veg Pasture Root veg Reference 

Ac 1 0.2 0.45 0 0.29 (EPRI, 2002) 

Cl 1 0.1 1 0 0.1 (EPRI, 2002) 

I 1 0.1 1 0 0.1 (EPRI, 2002), (IAEA, 2003) 

Np 1 0.01 1 0 0.21 (EPRI, 2002), (IAEA, 2003) 

Pa 1 0.2 0.45 0 0.29 (EPRI, 2002), (IAEA, 2003) 

Pb 1 0.1 0.22 0 0.22 (EPRI, 2002) 

Po 1 0.1 0.22 0 0.22 (EPRI, 2002) 

Pu 0.19 0.16 0.36 0 0.043 (EPRI, 2002) 

Ra 1 0.08 0.18 0 0.099 (EPRI, 2002) 

Se 1 0.13 0.3 0 0.068 

(EPRI, 2002), 
(IAEA, 2003), 
(Ashton and Sumerling, 1988),
(Simmonds and Crick, 1982), 
(Coughtrey  et al., 1983-85) 

Tc 1 0.1 1 0 0.1 (EPRI, 2002), (IAEA, 2003) 

Th 0.13 0.13 0.038 0 0.29 (EPRI, 2002) 

U 0.19 0.16 0.36 0 0.043 (EPRI, 2002) 
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Table C-8 
Weathering Rate (W) 

Fruit Grain Green veg. Pasture  Root 
veg  

Reference 
Element 

(/y)  

Ac 18 8.4 18 18 18 (EPRI, 2002) 

Cl 32 18 18 18 18 (EPRI, 2002) 

I 32 8.4 18 18 18 (EPRI, 2002), (IAEA, 2003) 

Np 32 18 18 18 18 (EPRI, 2002) 

Pa 18 8.4 18 18 18 (EPRI, 2002) 

Pb 18 8.4 18 18 18 (EPRI, 2002) 

Po 18 8.4 18 18 18 (EPRI, 2002) 

Pu 18 51 51 18 18 (EPRI, 2002) 

Ra 18 8.4 18 18 18 (EPRI, 2002) 

Se 32 8.4 18 18 18 (EPRI, 2002), (IAEA, 2003) 

Tc 32 8.4 18 18 18 (EPRI, 2002), (IAEA, 2003) 

Th 18 8.4 18 18 18 (EPRI, 2002) 

U 18 8.4 18 18 18 (EPRI, 2002) 
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Table C-9 
Animal Product Transfer Factor (TFproding) 

Chicken 
egg  

Chicken 
meat  Cow liver 

Cow 
meat Cow milk Reference 

Element 
(day/kg) (day/l)  

Ac 0.016 0.0066 0.014 0.0016 4.00E-07 (EPRI, 2002) 

Cl 8.7 8.7 0.043 0.043 0.017 
(EPRI, 2002) 
(Coughtrey et al., 1983-85) 
(Dickson J M (1993) 

I 1.6 0.2 0.002 0.003 0.003 

(EPRI, 2002) 
(Coughtrayt et al., 1983-85) 
(Dickson J M (1993) 
(Smith et al., 1988) 
(Simmonds and Crick, 1982) 
(IAEA, 2003) 
(Bishop et al., 1989) 
(Ng et al., 1982) 
(Ng, 1982) 
(IAEA, 1994) 
(Ashton and Sumerling, 1988) 

Np 0.017 0.0017 0.02 0.00012 5.00E-06 (EPRI, 2002) 

Pa 0.0041 0.0041 0.0011 5.00E-05 5.00E-06 (EPRI, 2002) 

Pb 1.2 1.2 1.3 0.01 0.0003 (EPRI, 2002) 

Po 1.2 1.2 0.004 0.004 0.0003 (EPRI, 2002) 

Pu 0.008 0.1 0.068 0.0002 5.00E-06 (EPRI, 2002) 

Ra 0.25 0.48 0.019 0.0013 0.0013 (EPRI, 2002) 

Se 8.3 8.3 1 0.54 0.004 

(EPRI, 2002) 
(Coughtrey et al., 1983-85) 
(Dickson J M (1993) 
(Smith et al., 1988) 
(Simmonds and Crick, 1982) 
(Ng et al., 1982) 
(Ng, 1982) 
(IAEA, 1994) 
(Ashton and Sumerling, 1988) 

Tc 1.2 1.2 0.021 0.006 0.0075 

(EPRI, 2002) 
(Dickson J M (1993) 
(Smith et al., 1988) 
(Simmonds and Crick, 1982) 
(IAEA, 2003) 
(Bishop et al., 1989) 
(Ng, 1982) 
(IAEA, 1994) 
(Ashton and Sumerling, 1988) 

Th 0.18 0.18 0.063 0.0027 5.00E-06 (EPRI, 2002) 

U 0.1 0.1 0.00069 0.00069 0.0004 (EPRI, 2002) 
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Table C-10 
Animal Product Transfer Factor From Inhalation (TFprodinh) 

Chicken egg Chicken meat Cow liver Cow meat Cow milk 
Element 

(day/kg) (day/l) 

Ac 4.8E+00 2.0E+00 4.8E-01 1.2E-04 4.2E+00 

Cl 6.1E+00 6.1E+00 3.0E-02 1.2E-02 3.0E-02 

I 1.1E+00 1.3E-01 2.0E-03 2.0E-03 1.3E-03 

Np 5.1E+00 5.1E-01 3.6E-02 1.5E-03 6.0E+00 

Pa 1.2E+00 1.2E+00 1.5E-02 1.5E-03 3.3E-01 

Pb 1.2E+00 1.2E+00 1.0E-02 3.1E-04 1.3E+00 

Po 4.9E-01 4.9E-01 1.6E-03 1.2E-04 1.6E-03 

Pu 2.4E+00 3.0E+01 6.0E-02 1.5E-03 2.0E+01 

Ra 2.6E-01 4.9E-01 1.3E-03 1.3E-03 1.9E-02 

Se 6.5E+00 6.5E+00 4.2E-01 3.1E-03 7.9E-01 

Tc 4.9E-01 4.9E-01 2.5E-03 3.1E-03 8.6E-03 

Th 1.5E+01 1.5E+01 2.2E-01 4.0E-04 5.1E+00 

U 8.1E-01 8.1E-01 5.6E-03 3.2E-03 5.6E-03 
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Table C-11 
Inhalation and Ingestion Fractions in Humans 

Element f1_ing f1_inh f_C f_L Reference 

Ac 0.0005 0.0005 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Cl 1 1 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

I 1 1 0.16 0.5 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Np 0.0005 0.0005 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Pa 0.0005 0.0005 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Pb 0.2 0.1 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Po 0.5 0.1 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Pu 0.0005 0.0005 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Ra 0.2 0.1 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Se 0.8 0.8 0.16 0.5 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Tc 0.5 0.1 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

Th 0.0005 0.0005 0.6 0.04 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 

U 0.02 0.02 0.55 0.15 
(ICRP, 1996) 

(Coughtrey et al., 1983-85) 
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Table C-12 
Half life and Dose Coefficient Data  

Radionuclide Half lifea 

 

Ingestion Dosec 
coefficient†  

Inhalation Dosec 
Coefficient†  

External 
Irradiation 
from soild  

External 
Irradiation 
from 
Waterd 

 Years Sv/Bq mrem/mol Sv/Bq mrem/mol (mrem/h)/ 
(mol/kg) 

(mrem/h)/ 
(mol/m3) 

Cl-36 3.01E+05 9.30E-10 4.1E+06 7.30E-09 3.2E+07 3.5E-2 0.0E+00 

Se-79b 1.13E+06 2.90E-09 3.4E+06 6.80E-09 8.0E+06 0.0E+00 1.9E-01 

Tc-99 2.13E+05 6.40E-10 4.0E+06 1.30E-08 8.1E+07 0.0E+00 1.5E+00 

I-129 1.57E+07 1.10E-07 9.3E+06 3.60E-08 3.0E+06 4.1E+01 3.1E-01 

Pb-210 2.23E+01 6.90E-07 4.1E+13 5.60E-06 3.3E+14 4.5E+06 4.2E+04 

Po-210 3.79E-01 1.20E-06 4.2E+15 4.30E-06 1.5E+16 6.0E+06 1.2E+04 

Ra-226 1.60E+03 2.80E-07 2.3E+11 9.50E-06 7.9E+12 2.0E+08 5.6E+05 

Ac-227 2.18E+01 1.10E-06 6.7E+13 5.50E-04 3.3E+16 2.3E+09 9.1E+06 

Ra-228 5.75E+00 6.90E-07 1.6E+14 1.60E-05 3.7E+15 3.0E+10 7.8E+07 

Th-228 1.91E+00 1.40E-07 9.7E+13 4.00E-05 2.8E+16 6.3E+10 3.9E+08 

Th-229 7.34E+03 4.90E-07 8.8E+10 2.40E-04 4.3E+13 5.2E+06 2.3E+04 

Th-230 7.70E+04 2.10E-07 3.7E+09 1.00E-04 1.7E+12 1.0E+02 3.2E+00 

Pa-231 3.27E+04 7.10E-07 2.9E+10 1.40E-04 5.7E+12 6.9E+04 4.4E+02 

Th-232 1.41E+10 2.30E-07 2.2E+04 1.10E-04 1.0E+07 2.9E-04 9.3E-06 

Pa-233 7.39E-02 8.70E-10 1.6E+13 3.90E-09 7.0E+13 5.6E+11 1.3E+09 

U-233 1.59E+05 5.10E-08 4.2E+08 9.60E-06 8.0E+10 4.2E+01 2.1E-01 

U-234 2.45E+05 4.90E-08 2.6E+08 9.40E-06 5.1E+10 2.1E+01 4.7E-01 

U-235 7.04E+08 4.70E-08 8.8E+04 8.50E-06 1.6E+07 1.9E+01 1.2E-01 

U-236 2.34E+07 4.70E-08 2.7E+06 8.70E-06 4.9E+08 1.8E-01 3.2E-03 

Np-237 2.14E+06 1.10E-07 6.8E+07 5.00E-05 3.1E+10 8.7E+03 5.0E+01 

U-238 4.47E+09 4.50E-08 1.3E+04 8.00E-06 2.4E+06 7.7E-01 3.9E-03 

Pu-239 2.41E+04 2.50E-07 1.4E+10 1.20E-04 6.6E+12 9.3E+01 2.4E+00 

Pu-240 6.54E+03 2.50E-07 5.1E+10 1.20E-04 2.4E+13 9.7E+02 1.1E+01 

Pu-242 3.76E+05 2.40E-07 8.4E+08 4.80E-05 1.7E+11 1.3E+01 1.5E-01 

Am-243 7.38E+03 2.00E-07 3.6E+10 9.60E-05 1.7E+13 7.9E+05 3.2E+03 
†The mrem/mol values were obtained by converting Sv/Bq to moles according to the half life of the radionuclide 

aICRP Publication 38 ICRP, 1983) 

b(Songsheng et al., 1997)  

cICRP Publication 72 (ICRP, 1996) 
d(Ashton and Sumerling, 1988) 
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Data presented in Table C.12 include those for radioactive progeny of half-life less than 25 days. 
These are not dynamically modelled, and are assumed to be in equilibrium with the parent 
isotope and contributing to the resulting parent doses. 

