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ABSTRACT

Total system performance assessment (TSPA) is playing an increasingly critical role in regulatory decision
making. Within the Nuclear Regulatory Commission (NRC) high-level waste (HLW) program, TSPA studies
are performed to focus the activities of the NRC technical staff, to evaluate the implementability of anticipated
changes to the NRC and U.S. Environmental Protection Agency (EPA) regulations, to evaluate the principal
factors identified in the U.S. Department of Energy (DOE) Repository Safety Strategy, and to prepare for the
NRC review of the DOE site recommendation consideration report (SRCR) and any eventual license
application (LA) for Yucca Mountain (YM).

Conducting a TSPA for the proposed repository involves application of a total-system model that simulates
the processes affecting repository performance including propagation of the uncertainties associated with
model parameters, conceptual models, and future system states. The simulation process, which implements
a probabilistic framework, integrates a broad spectrum of site-specific data and information and produces
estimates for a set of regulatory-based performance measures. Building on the previously developed NRC
assessment methodology, a new Total-system Performance Assessment (TPA) code, designated
TPA Version 4.0 code, was developed by the NRC and the Center for Nuclear Waste Regulatory Analyses
(CNWRA) to evaluate the relative significance of the NRC-identified integrated subissues and to assess the
assumptions and models in forthcoming DOE TSPAs, such as the DOE TSPA SRCR for the YM site.

The TPA Version 4.0 code is designed to estimate total-system performance measures of annual individual
dose or risk expected to be specified in the EPA standard and the NRC conforming regulations. The
TPA Version 4.0 code is a combination of an executive driver, a set of consequence modules, and a library
of utility modules. The executive driver controls the probabilistic sampling of input parameters, the
calculational sequence and data transfers among consequence modules, and the generation of output files. The
various output files are used in parameter sensitivity analyses, postprocessing of time-dependent risk curves,
and synthesis of statistical distributions (e.g., cumulative distribution functions and complementary cumulative
distribution functions) for appropriate performance measures. Consequence models simulate physical
processes and events such as unsaturated zone infiltration, evolution of the near-field thermal-hydrologic
environment, failure of the drip shield and waste packages (WP), dissolution and release of waste, transport
of waste in the groundwater system, extraction of groundwater, and consumption of groundwater. In addition
to considering climate change, the TPA Version 4.0 code is designed to calculate the effects of disruptive
events such as faulting, seismicity, and volcanism.

This report has been prepared to facilitate use of the TPA Version 4.0 code by a variety of users at the NRC
and the CNWRA. The report contains descriptions of

. Overall TSPA methodology

. Executive or main program that controls execution of the code

. Utility modules used to manipulate data and enhance computational capabilities

. Consequence modules that simulate physical processes and events that affect the release,
transport, and evolution of the waste

. Content and format of the input file

. Content and format of output files

. Instructions for program installation and execution
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The TPA Version 4.0 code represents an improvement to the Version 3.2 used in the review of the DOE
TSPA-VA. Major modifications to the TPA code include incorporation of the EDA II repository design,
improvements to the dynamic capabilities of the code, adjustments in the conservatism of model
representation, and added flexibility in defining the receptor group. Specifically, modifications include

Incorporation of the EDA 1II repository design

Introduction of a drip shield

Revision of WP temperature calculations

Modification of the repository layout

Addition of new thermal output and radionuclide inventory data

Flexibility in defining the exposure scenario

Incorporation of GENII into the TPA code for considering the stochastic biosphere
and receptor group and for providing a framework to calculate age-specific doses

General modification by

Adding time-dependent mass loading parameters

Adding alluvium length variation

Improving saturated zone matrix diffusion

Reformulating number of WPs affected by volcanic events

Adding time-dependent flow rate modification factors

Generating seismic events in repeatable manner for long and short simulations
Adding log-beta and integer-uniform distribution functions to the LHS sampler
Making water contact model dependent on WP failure mode

Incorporating effects of radiolysis via H,O,

Building efficiency in reflux calculations

Updating shallow infiltration model

Revising unsaturated zone hydrostratigraphy

Improving flexibility by moving source term and thermal

output information to data files

In addition to the modifications to the code, data for the basecase parameter set have undergone significant
revision. The modifications to the code and data increase the confidence of the NRC staff in assessing the
performance of a HLW repository.
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FOREWORD

In accordance with the provisions of the Nuclear Waste Policy Act of 1982, the U.S. Nuclear Regulatory
Commission (NRC) has the responsibility to evaluate any license application (LA) for geological repositories
constructed for emplacement of high-level nuclear waste (HLW) (i.e., commercial spent fuel and vitrified
HLW). This act was amended in 1987 to designate one site for detailed characterization in the unsaturated
region of the tuffaceous rocks of Yucca Mountain (YM), in part located on the Nevada Test Site in southern
Nevada. To execute its mandated prelicensing and licensing functions, the NRC staff will review the critical
aspects of the U.S. Department of Energy (DOE) total system performance assessment for the site
recommendation considerations report (TSPA-SRCR) and any potential LA. In addition to these reviews, the
NRC also will develop preliminary comments on the sufficiency of the at-depth site characterization program
and adequacy of the waste form. Although the DOE TSPA-SRCR is not a licensing document, the NRC staff
will review the document as a basis for future reviews of DOE’s draft LA to develop its sufficiency comments,
which will be included as part of DOE’s site recommendation. The principal approach the staff will use to
evaluate these products is the evaluation of total system performance.

In support of these review activities, the NRC staff is focusing on detailed technical assessments to obtain a
quantitative understanding of the isolation characteristics and capabilities of the proposed repository system
at the YM site. Concurrent with these assessment studies, the NRC and its support contractor, the Center for
Nuclear Waste Regulatory Analyses (CNWRA), are enhancing the Total-system Performance Assessment
(TPA) computer code. The TPA code is designed to simulate the behavior of the geologic repository taking
into account the essential characteristics of the natural barriers and the engineered barrier system, as well as
the evolutionary changes in the definition of the geologic setting (i.e., climate, seismicity, faulting, and
volcanism). This document presents the latest version of the TPA code, designated as 4.0. This version
succeeds two previous versions, the first version (3.1.4) was released as a NUREG (NUREG-1668) and the
second version (3.2) as a CNWRA report. Staff used these two versions to review the critical aspects of the
DOE viability assessment. This interim version of the code is expected to be succeeded in the near term by
an improved version prior to the review of the potential LA.

It is important to note that the TPA Version 4.0 code was developed to allow the NRC and CNWRA staffs
to perform interim evaluations of the DOE total system performance assessment approaches and parameter
values used to estimate the performance of the proposed HLW repository. Because investigations at the YM
site are ongoing and the analyses are iterative, the TPA Version 4.0 code was developed with flexibility to
analyze a variety of designs, site characteristics, and compliance demonstration factors. It is also important
to note that the particular conceptual models and assignment of initial model parameter values (and
distributions) in this description of the TPA code do not constitute regulatory acceptance. It is expected that
at the time of licensing, different conceptual models and parameter values and distributions will be used in
performance assessments. Thus, estimates of the performance using the TPA Version 4.0 code do not
represent a regulatory determination of total system performance for the YM site.
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1 INTRODUCTION

To more effectively fulfill its statutory responsibilities for the prelicensing and licensing actions for the
proposed high-level waste (HLW) repository at the Yucca Mountain (YM) site, the U.S. Nuclear Regulatory
Commission (NRC) has focused its repository program on resolving issues most critical to overall system
performance. This has led to a major restructuring of the NRC HLW program to encompass 10 key
technical issues (KTIs) (Sagar, 1997). Limiting the program scope to these KTIs was necessary to focus
and streamline the regulatory decision making process. In addition, the use of the KTI framework provides
a vehicle for ensuring early, clear, and sound technical feedback to the U.S. Department of Energy (DOE)
regarding possible licensing vulnerabilities in the DOE safety case for the proposed YM repository.