C.2 Data for Probabilistic Assessment 

The radionuclides to be included in the probabilistic assessment are: Cl-36, Se-79, Tc-99, I-129, 
Ra-226, U-235 and Np-237.  

C.2.1 Identifying Significantly Uncertain Parameters 

The approach taken here was first to identify for each radionuclide the exposure pathways that 
contribute to more than 10% of the total deterministic BDCF. Then a Normalised Dose 
Distribution (NDD) was calculated, according to the description of (Yu et al., 2000): 

NDD = (Dhigh – Dlow) / Dbase * 100% 

where Dhigh and Dlow are the maximum and minimum doses corresponding to maximum and 
minimum values for a given parameter and Dbase is the normalisation factor, here, the 
deterministic BDCF. From this additional sensitivity analysis, the original list of parameters 
identified because of their association with the main exposure pathways, was reduced to only 
those parameters with a high NDD. 

The parameters thus selected for probabilistic consideration were as follows: 

• irrigation rate, m/y per m2, 

• infiltration rate, m/y per m2, 

• soil-water distribution coefficients, m3/kg (dw), 

• interception factor, the fraction of irrigation water directly affecting crops, 

• the rate of weathering of contamination from plant surfaces, 

• annual yields per unit area of eggs, meat and fruit, 

• transfer factors relating animal intake of a radionuclide to concentration levels in animal 
products, for eggs and meat,  

• concentration factors relating radionuclide concentrations in soil to concentrations in crops, 

• fodder consumption rate by cows, kg/y, but assumed to be 100% produced locally, 

• dust level in air, mg/m3, 

• dust enhancement factor, the degree to which dust is assumed to contain higher levels of 
activity than soil from which it is derived, 

• RMEI occupancy of contaminated soil areas, h/y, 

• RMEI consumption rate for locally produced meat, eggs and fruit, kg/y. 
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C.2.2 Selection of PDFs  

The selection of appropriate PDFs for all these parameters, some of which are radionuclide 
specific, presents similar problems to those arising when choosing sets of appropriately cautious 
deterministic values. However, relevant guidance and radio-ecology data were taken from 
(BIOPROTA, 2006) and (Yu et al., 2000), as well as the ranges given in the tables in Section 4.1. 
This was used to identify physically credible ranges and to choose the type of distribution 
function. In cases where there was very little information beyond a reasonable upper and lower 
bound, a uniform distribution was adopted. Data on consumption rate distributions in Amargosa 
Valley were taken from (Wasiolek and Rautenstrauch, 2003). However, since the water 
consumption rate is fixed at 2 l/d, this parameter was not sampled for. 

The resulting selection of PDFs is described in the following tables. 
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Table C-13 
PDFs for Radionuclide Independent Parameters Selected for Probabilistic Approach 

Parameter Units 
Distribution 
type Min value Max value 

Mean, mode 
or average SD 

Ingestion of crops 
INGcrop 

kg/y      

Root veg  lognormal   4.73 0.67 

Green veg  lognormal   3.78 0.88 

Grain  lognormal   0.23 0.11 

Fruit  lognormal   12.68 1.36 

Volume of irrigation  Virr m3/y Triangular 0.2 1.2 0.8  

0.73 0% 

1.51 5% 

2.67 28% 

2.92 51% 

3 72% 

3.63 95% 

Yield of fruit Y (fruit) kg(fw)/y Cumulative 

6.89 100% 

2.75E+00  

0.009 0% 

0.03 19% 

0.045 38% 

0.076 57% 

0.128 76% 

0.233 95% 

Infiltration rate I m/y Cumulative 

0.275 100% 

7.90E-02  

Consumption of animal 
products INGprod 

kg/y      

Cow meat  Lognormal   2.85 0.65 

Cow liver  Lognormal   0 0 

Milk  Lognormal   4.66 1.68 

Chicken meat  Lognormal   0.42 0.13 

Chicken eggs  Lognormal   5.3 0.83 

Consumption of Fodder 
by Cows INGfodd  

kg(fw)/d Uniform 29 68   

High soil occupancy 
Oinh_high 

h/y Truncated 
lognormal 

 6073.5 5458.9 545.9 

Dust level (low loading) 
dusts 

mg/m3 Triangular 0.06 0.175 0.1  

Dust enhancement 
factor, Ef 

- Triangular 1 5 3  
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Table C-14 
PDFs for Radionuclide Dependent Parameters Selected for Probabilistic Approach 

Parameter Unit Distribution 
type 

Min value Max value Mean, mode 
or average 

SD Radionu
clide 

0.05 0.75 0.10 Tc-99 
0.03 0.75 0.30 I-129 
0.03 0.75 0.30 Cl-36 
0.05 0.75 0.50 Se-79 
0 1 0.30 U-235 

Interception 
factor Icrop 
 

- Triangular 

0.05 0.75 0.50 

 

Np-237 
Truncated 
lognormal 0 0.001 1.40E-04 6 E-03 Tc-99 

Truncated 
lognormal 0 0.44 4.5E-03 7.4E-3 I-129 

Truncated 
lognormal 0.002 4.5 3.30E-02 2.5E-02 U-235 

Truncated 
lognormal 0.0005 0.39 2.5E-02 3.3E-3 Np-237 

Lognormal   1.40E-04 6 E-03 Cl-36 
Logtriangular 0.001 0.03 0.003  Se-79 
Logtriangular 0.8 55 9.7  Pb-210 

Sorption 
Coefficient Kd 

m3/kg(dw
) 

Logtriangular 0.009 7 0.15  Po-210 
Animal Product 
Transfer Factor 
(meat) 
TFproding  

d/kg Lognormal   8.80E-02 5.8 Se-79 

Concentration 
Factor 

Bq/kg(fw) 
per 
Bq/kg(dw) 

      

Truncated 
lognormal 

1 400 50 2 Cl-36 

Truncated 
lognormal 

0.0002 1 0.057 2.8 I-129 

Truncated 
lognormal 

0.0001 1 0.034 6.9 Np-237 

Logtriangular 3.00E-04 1 0.015  Pb-210 
Logtriangular 0.01 1 0.04  Ra-226 
Truncated 
lognormal 0.1 30 0.046 3.8 Se-79 

Truncated 
lognormal 

0.1 200 4.3 4.6 Tc-99 

Fruit CFfruit  

Truncated 
lognormal 

1.00E-04 0.02 0.0063 2.9 U-235 

Logtriangular 1 1000 50  Cl-36 
Logtriangular 1.00E-04 0.1 0.002  Np-237 
Logtriangular 3.00E-04 1 0.015  Pb-210 
Logtriangular 0.01 1 0.04  Ra-226 
Logtriangular 0.1 30 1  Se-79 
Logtriangular 0.1 10 2  Tc-99 

Grain CFgrain  

Logtriangular 1.00E-04 0.02 0.001  U-235 
Logtriangular 1 400 50  Cl-36 
Logtriangular 0.01 5 0.1  I-129 
Logtriangular 2.00E-04 0.3 0.01  Np-237 
Logtriangular 3.00E-04 1 0.015  Pb-210 
Logtriangular 0.01 1 0.04  Ra-226 
Logtriangular 0.1 30 1  Se-79 
Logtriangular 3 500 50  Tc-99 

Green veg. 
CFgreen  

 

Logtriangular 1.00E-04 0.02 0.001  U-235 
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Table C-14 (Continued) 
PDFs for Radionuclide Dependent Parameters Selected for Probabilistic Approach 

Parameter Unit Distribution 
type 

Min value Max value Mean, mode 
or average 

SD Radionu
clide 

Logtriangular 10 450 75  Cl-36 

Logtriangular 1.00E-04 1 0.01  Np-237 
Logtriangular 3.00E-04 1 0.015  Pb-210 
Logtriangular 0.01 1 0.04  Ra-226 
Truncated 
lognormal 0.1 3.00E+01 0.15 5.5 Se-79 

Logtriangular 1 100 10  Tc-99 

Pasture 
CFpast 

 

Logtriangular 1.00E-04 0.02 0.001  U-235 
Logtriangular 1 500 50  Cl-36 
Logtriangular 2.00E-04 0.3 0.01  Np-237 
Logtriangular 3.00E-04 1 0.015  Pb-210 
Logtriangular 0.01 1 0.04  Ra-226 
Logtriangular 0.1 30 1  Se-79 
Logtriangular 1 100 10  Tc-99 

Root veg. 
CFroot  

Logtriangular 1.00E-04 0.02 0.001  U-235 
Weathering W 
(fruit) 

y-1 Triangular 5.1 84 18  All 

C.2.3 Addressing Correlations in PDFs 

It is clear that some parameters are correlated, and in order not to sample meaningless 
combinations of parameter values, the issue must be addressed. There are two main approaches 
to dealing with parameter correlation, a derived approach and a statistical approach. A derived 
approach implies finding an analytical or empirical relationship between the two parameters of 
interest, and then making one of them dependent on the other. This way only the independent 
parameter would have to be sampled. A statistical approach requires knowledge of the degree of 
correlation between the two parameters (in terms of a correlation coefficient) and a sampling 
method capable of dealing with correlated distributions. The derived approach is in principle 
simpler; however, it has the drawback of requiring detailed knowledge of the appropriate 
relationships that are not always available or fully representative of the underlying correlation.  

In this work we have followed the derived approach in the soil occupancy factors, as it is 
straightforward to derive a relationship between the high occupancy factor (which is a sampled 
parameter with a defined PDF) and the low occupancy factor (the sum of both must be the 
numbers of hours in a year).   