Some of the core objectives of the restructured NRC HLW repository program are to

. Evaluate the DOE repository program [including field studies, laboratory experiments, and
performance assessments (PA)] to provide early feedback to the DOE

. Evaluate the attributes of the DOE Repository Safety Strategy, Total System Performance
Assessment (TSPA)—Site Recommendation (SR), and TSPA—License Application (LA)

. Provide input for the NRC management decision making on prioritization of the KTIs and
related subissues

. Assist the NRC KTI teams with resolution of individual subissues
. Provide support for the NRC rulemaking for the HLW repository

The NRC Total System Performance Assessment and Integration (TSPAI) KTI, through the Total-system
Performance Assessment (TPA) activity, contributes significantly towards achieving these important
objectives.

One of the important prerequisites to pursuing the aforementioned program objectives is development of
a generalized computer code, specifically tailored for evaluating the total system performance for the
proposed repository at the YM site. Although the NRC previously developed computer codes (Codell et al.,
1992; Wescott et al., 1995) to analyze repository performance, a more general and versatile TSPA code was
necessary to (i) accommodate the most current DOE repository design [e.g., repository layout, waste
package (WP), and emplacement design]; (ii) quantify total system performance in terms of the new
compliance performance measure (i.e., annual individual dose or risk) expected in the forthcoming
U.S. Environmental Protection Agency (EPA) standard and new NRC HLW regulation; and (iii) include
the latest site data (e.g., tracer testing at C-well complex), knowledge base, and improved models. In
addition, a versatile and user-friendly computer code was needed because the code will be used by a wide
spectrum of individuals with diverse technical backgrounds.

This user’s guide was prepared to facilitate the effective use of the TPA Version 4.0 computer code,
which was recently developed through a joint effort between the NRC and the Center for Nuclear Waste
Regulatory Analyses (CNWRA) staffs. This report contains descriptions of the conceptual and mathematical
models; instructions for preparing input files, code installation, and execution; explanation of options for
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generating various intermediate and summary outputs; and example input files for the basecase scenario
class.

11 TPA CODE

One of the basic purposes for using the TPA Version 4.0 code to simulate performance of the
proposed repository is to secure a detailed and quantitative understanding of the key factors controlling
(i) the degradation of the engineered barrier system (EBS), (ii) release of the waste from the repository,
(iii) subsequent transport of the waste through various environmental pathways, and (iv) possible human
exposure at the location(s) of the designated receptor group. To achieve this understanding, the total
repository system is modeled in a probabilistic manner (Thompson and Sagar, 1993) that considers
significant physical and chemical processes, phenomenological interactions and couplings, and potentially
disruptive events and processes. This probabilistic approach, although computationally intensive, yields a
range of potential future evolutions of the repository system. In addition, this approach is widely favored
because it avoids many of the technical shortcomings associated with completely deterministic
scenario-based assessments such as inability to account for uncertainty in model parameter and site
characterization data (Thompson, 1988).

To date, three TSPAs for the proposed YM repository have been conducted by the NRC and the
CNWRA using the probabilistic approach. The first TSPA, referred to as Iterative Performance Assessment
(IPA) Phase 1 (Codell et al., 1992), was conducted to assemble and demonstrate the NRC assessment
methodology. The second TSPA, designated as IPA Phase 2 (Wescott et al., 1995), was performed using
the TPA Version 2.0 code and those analyses yielded many valuable insights into the features, events, and
processes influencing isolation performance of the proposed YM repository; these insights were put to use
in the NRC and CNWRA reviews of early DOE TSPAs for YM. The third TSPA' emphasized updating and
advancing the NRC TSPA capability for reviewing the DOE TSPA-viability assessment (VA) (TRW
Environmental Safety Systems, Inc., 1996) and for assisting the NRC in focusing the KTI activities on
technical issues of critical importance to repository performance. In the current effort, the IPA activity
places emphasis on (i) updating the NRC TSPA capability in preparation for the forthcoming review of the
DOE TSPA-SR (TRW Environmental Safety Systems, Inc., 1999) and (ii) resolving remaining subissues
identified in the issue resolution status report (IRSR) (U.S. Nuclear Regulatory Commission, 1999a).

Consistent with the recommendations of IPA Phase 2 (Wescott et al., 1995), the TPA Version 4.0
code and its predecessor, TPA Version 3.2 code, were developed to include

. Most recent site data and knowledge base for conceptual models

. Most recent repository design specifications

. Updated abstractions for features, events, and processes (FEPs)

. Streamlined data transfers between executive and consequence modules

'Mohanty, S., R. Codell, R.W. Rice, J. Weldy, Y. Lu, M.R. Bymne, T. J. McCartin, M. Jarzemba, and G.W. Wittmeyer. System-Level
Repository Sensitivity Analyses Using TPA Version 3.2 Code. NUREG-1721. Washington, DC: U.S. Nuclear Regulatory
Commission. Accepted for publication. 2000.
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. More flexible design to accommodate future code modifications
. Improved computational algorithms permitting more detailed analyses
. Improved capabilities for parameter importance analysis and ranking

Federal radiation protection standards and regulations for HLW disposal in geologic repositories are being
developed by the EPA and the NRC. Site data continue to be acquired, and repository and WP designs
continue to evolve. Therefore, it was deemed important to enhance the TPA Version 4.0 code by increasing
its flexibility to evaluate alternative repository and design features, analyze the effect of different areal mass
loadings (AML), assess the significance of various disruptive scenario classes, assess the impact of
radionuclide dilution in the saturated zone (SZ), and compute the peak dose for a 10,000-yr compliance
period or longer time periods that may be of interest.

The TPA Version 4.0 code is composed of an executive driver program with a set of consequence
modules and a library of utility modules. The executive driver controls the sampling of stochastic input
parameters, the calculational sequence and data transfers between modules, and the production of output
files. Various intermediate output files are generated for later use in parameter importance analyses,
postprocessing of time-dependent risk curves, and synthesis of statistical distributions [e.g., cumulative
distribution functions (CDF) and complementary cumulative distribution functions (CCDFs)] for appropriate
performance measures. Utility modules ensure that consistent data sets and computational algorithms are
used by all consequence modules and facilitate the discretization of the repository system and surrounding
geologic media.

Development of the TPA Version 4.0 code, which is an update of Version 3.2, took place over
several stages. Development at various stages involved technical contributions from KTIs other than the
TSPAI KTI. Noteworthy contributions include

. Unsaturated and Saturated Flow under Isothermal Conditions KTI—Improved information
on climate, shallow infiltration through vegetated soil, distribution of infiltration over the
repository area, focusing of flow on WPs, and information for sampling the length of the
alluvium transport path

. Container Lifetime and Source Term KTI-—Consideration of drip shield, new WP design,
and source term models describing a range of spent fuel (SF) dissolution modes and rates

. Evolution of the Near-Field Environment KTI—Estimates of the chemical composition of
the aqueous environment contacting the WP

. Radionuclide Transport KTI—Updated estimates of near-field radionuclide solubilities and
far-field sorption coefficients

. Thermal Effects on Flow KTI—Improved capability to predict time-dependent temperature
and relative humidity (RH) in the presence of ventilation and backfill for use in the source
term module

. Structural Deformation and Seismicity KTI—Improved hydrostratigraphic model and a new

faulting consequence module
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. Igneous Activity KTI—Alternative conceptual model for magma intrusion, improved
technical basis for (i) probability and scenario characteristics for volcanic activity and
(ii) effect of ash dispersal and mass loading on resulting dose to an individual from the
receptor group

. Repository Design and Thermal-Mechanical Effects KTI—Improved modeling capability
for the seismic consequence module

. Activities Related To Development of the NRC HLW Regulations KTI—More realistic
representation of plume dilution induced by receptor group well pumping

To focus code development, various phenomena governing the total system were broken down into
a total of 14 integrated subissues (ISIs). The ISIs were used in model abstraction methodology to emphasize
that a high level of integration is necessary when evaluating a complex process with many components. The
ISIs required involvement of technical staff from various KTIs. The specific KTIs that were involved in the
model abstraction to address ISIs were determined on the basis of KTI subissues linked to a given ISL

In addition to contributing to the development of the new TPA Version 4.0 code and its
predecessors, KTI staff members participated in the testing and documentation of the code as well as in
preparation of the input data set for the reference case.