However, a statistical approach has been used, albeit only in a limited fashion, for one of the 
most important correlations in the current context: sorption coefficients (Kds) and biotic 
concentration factors. This is because, the more mobile a radionuclide is, the more likely it is to 
be available to plants for bioaccumulation, e.g. root uptake, resulting in a negative correlation 
between the root uptake factor and the soil-water distribution coefficient. Correlation coefficients 
between these parameters for different plants are given in (Jones et al., 2004) (correlation 
coefficient between Kd soil and root uptake factor for pasturage: -0.8; correlation coefficient 
between Kd soil and root uptake factor for vegetables: -0.7). These values were used here as 
representative for pasture and fruit respectively. 
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C.3 Results and Discussion 

C.3.1 Deterministic Results 

Table C-15 gives the calculated BDCF values (mrem·y-1 per mole·m-3) to the RMEI via each 
pathway for each radionuclide selected by EPRI for inclusion in the study. The total summed 
over all pathways for each radionuclide is also given. These doses are those arising from a 
concentration of one mol·m-3, of the specified radionuclide, in the abstracted groundwater.  They 
include the effects of radioactive progeny which grow in after release into the biosphere. For 
example the Th-230 dose value includes contributions to dose from Ra-226 which grows in from 
decay of Th-230 accumulating in soil. Note that the BDCFs listed are the value eventually 
reached after radionuclide equilibrium concentrations arises in the local biosphere after 
continuing year on year irrigation with the same unit contaminant concentration in the abstracted 
groundwater. In some cases, for mobile radionuclides, equilibrium is reached within just a few 
years, but in other cases, continuing accumulation in soil continues over hundreds of years. 

The results for each radionuclide assessed in the geosphere part of the TSPA are included. Thus 
the total dose summed over all radionuclides for a particular geosphere calculation are obtained 
by summing the products of the molar concentration for each radionuclide in the groundwater 
abstracted via the well (calculated within the geosphere model) and the corresponding BDCF in 
Table C.15.  

Some relatively short lived radionuclides are not modelled explicitly in the geosphere part of the 
assessment. They are assumed to be in secular equilibrium with their parents in all parts of the 
geosphere. However, because of the relatively fast rate of biosphere processes in the biosphere, 
they do require explicit dynamic representation in the biosphere model.  These radionuclides are 
Ac-227, Pa-233, Th-228, Ra-228, Pb-210 and Po-210. Since no geosphere calculation is made of 
their concentration in the groundwater, their contribution to BDCFs is added in with the 
respective parents, on the assumption that the daughters are in secular equilibrium with their 
parents at the well head. This may not be true, especially if the parents and daughters are 
differently mobile in that environment.  The total BDCF including these daughter contributions 
is also provided in Table C-15 for the relevant radionuclides. 

Finally, some even shorter lived radionuclides are not modeled dynamically even in the 
biosphere.  Their radiation effects have been included in with their parents, assuming secular 
equilibrium in all parts of the environment. 
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Table C-15 
Updated BDCFs (mrem·y-1 per mole m-3). 

Pathway Cl-36 Se-79 Tc-99 I-129 Ra-226 Ac-227 Th-229 Th-230 U-233 U-234 U-235 U-238 Np-237 Pu-239 Pu-242 

aerosol inhalation 
1.41E-02 3.49E-03 3.53E-02 1.33E-03 3.44E+03 1.46E+07 1.90E+04 7.67E+02 3.50E+01 2.22E+01 7.01E-03 1.04E-03 1.35E+01 2.88E+03 7.40E+01 

root vegetable  
1.07E+06 1.40E+05 8.67E+04 2.17E+05 2.82E+10 3.68E+12 6.25E+09 2.70E+08 3.53E+06 2.17E+06 7.28E+02 1.10E+02 4.53E+06 1.63E+08 9.79E+06 

green vegetable 
consumption 1.46E+06 3.70E+05 4.60E+05 1.53E+06 2.79E+10 5.26E+12 2.56E+09 1.14E+08 2.76E+07 1.72E+07 5.75E+03 8.65E+02 1.83E+07 8.25E+08 5.08E+07 

grain  7.74E+04 5.62E+04 1.02E+04 6.79E+04 2.53E+09 9.47E+11 8.33E+08 3.48E+07 4.84E+06 3.01E+06 1.01E+03 1.52E+02 9.87E+04 1.52E+08 9.34E+06 

fruit  1.61E+07 1.88E+07 4.42E+06 3.05E+07 9.14E+11 2.45E+14 1.67E+11 6.99E+09 8.37E+08 5.21E+08 1.74E+05 2.63E+04 3.72E+08 2.71E+10 1.67E+09 

dust inhalation 4.90E+02 5.55E+02 1.86E+02 4.97E+02 7.53E+10 3.39E+13 2.52E+12 1.19E+11 5.63E+07 1.79E+07 5.71E+03 8.37E+02 3.63E+06 9.13E+10 2.14E+09 

external soil  1.06E-01 0.00E+00 0.00E+00 1.16E+03 3.17E+11 3.92E+11 5.09E+10 1.18E+06 5.04E+03 1.25E+03 1.13E+03 4.58E+01 1.75E+05 2.16E+05 2.83E+04 

chicken meat 3.57E+05 2.57E+04 3.12E+03 9.08E+02 7.96E+08 3.38E+08 4.14E+08 2.00E+07 2.58E+04 1.20E+04 4.02E+00 6.03E-01 4.86E+01 9.17E+06 5.17E+05 

cow meat 2.65E+06 6.78E+06 3.08E+04 5.66E+04 1.98E+09 2.21E+11 2.37E+09 1.12E+08 5.67E+05 3.46E+05 1.16E+02 1.74E+01 2.46E+04 1.30E+07 7.57E+05 

cow milk 1.71E+06 8.22E+04 6.30E+04 9.26E+04 3.24E+09 9.03E+07 7.17E+06 3.39E+05 5.37E+05 3.28E+05 1.10E+02 1.65E+01 1.68E+03 5.31E+05 3.09E+04 

cow liver 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

eggs 4.51E+06 3.24E+05 3.94E+04 9.16E+04 5.23E+09 1.03E+10 5.23E+09 2.53E+08 3.26E+05 1.51E+05 5.08E+01 7.61E+00 6.13E+03 9.26E+06 5.22E+05 

soil  6.68E+01 2.24E+02 2.07E+01 1.40E+03 2.00E+09 6.10E+10 4.63E+09 2.24E+08 2.72E+05 8.46E+04 2.86E+01 4.26E+00 7.40E+03 1.71E+08 9.60E+06 

external water  0.00E+00 6.83E+01 5.44E+02 1.14E+02 2.02E+08 3.33E+09 8.54E+06 1.15E+03 7.63E+01 1.74E+02 4.31E+01 1.41E+00 1.81E+04 8.61E+02 5.51E+01 

water 
consumption 2.99E+06 2.48E+06 2.90E+06 6.77E+06 1.69E+11 4.88E+13 6.45E+10 2.69E+09 3.10E+08 1.93E+08 6.46E+04 9.72E+03 4.97E+07 1.00E+10 6.17E+08 

Total 3.09E+07 2.90E+07 8.02E+06 3.93E+07 1.55E+12 3.38E+14 2.83E+12 1.29E+11 1.24E+09 7.55E+08 2.54E+05 3.80E+04 4.48E+08 1.30E+11 4.50E+09 

Total *     
8.62E+12 

Pb-210 and 
Po-210 

       
4.51E+08

Pa-233   

* including daughters not modelled in the geosphere, assuming secular equilibrium with their parents in well water. 
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C.3.2 Probabilistic Results 

The AMBER 5.0 software (Enviros and Quintessa, 2006) has been used to calculate the BDCF 
probabilistically for the radionuclides and parameters discussed above. Unfortunately, AMBER 
5.0 is not capable of sampling correlated distributions, and therefore the Excel add-in @RISK 
(Palisade, 2008) has been applied to carry out the sampling and then import the obtained data 
into AMBER16. 2000 samples were run using a random scheme for selecting parameters values 
from their distributions. The case file for the deterministic case was used as a base for the 
probabilistic run. All parameters remained the same except the sampled parameters set out in 
subsection 4.2 above.  

The results of the probabilistic run for the BDCFs are shown in the following figures and in 
tabular form at the end of this section. The information included in the graphs is: cumulative 
distribution functions, the mean and the 95 % confidence interval, several percentiles (5%, 25%, 
50%, 75% and 95%) and the value of the deterministic calculation as reported previously. 

Cumulative distribution functions are given in Figures C.1 to C.9 and Table C.16 gives the 
precise numerical values which characterize the distributions. Separate results are given for Ra-
226 and Np-237 with (indicated by a + sign) and without the contributions from radioactive 
progeny which are assumed to be present with the parent in the abstracted groundwater. 

 

                                                           
16 AMBER Version 5.1, the most recent release, does allow the correlations to be accounted for as here, and can be 
used in future work. 
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Figure C-1 
CDF for Cl-36 showing the different quantities of interest. 

 

Figure C-2 
CDF for I-129 showing the different quantities of interest. 
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Figure C-3 
CDF for Np-237 showing the different quantities of interest. 

 

Figure C-4 
CDF for Np-237 (including short-lived daughters) showing the different quantities of 
interest 
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Figure C-5 
CDF for Ra-226 showing the different quantities of interest 

 

Figure C-6 
CDF for Ra-226 (including short-lived daughters) showing the different quantities of 
interest. 
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Figure C-7 
CDF for Se-79 showing the different quantities of interest. 

 

Figure C-8 
CDF for Tc-99 showing the different quantities of interest. 
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Figure C-9 
CDF for U-235 showing the different quantities of interest. 
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Table C-16 
Result of the probabilistic analysis of BDCF’s for selected radionuclides 

95%Confidence interval Percentiles 
Radionuclide Deterministic 

value 
Mean 

Lower Upper 5 % 25 % 50 % 75 % 95 % 

Cl-36 3.09E+07 7.62E+06 7.40E+06 7.83E+06 4.22E+06 5.07E+06 6.09E+06 7.81E+06 1.74E+07 

Se-79 2.90E+07 2.27E+06 2.12E+06 2.42E+06 1.12E+06 1.28E+06 1.48E+06 2.04E+06 5.37E+06 

Tc-99 8.02E+06 4.82E+06 4.77E+06 4.87E+06 3.59E+06 4.03E+06 4.55E+06 5.26E+06 7.00E+06 

I-129 3.93E+07 1.07E+07 1.06E+07 1.08E+07 8.31E+06 9.17E+06 1.02E+07 1.16E+07 1.47E+07 

U-235 2.54E+05 1.68E+05 1.56E+05 1.80E+05 7.97E+04 9.17E+04 1.10E+05 1.54E+05 3.84E+05 

Np-237 4.48E+08 3.08E+08 2.95E+08 3.21E+08 8.04E+07 1.24E+08 2.02E+08 3.69E+08 9.22E+08 

Np-237+ 4.51E+08 3.09E+08 2.96E+08 3.22E+08 8.09E+07 1.25E+08 2.02E+08 3.70E+08 9.22E+08 

Ra-226 1.55E+12 2.18E+11 2.16E+11 2.19E+11 1.94E+11 2.01E+11 2.08E+11 2.20E+11 2.73E+11 

Ra-226+ 8.62E+12 1.66E+12 1.66E+12 1.67E+12 1.53E+12 1.59E+12 1.64E+12 1.69E+12 1.87E+12 

The + value indicates the inclusion of short-lived daughters assumed to be in secular equilibrium with the parents: Np-237 and Ra-226 

 



 
 

Appendix C: IMARC 10 Biosphere Dose Conversion Factors for Groundwater Release: Input Parameters 

C-31 

C.3.3 Discussion 

The deterministic results are in all cases higher than the bulk of the distributions. This is to be 
expected given the cautious approach to parameter value selection for the deterministic 
calculations. However, in all cases these deterministic results are within one order of magnitude 
of the means of the probabilistic distributions. The worst agreement is for I-129, in which the 
deterministic result is a factor of 4 higher than the mean. In other words, the deterministic results 
do not appear grossly pessimistic. Nevertheless, it is clear, given the regulatory objective of 
assessing a reasonable expectation of dose, that the means of the probabilistic distributions are 
more appropriate for comparison with regulatory limits than the deterministic values used in 
previous EPRI TSPAs. This approach to assessing doses to representative persons is supported 
by discussion in ICRP Publication 101 (ICRP, 2006). 

The confidence in the means is very narrow. Most simulations result in selection of a set of 
parameter values which in combination balance each other out in terms of enhancing or reducing 
the dose. The spread in results either side of the means is also of interest, particularly if one 
wishes to understand how likely a significantly different dose is to occur. Accordingly, it is 
interesting that in each case, the 95th percentile in the distribution is within an order of 
magnitude of the mean and the median. It is also the case that the medians are in all cases lower 
than the means. The most general observation of these probabilistic results is that the overall 
ranges of results are relatively narrow. Clearly, only the parametric uncertainty has been 
considered here, but, as noted in the Section 2, the conceptual model and process related 
assumptions have been subject to substantial peer review internationally (see BIOPROTA 
(2005a, b and c)). 

It is however notable that the regulatory requirement is to calculate doses based on current habits 
in Amargosa Valley, so that the ranges of relevant parameters associated with human behaviour 
are limited compared with known past and possible future behavior at the RMEI location. 
Furthermore, since consumption of locally produced foods (i.e. contaminated foods) is small, but 
all consumed water is assumed to be taken from local (contaminated) wells, then drinking water 
tends to dominate compared with other deep repository assessments, which mostly assume that 
all foods consumed by the potential exposure group are from contaminated sources. In addition, 
since the consumption of drinking water is fixed at 2 l/d by regulatory prescription, then the 
doses in all simulations are at least as large as those from a fixed and significant drinking water 
pathway; the consequence is that there can be no simulations for which the doses are 
substantially lower than the mean, itself a strong function of the fixed drinking water dose.  

While there may be significant uncertainties in concentrations of radionuclides in some 
environmental media, they have little impact on assessed doses and hence on the corresponding 
dose distributions, in part, because of the assumption that most food is imported from out of the 
area. For example, the uptake of Cl-36 into grain is assumed to vary by 3 orders of magnitude, 
but on average only 0.23 kg/y of locally produced grain is assumed to be consumed, and the 
standard deviation is 0.11 kg/y (Wasiolek and Rautenstrauch, 2003). 

To the extent that different pathways contribute significantly to the values of BDCFs, then each 
of those contributions is itself not usually dependent upon a single parameter. For example, the 
dose from inhalation of suspended dust is dependent upon the amount of, say U-235, the 
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soil/water distribution coefficient, the dust loading in air, the enhancement factor and the 
occupancy. It would be a very unusual simulation where all four relevant parameters were 
selected at the upper end of their ranges. 

Given the above, it could be interesting in future to present BDCFs results taking account of the 
distribution of consumption of locally derived drinking water. In addition, it seems unreasonable 
(and hence not consistent with a reasonable expectation) to assume that all animal feed is derived 
locally. Both these changes would have the effect of reducing inappropriate pessimism. 

In addition, it is suggested that consideration should be given to inclusion of radon exposures and 
to chemical disequilibrium effects at the point in the ground where water is abstracted. 
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D  
APPENDIX D: VERIFICATION INPUT FILES 

This append
as an example of illustrating COMPASS input format. 

D.1 Case 1.  Transi
TITLE 
'Verification 1: diffusional release' 
END 
POROSITY 
 WASTE     1.00      # all data hypothetical 
 CAN-CP    1.00       
 PALLET    1.00  # used as basalt in igneous intrusion case and bypass otherwise    
 INVERT    1.00      
 FRACTURE  1.00        
 MATRIX    1.00       
END 
DENSITY 
 WASTE     2250.0     
 CAN-CP    2250.0    
 PALLET    2250.0    
 INVERT    2250.0     
 ROCK      2250.0     
END 
INFILTRATION 
 DRIP-AREA  1.0 
 NO-OF-DATA 2 
 TIMES-AND-RATES      
    0.0  0.0 
    3.E7 0.0 
 INVERT-FRACTION 0.0 
 BASALT-FRACTION 0.0   
END 
SATURATION 
 WASTE    1.0  
 CAN-CP   1.0                 
 PALLET   1.0   
 INVERT   1.0                
 FRACTURE 1.0                
 MATRIX   1.0                
END 
DIFFUSION 
 WASTE    1.e-9 M2PSEC   
 CAN-CP   1.e-9 M2PSEC       
 PALLET   1.e-9 M2PSEC       
 INVERT   1.e-9 M2PSEC       
 FRACTURE 1.e-9 M2PSEC     
 MATRIX   1.e-50 M2PSEC  # exclude matrix diffusion   
END 
GEOMETRY 
 WASTE-VOL          1.0       

ix lists input files that were used to verify COMPASS model/ code.  They also serve 

ent Diffusion Problem 
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 WASTE-LENGTH       0.5       
 WST-CAN-AREA       1.0       
 CAN-CP-VOL         1.0       
 CAN-CP-LENGTH      0.5       
 CAN-PALLET-AREA    1.0        
 PALLET-VOL         1.0       
 PALLET-LENGTH      0.5       
 PALLET-INVERT-AREA 1.0       
 INVERT-VOL         1.0       
 INVERT-LENGTH      0.5       
 INVERT-ROCK-AREA   1.0       
 ROCK-VOL           1.0 
 MAT-LENGTH         0.5 
 FRAC-LENGTH        0.5       
 FRACTURE-APERTURE  0.9999  # suppress matrix  
 FRACTURE-SPACING   0.000001      
 MAT-FRAC-AREA      1.e-10 
 ZC-LENGTH          1.0       
 SORB-DEPTH         0.0       
END 
DECAYS 
 'Tc-99'  1e20  # hypothetical stable nuclide           
END 
INVENTORY 
 'Tc-99'   1.0e+10  MOLES  M-FRAC 0.0 GAP-FRAC 1.00 # all inventory dissolved 
instantly 
END 
SORPTION 
 Tc  CORR-PROD  0.00  PALLET  0.0    TUFF 0.0e+0 # no sorption   
END 
SOLUBILITY 
 UNITS MOLPM3 
 Tc 1.e-6   # to cause solubility limit 
END 
CONTAINMENT 
 FAIL-TIME 0.0 
 INV-START-TIME 0.0 
 ALTER-TIME 1.0 
 NO-OF-DATA 1 
 TIMES-AND-FRACTIONS     
    0.0   1.0 
END 
OUTPUT-TIMES 
 START-TIME 1.E1    
 END-TIME   1.E6    
 NO-PER-DECADE 20    
END 
FLUX-OUTPUT         
 UNITS MOLPYR       
 FLUX-FILE         
# MASS-BALANCE     # logical for printing MASS_BALANCE.out at each output time 
END 
TIMESTEP-CONTROL    
 ACCURACY-FACTOR 1.e-5    
END 
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D.2 Case 2.  Advective Release of Three-member Decay Chain 
TITLE 
'Verification 2: advection release for 3-member chain' 
END 
POROSITY 
 WASTE     0.4      # all data hypothetical 
 CAN-CP    0.4       
 PALLET    0.4       
 INVERT    0.4      
 FRACTURE  0.4        
 MATRIX    0.4      
END 
DENSITY 
 WASTE     2250.0                                                                
 CAN-CP    2250.0                                                                
 PALLET    2250.0                                                                
 INVERT    2250.0                                                                
 ROCK      2250.0                                                                
END                                                                              
INFILTRATION                                                                     
 DRIP-AREA  1.0                                                                  
 NO-OF-DATA 2                                                                    
 TIMES-AND-RATES   # constant flow rate                                                             
   0.0000E+00  1.0000E2 
   3.0000E+07  1.0000E2 
 INVERT-FRACTION 0.0                                                             
 BASALT-FRACTION 0.0                                                             
END                                                                              
SATURATION                                                                       
 WASTE    0.8                                                                    
 CAN-CP   0.8                                                                    
 PALLET   0.8                                                                    
 INVERT   0.8                                                                    
 FRACTURE 0.8                                                                   
 MATRIX   0.8                                                                    
END                                                                              
DIFFUSION  # exclude diffusion                                                                      
 WASTE    1.e-19 M2PSEC                                                           
 CAN-CP   1.e-19 M2PSEC                                                           
 PALLET   1.e-19 M2PSEC                                                           
 INVERT   1.e-19 M2PSEC                                                           
 FRACTURE 1.e-19 M2PSEC                                                           
 MATRIX   1.e-50 M2PSEC                                
END                                                                              
GEOMETRY                                                                         
 WASTE-VOL          1e-5                                                          
 WASTE-LENGTH       0.001                                                          
 WST-CAN-AREA       1.0                                                          
 CAN-CP-VOL         1e-5                                                          
 CAN-CP-LENGTH      0.001                                                          
 CAN-PALLET-AREA    1.0                                                          
 PALLET-VOL         1e-5                                                          
 PALLET-LENGTH      0.001                                                          
 PALLET-INVERT-AREA 1.0                                                          
 INVERT-VOL         1e-5                                                          
 INVERT-LENGTH      0.001                                                          
 INVERT-ROCK-AREA   1.0                                                          
 ROCK-VOL           1.0                                                          
 MAT-LENGTH         0.001                                                      
 FRAC-LENGTH        0.001                                                          
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 FRACTURE-APERTURE  0.9999                                                        
 FRACTURE-SPACING   0.0001                                                     
 MAT-FRAC-AREA      1.e-10                                                       
ZC-LENGTH          0.001                                                          
 SORB-DEPTH         0.0                                                          
END                                                                              
DECAYS                                                                           
 'Np-237' 2.14e+6 'U-233'      
 'U-233'  1.59e+5 'Th-229'     
 'Th-229' 7.34e+3                                                                               
END                                                                              
INVENTORY                                                                        
 'Np-237'  1000. MOLES  M-FRAC 0.0  GAP-FRAC 1.0  # all inventory instantly dissolved    
 'U-233'   100.  MOLES  M-FRAC 0.0  GAP-FRAC 1.0      
 'Th-229'  10.   MOLES  M-FRAC 0.0  GAP-FRAC 1.0                                   
END                                                                              
SORPTION  # no sorption                                                                       
 Np  CORR-PROD  0.00  PALLET  0.0    TUFF 0.0e+0  
 U   CORR-PROD  0.00  PALLET  0.0    TUFF 0.0e+0  
 Th  CORR-PROD  0.00  PALLET  0.0    TUFF 0.0e+0                                 
END                                                                              
SOLUBILITY                                                                       
 UNITS MOLPM3                                                                    
 Np 1.e6      
 U 1.e6     
 Th 1.e6                                                                        
END 
CONTAINMENT 
 FAIL-TIME 0.0 
 INV-START-TIME 0.0 
 ALTER-TIME 1.0 
 NO-OF-DATA 1 
 TIMES-AND-FRACTIONS     
   0.0   1.0 
END 
OUTPUT-TIMES 
 START-TIME 1.E1    
 END-TIME   1.E6    
 NO-PER-DECADE 24    
END 
FLUX-OUTPUT         
 UNITS MOLPYR       
 FLUX-FILE         
# MASS-BALANCE    #  logical for printing MASS_BALANCE.out 
END 
TIMESTEP-CONTROL    
 ACCURACY-FACTOR 1.e-5   
END 
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D.3 Case 3.  Advective Release with Sorption 
TITLE 
'Verification 3: advection release with sorption' 
END 
POROSITY 
 WASTE     0.40      # all data hypothetical 
 CAN-CP    0.40       
 PALLET    0.40       
 INVERT    0.40      
 FRACTURE  0.40        
 MATRIX    0.40      
END 
DENSITY 
 WASTE     2250.0                                                                
 CAN-CP    2250.0                                                                
 PALLET    2250.0                                                                
 INVERT    2250.0                                                                
 ROCK      2250.0                                                                
END                                                                              
INFILTRATION                                                                     
 DRIP-AREA  1.0                                                                  
 NO-OF-DATA 2                                                                    
 TIMES-AND-RATES                                                                 
   0.0000E+00  1.0000E2 
   3.0000E+07  1.0000E2 
 INVERT-FRACTION 0.0                                                             
 BASALT-FRACTION 0.0                                                             
END                                                                              
SATURATION                                                                       
 WASTE    0.8                                                                    
 CAN-CP   0.8                                                                    
 PALLET   0.8                                                                    
 INVERT   0.8                                                                    
 FRACTURE 0.8                                                                   
 MATRIX   0.8                                                                    
END                                                                              
DIFFUSION  # exclude diffusion                                                                      
 WASTE    1.e-19 M2PSEC                                                           
 CAN-CP   1.e-19 M2PSEC                                                           
 PALLET   1.e-19 M2PSEC                                                           
 INVERT   1.e-19 M2PSEC                                                           
 FRACTURE 1.e-50 M2PSEC                                                           
 MATRIX   1.e-19 M2PSEC                                
END                                                                              
GEOMETRY                                                                         
 WASTE-VOL          1e-5                                                          
 WASTE-LENGTH       1e-5                                                          
 WST-CAN-AREA       1.0                                                          
 CAN-CP-VOL         5.0                                                          
 CAN-CP-LENGTH      1e-5                                                          
 CAN-PALLET-AREA    1.0                                                          
 PALLET-VOL         1e-5                                                          
 PALLET-LENGTH      1e-5                                                          
 PALLET-INVERT-AREA 1.0                                                          
 INVERT-VOL         1e-5                                                          
 INVERT-LENGTH      1e-5                                                          
 INVERT-ROCK-AREA   1.0                                                          
 ROCK-VOL           1e-5                                                          
 MAT-LENGTH         1e-5                                                      
 FRAC-LENGTH        1e-5                                                         
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 FRACTURE-APERTURE  1.E-5                                                        
 FRACTURE-SPACING   0.99999  # suppress fracture                                                   
 MAT-FRAC-AREA      1.e-10                                                       
 ZC-LENGTH          1e-5                                                          
 SORB-DEPTH         0.0                                                          
END                                                                              
DECAYS                                                                           
 'Np-237' 2.14e+6                                                                                
END                                                                              
INVENTORY                                                                        
 'Np-237'  1000.  MOLES  M-FRAC 0.0  GAP-FRAC 1.0      
END                                                                              
SORPTION                                                                         
 Np  CORR-PROD  1.00  PALLET  1.0    TUFF 1.0  
END                                                                              
SOLUBILITY                                                                       
 UNITS MOLPM3                                                                    
 Np 1.e6      
END 
CONTAINMENT 
 FAIL-TIME 0.0 
 INV-START-TIME 0.0 
 ALTER-TIME 1.0 
 NO-OF-DATA 1 
 TIMES-AND-FRACTIONS     
    0.0   1.0 
END 
OUTPUT-TIMES 
 START-TIME 1.E1    
 END-TIME   1.E6    
 NO-PER-DECADE 24    
END 
FLUX-OUTPUT         
 UNITS MOLPYR       
 FLUX-FILE         
# MASS-BALANCE     #   logical for printing MASS_BALANCE.out 
END 
TIMESTEP-CONTROL    
 ACCURACY-FACTOR 1.e-5    
END 
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APPENDIX E: SORPTION COEFFICIENTS FOR 
SELECTED ACTINIDES IN THE NEAR-FIELD 

Sorption coefficients are provided here for thorium, uranium, neptunium and plutonium in the 
form of recommended Kd values (m3/kg) for sorption on corrosion products and tuff.  These 
elements provide the key safety-relevant radionuclides in terms of contributions to dose, with the 
exception of iodine and technetium. Kd values for the latter two elements are zero (0 m3/kg), 
indicating lack of sorption on all near-field substrates. 

E.1 Corrosion Products 

The recommended Kd values for the sorption of Th, U, Np and Pu on corrosion products are 
given in Table B-1.  The rationale for the selected values in this table is given in EPRI (2000).  It 
is worthwhile noting here that the recommended Kd value for Np is low relative to that for U, 
based on the results of an independent study (EdF, 2000) which indicated that the sorption of 
uranium will dominate sorption sites. 

It is also noted that DOE no longer provides Kd values for sorption on corrosion products “in 
order to avoid ambiguity in competition for adsorption sites”.  Thus, DOE’s conceptual model 
“precludes reversible sorption” (BSC, 2005a; Page 6-46) with Kd values being set to zero (BSC, 
2005b).  Irreversible sorption of Pu (and Am) is now the focus of its modeling.  

Table E-1 
Recommended Kd values for the sorption of selected actinides on corrosion products. 

Element Recommended Kd 
Value (m3/kg) 

Th 10 

U 1 

Np 0.001 

Pu 10 
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E.2 Tuff 

The Kd values here refer to sorption on devitrified tuff and are applicable for the host rock as well 
as the invert, which is composed of tuff from the repository horizon.  DOE (BSC, 2004c) 
provided Kd values for the sorption of different elements on devitrified tuff in the form of 
distributions, either cumulative (Kd value, probability) or uniform (Kd range) distributions.  These 
distributions are shown in Table B-2 together with the recommended Kd values based on these 
distributions. 

Table E-2 
Recommended Kd values for sorption on devitrified tuff 

Element Kd Distributions (Kd m
3/kg* range) OR 

(Kd m
3/kg*, cumulative probability) 

Recommended Kd 
Value (m3/kg) 

Th Uniform: 1 – 10 5 

U Cumulative: (0,0; 0.0002, 0.5; 0.004, 1.0) 0.0002 

Np Cumulative: (0,0; 0.0005, 0.5; 0.006, 1.0) 0.0005 

Pu Cumulative: (0.01,0; 0.07, 0.5; 0.2, 1.0) 0.07 

*: Values in BSC (2004c) originally provided in ml/g but converted in the above table. 
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APPENDIX F: NEPTUNIUM SOLUBILITY VALUES 

Previous regulatory compliance calculations for the proposed Yucca Mountain geological 
repository indicate that for the period beyond about 10,000 years after permanent closure of the 
repository, neptunium-237 (Np-237 or 237Np) and its decay products will be the largest 
contributors to RMEI dose rate by several orders of magnitude compared to other radionuclides 
contained in spent nuclear fuel (DOE/OCRWM, 2008; CNWRA, 2002). Because of its long half-
life (2.14×106 years), the peak dose rate at the compliance point (i.e., the point on the site 
boundary established by the regulations where compliance must be demonstrated) resulting from 
Np-237 will scale proportionally with the solubility limit for Np. Therefore, a realistic 
determination of Np solubility behavior is essential to a reasonable expectation assessment of the 
anticipated dose rate and determination of regulatory compliance. As a result, a significant effort 
was expended during the development of IMARC 9, to develop an improved technical basis for 
neptunium solubility.  

The U.S. Department of Energy (DOE) has developed three conceptual models to define the 
maximum concentration of Np at the surface of dissolving spent nuclear fuel (Chen et al. 2002; 
DOE 2003; DOE 2005a).  These are: 

The base-case conceptual model, which makes the highly conservative assumption that 
maximum Np concentrations are limited by the solubility of Np2O5(cr).  This Np(V) phase has a 
solubility of about 10-5 M (2.4 mg/L) Np in repository groundwaters (cf. Friese et al., 2004); 

The first alternative conceptual model, which assumes that maximum Np concentrations are 
determined by the solubility of the Np(IV) solid phase NpO2(cr) in the same oxidized 
groundwaters that was assumed for the base-case model (DOE 2003; DOE 2005a). There is 
evidence that NpO2(cr) is thermodynamically more stable than Np2O5(cr) in the repository 
(Roberts et al., 2003). The DOE’s modeled solubility of NpO2(cr) is about 1.2 log units (a factor 
of 17) lower than that of Np2O5(cr) (DOE 2003; DOE 2005a); and 

The second alternative conceptual model, also described as the secondary phase neptunium 
solubility model (DOE 2003; DOE 2005a), which assumes that maximum Np concentrations are 
determined by precipitation of the Np from spent fuel dissolution in solid solution with major 
secondary uranium minerals. 

While there is experimental evidence to support each conceptual model, DOE has selected the 
most conservative (highest Np solubility) model as their reference (base case) for conducting 
LA-related regulatory compliance calculations (Chen et al. 2002; DOE 2003; DOE 2005a). 
Calculations using this base case model lead to peak 237Np dose rates that are several orders of 
magnitude higher than if the more realistic second alternative conceptual model is used.   
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DOE did not adopt the second alternative conceptual model because it was not considered 
sufficiently supported by experimental evidence that was available in 2003 when the DOE 
performed its analyses.  DOE did recognize, however, that Np concentrations predicted with this 
secondary phase neptunium solubility model are in excellent agreement with the concentration of 
Np released by dissolution of spent fuel, a value which is typically in the range of 10-8 to 10-10 M, 
whereas Np concentrations predicted using the base case model or first alternative conceptual 
model are 3 or more orders of magnitude higher than observed (DOE 2003; DOE 2005a). 

Based on a review of presently available published studies, EPRI has concluded that DOE’s base 
case assumption that Np2O5(cr) solubility defines maximum possible Np concentrations at Yucca 
Mountain is unrealistically conservative for the following reasons:  

1. Pure Np phases have never been observed to precipitate in spent fuel leaching experiments 
(DOE, 2003).  There is no evidence that Np concentrations from the leaching of spent fuel 
will ever be high enough to result in the precipitation of pure Np(V) phases such as 
Np2O5(cr); 

2. Thermodynamic databases developed by the DOE (Kaszuba and Runde, 1999), and 
independently by international groups (Lemire et al., 2001; Guillaumont et al., 2003), 
indicate that NpO2(cr) is probably more stable than Np2O5(cr) under all repository conditions; 
and 

3. Laboratory experiments at 90oC and above in oxidized waters have precipitated NpO2(cr) 
(DOE 2003; Roberts et al., 2003), suggesting that Np(V) phases such as Np2O5(cr) are 
metastable and, with time, will convert to more thermodynamically stable and less soluble 
NpO2(cr) in the repository. 

In experiments most closely simulating the heterogeneous conditions expected during the 
dissolution of spent fuel in the repository, the Np/U ratio of the leachates is the same as the Np/U 
ratio of the fuel, and Np concentrations do not increase with time relative to uranium 
concentrations as secondary uranyl minerals are formed (DOE, 2003).  This confirms active 
uptake and incorporation (co-precipitation) of trace Np into secondary uranyl minerals at 
approximately the same Np/U ratio as was present in the spent fuel.  Resultant Np(V) 
concentrations can be expected to be extremely low (<10-7 to 10-9 M) and controlled by the 
solubility of secondary uranyl minerals and the mass fraction of Np incorporated in those 
minerals.   

There are other reasons why Np releases from a repository at Yucca Mountain can be expected to 
be low, providing even more evidence of the conservatism of the base case model.  The presence 
of major amounts of metallic iron (Fe[0]) in steel used to rib the drifts and to support waste 
packages on the floor of the drift, and the presence of ferrous iron (Fe[II)] in its corrosion 
products, should reduce sorbed Np(V) to relatively insoluble Np(IV) within the near-field region.  
Combined sorption and reduction of Np (V) to Np (IV) can also be expected in groundwater 
migrating beneath the repository via matrix flow through vitric layers in the tuffs of the Calico 
Hills Formation17.  A number of researchers have shown the tendency for Np(V) to be adsorbed 

                                                           
17 Assuming its composition is similar to that of the overlying Topopah Spring Tuff, the Calico Hills contains the 
Fe(II)- bearing minerals magnetite, ilmenite and pyrite at 0.19, 0.18 and 0.09 average weight percent, respectively. 
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by tuff minerals such as magnetite (and probably also ilmenite) that contain Fe(II), with 
reduction of Np(V) and its retention as less soluble Np(IV) species (Nakata et al., 2002; 2004).  

Furthermore, EPRI’s review determined that thermodynamic and kinetic analyses published by 
the DOE and outside international scientific peer reviews, support the use of the first alternative 
conceptual model (Np controlled by the solubility of NpO2(cr)) over the base case model (Np 
controlled by the solubility of Np2O5(cr)). The solubility of NpO2(cr) is about 17 times lower than 
that that of Np2O5(cr).  Laboratory studies have precipitated NpO2(cr) at and above 90oC but not 
at lower temperatures, suggesting that kinetic factors at low temperatures may prevent the 
precipitation of thermodynamically stable NpO2(cr) instead of metastable Np2O5(cr).  However, 
the ubiquitous presence of mineral and other surfaces in the repository drift, which were not 
available in the laboratory NpO2(cr) precipitation experiments, should provide an abundance of 
sites for the ready nucleation and precipitation of NpO2(cr) in the repository at temperatures 
below 90oC.  Separately, there are considerable test data to show that in the presence of solids 
containing reduced forms of iron (Fe0 and Fe2+), dissolved Np(V) species are reduced to less 
soluble Np(IV) species.  The abundance of reduced solids such as structural steel (Fe metal) in 
the drifts, and the far-field occurrence of ferrous-containing minerals such as ilmenite and 
magnetite in the matrix of the Calico Hills Formation, for example, indicate that Np(V) should 
not persist even if it forms in the repository. 

Most importantly, heterogeneous tests conducted under conditions that most closely match 
anticipated repository conditions (drip tests and batch tests using actual spent fuel and, in some 
cases, crushed tuff at elevated temperatures) confirm that: 

1. Np coprecipitates with U, forming a solid-solution within secondary uranium minerals; 

2. Np concentrations predicted with the secondary phase neptunium solubility model 
(coprecipitation model) are in excellent agreement with the measured concentrations of Np 
released by dissolution of spent fuel.  

These observed Np concentrations are 3 to 5 orders of magnitude lower than the base case 
solubility values.  Furthermore, there are no credible processes or reactions by which the Np 
concentration in solutions from the dissolution of spent fuel could be increased to attain 
saturation with respect to pure Np oxides such as Np2O5(cr) or NpO2(cr) under oxidizing 
conditions in a repository.   

Based on these multiple lines of evidence and reasoning, EPRI has concluded that Np 
concentrations released from a repository at Yucca Mountain will be controlled at values below 
10-7 M by co-precipitation in secondary uranyl minerals in the near field, and by reduction and 
sorption as Np(IV) in the repository and in underlying tuff formations.  The adoption of an 
excessively conservative alternative conceptual model for Np solubility imposes an unwarranted 
perception of potentially higher dose levels resulting from a repository at Yucca Mountain than 
is reasonably supported by data from the DOE and independent international scientific peer 
groups. 

In conclusion, EPRI considers that DOE’s adoption of solubility constraints for the License 
Application based on either of the two conceptual models that assume formation of pure Np 
solids, is not only clearly conservative but also unrealistic.  Of these two options, however, the 
assumption of control by Np2O5(cr), the present base case assumption, rather than control by the 
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lower solubility NpO2(cr) is considered to be an unreasonable choice.  It is EPRI’s position that 
DOE’s secondary phase neptunium solubility model (co-precipitation model) is the most prudent 
and defensible choice for predicting Np releases from Yucca Mountain and that this co-
precipitation model should be adopted as the basis for any assessment of regulatory compliance.  

EPRI further believes that if concerns regarding the selection of the second alternative model 
continue to exist, there will be ample opportunity to further evaluate the appropriateness of the 
Np co-precipitation model in the Performance Confirmation program to be conducted by DOE 
during the pre-closure period, the results of which will be submitted to the NRC staff for review. 
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APPENDIX G: EPRI RESPONSE TO INTERNATIONAL 
REVIEW TEAM (IRT) IMARC PEER-REVIEW FINDINGS 
AND RECOMMENDATIONS 

Since 1989, EPRI has been conducting independent assessments of the proposed deep geologic 
repository for the disposal of spent nuclear fuel and high level radioactive waste at Yucca 
Mountain, Nevada. EPRI pioneered application of the total system performance assessment 
(TSPA) approach for evaluating performance of geologic repository systems on a probabilistic 
basis. Along the way, EPRI developed the Integrated Multiple Assumptions and Release Code 
(IMARC) as its primary analytical tool for TSPA-based evaluations. Over this two-decade time 
period, IMARC has been periodically revised to reflect the evolving state of knowledge and the 
changing programmatic and regulatory environment. 

In 2007, EPRI commissioned an independent peer review of EPRI’s most recent IMARC code 
version for TSPA.18 An International Review Team (IRT) conducted its review during late 2007 
and early 2008 following the guidelines and protocols of the International Atomic Energy 
Agency’s Improvements on Safety Assessment Methodology (ISAM). This ISAM methodology 
was adopted as a framework to ensure a systematic review of the IMARC 9 draft report, as well 
as to conform to international standards. 

This peer review was intended to provide an independent evaluation of EPRI’s TSPA code, 
IMARC, in light of EPRI’s role in providing an independent perspective on the key elements of 
and risk drivers for Yucca Mountain performance assessments. Specifically, the IRT was tasked 
with determining if IMARC is “fit for purpose” by 

• Determining if the overall approach is reasonable, viable, and consistent with the goals of the 
EPRI Yucca Mountain research program 

• Identifying areas, if any, where the code or its subcomponents would benefit from changes to 
better achieve the goals of the EPRI program 

• Identifying assumptions and input data that warrant further review and possible revision 

• Confirming the application of the reasonable/best estimate approach 

• Evaluating the adequacy of IMARC code documentation in EPRI reports 

                                                           
18 The IMARC code version reviewed by the IRT was interim version IMARC 9, which represented an incremental 
revision of IMARC 8 (EPRI report 1011813: EPRI Yucca Mountain Total System Performance Assessment Code 
(IMARC) Version 8: Model Description, 2005).  The relatively minor revisions comprised changes in input data 
exclusively; no changes were made to the IMARC 8 conceptual or numerical models. 
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Drawing on more than 20 years of experience in the field of geologic repository performance 
assessment, EPRI and its principal research contractor, Monitor Scientific LLC, assembled a list 
of candidates based on the following areas of expertise required for the review: 

• Climate/infiltration/seepage, 

• Containment, 

• Source-term release, 

• Unsaturated and saturated zone flow and transport, 

• Dose modeling, and 

• QA of code development and performance assessment related modeling. 

In addition, candidates were screened on the basis of independence with respect to the Yucca 
Mountain Project, direct experience in conducting performance assessments associated with 
geologic repositories, and availability with respect to the program schedule.  A chairperson was 
selected jointly by Monitor Scientific and EPRI and served to assist Monitor Scientific with the 
selection of the remaining team members.  Resource constraints, conflict of interest concerns, 
and logistical considerations limited the team to three members.   

Monitor Scientific served as facilitator during the review for coordinating contact between the 
IRT and the EPRI research team (EPRI staff, Monitor staff, and other IMARC experts), 
organizing teleconference calls to enable the reviewers to ask questions and receive explanations 
directly from appropriate EPRI team experts, and providing additional supporting documentation 
as requested. Monitor Scientific developed and provided documentation of the current status of 
the IMARC code to the IRT.  In addition, copies of all available historical documentation of the 
code and its development were made available to the review team. The review team members 
were also given the opportunity to examine the code in person at Monitor Scientific’s Denver 
offices.   

The review process was initiated with a kickoff meeting on September 6 - 7, 2007, among EPRI, 
the EPRI research team (Monitor Scientific and its subcontractors) and the IRT members during 
which an overview of the IMARC code and its history was given. The IRT also met separately at 
that time to establish review subject assignments and the process for the review (see Appendix 
B). Throughout the review, the IRT members communicated amongst themselves by 
teleconference as needed.  A second face-to-face meeting was held on October 22 – 24, 2007, to 
permit the IRT to meet again with appropriate EPRI research team members and to receive 
further clarifications and input from IMARC experts.  

After completion and documentation of initial reviews by IRT members, the peer review team 
chairperson compiled and integrated the review comments into an executive summary, checking 
the comments for relevance and consistency with respect to the established terms of reference 
(Appendix B, EPRI 2009a).  Any disputes arising with regard to the disposition of comments by 
the chairperson resulted in written exceptions appended to the reviewer’s comments.  This 
integrated review document was then reviewed by all IRT members for accuracy and 
consistency.  The chairperson made corrections as necessary and then distributed the initial draft 
review document to Monitor Scientific and EPRI in December 2007. A final face-to-face 
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meeting between the IRT, Monitor Scientific and EPRI was held on January 15, 2008, to resolve 
questions and comments requiring further clarification. A final consensus document was then 
prepared by the chairperson in consultation with the other IRT members and submitted to 
Monitor Scientific and EPRI in April 2008.  

The IRT found that the IMARC code provides an integrated presentation of the total repository 
system and captures the main processes and their interactions for a repository located at Yucca 
Mountain, Nevada. The IRT concurred that IMARC is “fit for purpose” in that it provides a risk-
based methodology for integrating information from various disciplines affecting long-term 
repository performance. The IRT found that the models and databases in the IMARC 9 code 
conformed to performance analyses that are consistent with a “reasonable expectation” approach 
per the EPA’s Yucca Mountain standards. IMARC was also judged to be a well-integrated 
performance assessment tool, which focuses on those processes that could affect the long-term 
safety and regulatory compliance of a repository located at Yucca Mountain. Opportunities for 
expanding and refining the capabilities of the IMARC code were also identified in the IRT 
review. The IRT strongly supported verification and code inter-comparisons to gain additional 
insights into the various assumptions and modeling approaches and for enhancing the scientific 
credibility of the model. The IRT review called attention to a number of areas in which model 
documentation could be improved. 

EPRI published the peer-review findings in April 2009 as received from the IRT (with minor 
formatting changes for publication) as report 1018711 (EPRI, 2009a). The IRT review represents 
an important independent technical assessment of the IMARC code, parameters, and 
implementation. This appendix is intended to document the EPRI research team response to the 
IRT findings and recommendations, principally by describing changes made to the IMARC code 
itself and the documentation provided herein.  Table G-1 summarizes the IRT comments and the 
corresponding EPRI research team response along with explanations of those responses, as 
appropriate. 
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Table G-1 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES3 
System 
Description 

The IRT considers that the current IMARC 9 documentation 
could be improved by providing more detail on the disposal 
system and its (geometrical) conceptualization.   

Substantial additional text has been added to the report to 
address this comment. In particular, Sections 1 and 2 have 
been substantially edited and reorganized to provide a 
better overall picture of IMARC. 

ES4 
Development and 
Justification of 
Scenarios 

• The focus of the IRT’s review has been on the nominal 
scenario.  It is proposed that a future review will address 
EPRI’s application of IMARC to alternative credible 
scenarios such as igneous events, rockfall and expanded 
capacity of the repository. 

• However, it is recommended that EPRI reviews the U.S. 
DOE FEPs documentation for comparison with its 
assessment models. 

Review of FEPs is ongoing throughout the development of 
IMARC. Assumptions implemented in IMARC 10 represent 
the outcome of a critical review of FEPs implemented by 
DOE, and of FEPs screening conducted by DOE. An 
improved description of the role of the DOE FEPs approach 
in IMARC development has been added to Chapter 2.  The 
incremental revision of IMARC to reflect the changing 
understanding of Yucca Mountain FEPs over the years has 
been documented in Appendix A. 

ES5.1 
Climate Change 

The IRT recommends that EPRI incorporates a discussion of 
the potential effects of global warming into the document.   

In IMARC 10, infiltration and percolation issues have been 
addressed by adopting the updated NRC deep percolation 
values specified in 10 CFR 63. However, elsewhere EPRI 
has evaluated the potential effects of global warming on 
Yucca Mountain (EPRI, 2009b) 

ES5.2 
Infiltration  

Specific suggestions for improved documentation of the 
infiltration model include: 
• addition of a water balance diagram; 
• explanation of the coupling between infiltration, percolation 

and seepage in IMARC 9; 
• clarification of the effect (or lack thereof) of infiltration on 

EBS degradation rates;  
• addition of the model equations which use the infiltration 

rates (or reference to other sections where these may 
appear); 

• reference to the literature source(s) where the model and 
model parameters are derived. 

In IMARC 10, infiltration and percolation issues have been 
addressed by adopting the updated NRC deep percolation 
values specified in 10 CFR 63. While the report retains a 
broad discussion of EPRI’s position on net infiltration, 
IMARC 10 does not draw on this information in its current 
implementation. An expanded discussion has been added to 
Chapter 2 to clarify these issues and the interaction and 
justification of these FEPs. 
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Table G-1 (continued) 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES5.2 
Infiltration  

As IMARC is periodically updated to reflect scientific progress, 
the IRT suggests that it would be beneficial to use the IMARC 
9 tool to evaluate the dose/risk implications of uncertainties 
related to selecting the (EPRI, 1998) range of net infiltration 
rates versus other recent work (e.g., Faybishenko, 2007) or 
other recent assessments.  Since infiltration rates affect 
percolation through the Unsaturated Zone (UZ) and 
groundwater recharge, it would also be useful to carry out a 
sensitivity analysis to evaluate how sensitive the UZ and 
Saturated Zone (SZ) radionuclide transport are to uncertainty 
in the net infiltration rate over the first ten thousand years after 
disposal. 

In IMARC 10, infiltration and percolation issues have been 
addressed by adopting the updated NRC deep percolation 
values specified in 10 CFR 63. Past experience with 
previous versions of IMARC has shown that infiltration 
analyses for the pre-10,000 year period are not risk 
significant (see Appendix A). Furthermore, the NRC 
percolation values are conservatively bounding compared to 
the sensitivities suggested by this comment. Accordingly, no 
action was taken to address this comment.   

ES5.3 
Seepage  

• There is a need to expand the justification for omitting 
episodic flows. The fracture asperity argument presented in 
EPRI (2002a) is plausible, but does not provide sufficient 
evidence. The argument would be much enhanced if 
combined with observations from the existing drift at Yucca 
Mountain. 

• The handling of seepage during high sub-boiling 
temperatures would benefit from additional discussion.  
The IRT agrees that it is reasonable to omit this aspect 
from the model, because the containment model is not 
coupled to the seepage model, and because containment 
is generally long-term (i.e. it is functioning well into the 
temperate region when the IMARC seepage model 
becomes valid).  However, should either of these 
conditions become invalid (e.g. by future updates of IMARC 
9 or by new data on containment times), then it would be 
necessary to revisit the seepage model.  The IRT, thus, 
recommends that this, as well as other critical assumptions, 
be clearly documented at an overview level.   

The foundation for exclusion of episodic flows in IMARC is 
based on a critical review of the DOE FEP list, which also 
excludes episodic flow. An improved discussion of this issue 
has been added to Section 2.1 of the report. 

As the comment notes, treatment of the thermal period has 
not been found to be risk significant. The comment refers to 
a situation in which containment could be lost at an early 
time, when thermal effects would still be important to 
percolation and seepage. Such a situation could only be 
associated with a major redesign of the repository to omit 
the robust materials in the current design. Such a dramatic 
redesign of the repository is not envisioned at any time in 
the future. However, if it happened, it would require a 
fundamental re-evaluation of the basic assumptions in 
IMARC, and would require the revised assumptions to be 
carefully documented.  
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Table G-1 (continued) 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES5.4.1 
Corrosion 
Aspects 

The cladding failure model 
Furthermore, the IRT concurs with the argument that pitting 
corrosion is unlikely to lead to a major exposure of fuel for 
dissolution.  However, the IRT recommends that EPRI adds a 
discussion providing rationale for this argument and showing 
that neglecting this process will not have a significant impact 
on the estimated dose. 
 
The waste package (WP) failure model 
The IRT suggests that EPRI carry out a Sensitivity Analysis to 
assess the risk importance of the stifling model.  If this is 
important, the IRT recommends that EPRI provides further 
evidence to support the stifling model for the expected 
repository conditions. 

Discussion of the technical basis for the cladding 
assumptions was expanded and enhanced and a sensitivity 
analysis was carried out to evaluate the importance of 
cladding to the results of the TSPA. That sensitivity analysis 
demonstrates that the presence of the cladding has a minor 
effect on TSPA results, and does not affect the peak dose. 

The current conceptualization of processes leading to failure 
of the waste packages is based on the dominance of 
general corrosion. As a result, a process that leads to a 
highly localized failure of the waste package outer barrier is 
not straightforward to implement. Sensitivity analyses to 
address this comment were based on an examination of a 
comprehensive failure of the waste package, rather than a 
localized failure. 

The revised report includes a number of sensitivity analyses 
to explore the relative importance of various aspects of the 
EBS. This approach identifies the relative risk importance of 
the components of the EBS from a total system perspective, 
rather than relying solely on mechanistic corrosion 
arguments.   

ES5.4.2 
Failures Caused 
by Initial Defects 

Regarding documentation of the model in the IMARC 9 report, 
the IRT had difficulty understanding what specific probability 
was used for initial defects and what it was based on. 

A revised discussion in the EBS failure section addresses 
this comment. The probability value has been adopted from 
DOE’s work in this area, which indicates a probability less 
than 1e-4. That is, the expected number of initially defective 
waste packages is less than one. For IMARC, this 
information is reconceptualised to be represented by one 
failed waste package and one failed drip shield. The 
probability value is therefore the reciprocal of the total 
number of waste packages. This value is therefore higher 
(more conservative) than the number used by DOE. 
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Table G-1 (continued) 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES5.5.1 
Screening 

The IRT recommends that EPRI documents the radionuclide 
screening assessment within the IMARC 9 documentation 

A discussion of the development of the radionuclide 
screening has been included in the revised report. The 
screening has been conducted over a period of several 
phases of IMARC development. New radionuclides have 
been added in for Phase 10, and the reasons for these 
additions has been documented. 

ES5.5.2 
Instant Release 

The IRT recommends that EPRI includes a section on the 
selection of IRF parameter values, their justification and the 
mathematical implementation of instant release in the model. 

The revised document has improved the discussion of the 
instant release fraction. The values themselves have been 
adopted from DOE estimates, since DOE’s technical basis 
appears to be sound. 

ES5.5.3 
Wasteform 
Degradation 

The IRT recommends that EPRI continues current efforts to 
evaluate the applicability of more mechanistic spent fuel 
alteration models.   
 

IMARC 10 includes new estimates of spent fuel alteration, 
which are based on an independent model developed by 
EPRI. The new values for alteration time used in IMARC 10 
are substantially longer than values used in past phases. 

ES5.5.4 
Element-
Dependent 
Solubilities 

The IRT notes that there is some uncertainty surrounding the 
precise nature of the solid precipitate and because of this the 
IRT recommends that EPRI carries out a sensitivity analysis to 
explore the effect of uncertainty in the value of Np solubility on 
the overall dose results. 

A sensitivity analysis was undertaken to examine higher 
values of solubility on the TSPA. Older values of solubility 
(used in IMARC 8 and before) which were characteristic of a 
different assumption about the nature of the solid 
precipitate, were compared to the IMARC 10 results for the 
nominal case. The result showed that a 4 order of 
magnitude increase in solubility led to one order of 
magnitude increase in peak dose. 

ES5.5.5 
Mass Transport 
through the 
Engineered 
Barriers and UZ 
Interface 

The IRT encourages the detailed documentation of 
COMPASS, recently undertaken by EPRI and recommends 
that it is included in the IMARC 9 document.  It is also 
recommended that EPRI should provide an Assessment Model 
Flowchart (AMF) that gives an overview of IMARC 9 and its 
various sub-models. 

The updated documentation includes an improved 
description of COMPASS. There is substantially more 
information on the flow of information through IMARC, 
including flowcharts to indicate how the models work 
together. 

ES5.6 
Unsaturated 
Zone Flow and 
Transport- UZ – 
SZ Interface  

However, the IRT recommends that the IMARC document 
explicitly discusses this (single vertical column), and also 
generally remarks that the selection of a single vertical column 
is justified for current properties and boundary conditions. 

Additional text has been added to the revised report to 
better describe the use of a single column. In addition, the 
section describing the historical development of IMARC 
includes past phases when multiple UZ columns were used. 
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Table G-1 (continued) 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES5.8.2 
Exposure 
Pathways 

The IRT notes that the U.S. DOE (2007) biosphere model 
includes a pathway that is not considered in the EPRI model, 
namely consumption of fish, farmed in radionuclide-
contaminated water.  The basis for the inclusion of this 
pathway in the US DOE biosphere model is that fish-farming is 
currently practiced in the Amargosa Valley.  The IRT 
recommends that EPRI considers the potential significance of 
such a pathway. 

The report contains the most recent biosphere model 
description. EPRI believes that inclusion of fish farming is 
not in accordance with reasonable expectation. Similarly, in 
IMARC 10, consumption of offal has been omitted from 
consumption rates, since it is not a significant component of 
US diets. Its inclusion would therefore not be consistent with 
reasonable expectation. 

ES5.8.3 
Biosphere 
Transfer Model 

IMARC 9 uses a Kd for modelling radionuclide retardation in 
soil.  This is commonly the approach used in safety 
assessments. It should be noted that for some radionuclides, 
such as Tc-99, this is a conservative approach because 
processes, such as chemical reduction and co-precipitation 
(e.g., Abdelouas et al. 2005; Zachara et al. 2007) may tend to 
further retard migration.  The IRT notes that it would be useful 
to add a discussion on these processes in the report.  

A discussion of these processes that was formerly in an 
appendix has been moved to the main report in Section 
7.2.1. An elaboration has also been added to Section 
7.3.2.1(b) to discuss this issue. 

ES5.8.4 
Data and 
Parameter 
Values 

The IRT has found that the traceability of the data used in 
EPRI’s biosphere modelling is very good. Nevertheless, it 
would be useful to improve the IMARC 9 documentation and 
explain the reasons for changes to the BDCFs that have 
occurred in IMARC 9 BDCFs as compared to IMARC 6 and 7.  
With regard to data selection and the use of up to date data, it 
is noted that the biosphere model cites Ashton and Sumerling 
(1988) as the source of dose coefficients for external 
irradiation from soil, whereas more recent data may be 
available (e.g., U.S. EPA, 2002).  The IRT recommends 
therefore, that at an appropriate stage in its safety assessment 
process, EPRI reviews and updates its documentation and 
biosphere data.   

The report contains the most recent biosphere model 
description which has additional justification.  

 

The current model continues to use the older external dose 
coefficients for external exposure. However, it is noted that 
external dose coefficients have not changed dramatically 
over the period in question. Furthermore, when used for 
TSPAs, external dose factors represent an approximation of 
soil densities, contamination depth, spatial extent of 
contamination etc. that are conservative compared to the 
real conditions. While the update to the newer coefficients is 
desirable from the standpoint of traceability, it will not 
substantively affect IMARC results. 
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Table G-1 (continued) 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES5.8.5 
Parameter 
Uncertainty 

IRT suggests that EPRI  considers undertaking further analysis 
of the significance of uncertainties in the values of biosphere 
input parameters, and clarifies which BDCFs it is taking 
forward into TSPA (i.e., best estimates, distributions, means, 
medians or other type of central value), and explains why the 
values used in TSPA are consistent with its assessment 
context.   

The new version of the biosphere model has included  an 
assessment of parameter uncertainty, and a discussion is 
provided of the implications of that uncertainty on the values 
selected for use in IMARC. 

ES6 
Integrated Model 
and Interpretation 
of the Results 

  

ES6.1 
Conservatism 
and Realism 

The IRT recommends that EPRI continues to study ways to 
move away from conservative assumptions (which are 
essential in the absence of sufficient data and full mechanistic 
understanding) towards more scientifically credible and 
realistic assumptions.  This is important, particularly for risk-
sensitive processes. For example, if a sensitivity analysis 
shows that the spent fuel dissolution rate in IMARC 9 is risk 
sensitive over the time-frame of interest, it would be useful to 
study the availability of data and the feasibility of developing a 
less conservative, and a more mechanistic fuel alteration 
model. The IRT supports an initiative being undertaken in this 
regard, by EPRI.   

A significantly expanded set of sensitivity analyses are 
presented in the revised report. The specific example given 
in the comment of the spent fuel alteration assumption was 
indeed found to have a significant effect on model results, 
and the model outcomes have been implemented in IMARC 
10. More generally, sensitivity analyses continue to be a key 
part of the use of IMARC to develop risk-informed insights 
into Yucca Mountain TSPA. 

ES6.2 
Treatment of 
Uncertainty 

EPRI should consider carrying out sensitivity analyses to 
assess whether the approximation introduced by using discrete 
pdfs significantly affects calculated dose to the RMEI.  
Furthermore, it is recommended that EPRI justifies the 
selection of the various pdfs in IMARC.  The focus of this 
documentation effort should be risk-informed. 

To address this comment, a sensitivity analysis was 
specifically identified to determine the effect of the 
probability density function on IMARC results. The 
sensitivity analysis looks at varying the probabilities 
assigned to the high-medium-low categories of each 
parameter considered in IMARC. In this way, the potential 
range of results from any possible pdfs is spanned.  
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Table G-1 (continued) 
Disposition Table for International Review Team (IRT) Comments 

 IRT Comment (from EPRI, 2009a) EPRI Response 

ES6.3 
Sensitivity 
Analysis 

• The IRT recommends that the results of the IMARC 9 
probabilistic assessment be subject to a systematic 
sensitivity analysis to identify which parameter 
uncertainties contribute most to the uncertainty in the 
calculated total dose rates. 

• The IRT recommends that model uncertainties be 
addressed in a systematic sensitivity analysis.  This 
sensitivity analysis could be based on risk insight from 
existing assessments and detailed modelling work which 
could guide priorities towards risk-sensitive areas. 

The revised report contains substantially more sensitivity 
analyses, which have the goal of addressing this comment. 
The sensitivity analyses have been selected to assist in 
drawing improved risk insights into the analyses, and to 
illustrate the risk importance of both model uncertainties and 
parameter uncertainties. 

ES6.4 
Code Inter-
Comparison 

The IRT recommends that significant benchmarking activities 
should be documented. 

The revised report has improved the documentation of 
verification and benchmarking activities. Some verification 
activities that were carried out in past phases of IMARC, 
and which remain relevant, have been documented again in 
the IMARC 10 report. 

ES6.5 
System 
Understanding 

The IRT understands that the system understanding and 
model selection are based on critical reviews of the U.S. DOE 
work by the EPRI team. Such reviews are documented in 
several of the IMARC reports.  However, the IRT recommends 
that EPRI improves the overall documentation on the final 
judgements made based on these critical reviews. This would 
enhance traceability and credibility of the model. 

The revised report contains improved documentation of the 
process of evaluating DOE’s approaches. Where specific 
judgments have been made to deviate from DOE’s 
approaches,  

ES6.6 
Information 
Quality and 
Management 

To mitigate this potential problem the IRT recommends that 
EPRI should maintain a central record of the modelling 
assumptions made. 

The IMARC 10 report contains a description of the AIMS 
information management system, which has been 
implemented to address this issue, 
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