1.2 DESCRIPTION OF THE PROPOSED REPOSITORY SITE

The conceptual and mathematical models included in the code largely were selected to be specific
to the characteristics and conditions of the YM site. For completeness, a brief description of the YM site
geology, hydrology, climatology, and current repository design are presented in this section.

Located in Nye County, the YM site (see figure 1-1) is approximately 120 km (75 mi) northwest
of Las Vegas in southern Nevada. The site is entirely on federal land mostly controlled by the DOE, Bureau
of Land Management, and Nellis Air Force Range. Climate at the site is generally arid to semiarid, with
an average precipitation of about 180 mm/yr in the form of winter snow and summer thunderstorms. The
YM area exhibits sparse vegetation and has a relatively low population density.

YM is an irregularly shaped cuesta 40 km long by 6 to 10 km wide, located in the southern part of
the Great Basin, the northernmost subprovince of the Basin and Range Physiographic Province. The crest
of the mountain varies between altitudes of 1,500 and 1,930 m or about 650 m higher than the floor of
Crater Flat to the west of the site. The mountain is dominated by a subparallel series of north-trending
ridges and valleys controlled by steeply dipping faults. YM is bounded by Crater Flat on the west, by
Jackass Flat-Fortymile Wash on the east and southeast, by the Amargosa Desert to the south, and by the
Timber Mountain Caldera complex to the north. The stratigraphy at YM is composed of a gently dipping
sequence of Micocene ash-flow tuffs, lavas, and volcanic breccias more than 1,800-m thick. The rock unit
being considered for the repository facility is a densely welded ash-flow tuff of the Topopah Spring
Member of the Paintbrush Tuff. There are considerable data for the hydraulic and transport properties of
the unsaturated zone (UZ) in Wittwer et al. (1995), Rautman et al. (1995), Schenker et al. (1995), Flint et
al. (1996), Flint (1998), and Civilian Radioactive Waste Management System, Management and Operating
Contractor (1998).
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The SZ in the YM region (YMR) can be divided into two major aquifer systems, a fractured tuff
aquifer below the repository location extending approximately 5-20 km downgradient and an alluvial
aquifer extending southward from the terminus of the tuff aquifer to the Amargosa Desert. Patterns of
groundwater flow in the tuff aquifer appear to be determined by the combined effects of hydraulic boundary
conditions, dipping layers, and the presence of fault zones and laterally extensive shear fracture zones
(Geldon, 1993). In contrast, groundwater flow in the alluvial aquifer is likely controlled by the
interrelationship of recharge and discharge areas, interbasin transfers, and water well pumping in the
Amargosa Desert area. Modeling studies of regional groundwater flow have been published by the
U.S. Geological Survey (e.g., Czarnecki and Waddell, 1984; D’Agnese et al., 1997).

Depth to groundwater varies from over 350 m directly below the repository block at YM to less
than 10 m along a short reach of the Amargosa River in the south central portion of the Amargosa Desert.
Water quality throughout the YM and Amargosa Desert regions is generally adequate to drink, to water
stock, and to irrigate crops. In the southern Amargosa Desert, however, evaporites from lacustrine deposits
cause the groundwater to have total dissolved solids concentrations in excess of 10,000 ppm (Winograd and
Thordarson, 1975). Near the communities of Amargosa Valley and Death Valley Junction, there are small
clusters of water wells. Agricultural uses of groundwater are currently confined to the southern Amargosa
Desert where depths to water range from 10 to 40 m and the topography is suitable for flood and center
pivot irrigation.

The proposed repository at YM would be of an underground facility designed to accommodate
70,000 metric tons of HLW. The waste disposed in the repository is expected to consist of both commercial
spent fuel (SF) (~90 percent) and defense and other HLW (~10 percent), with an age between 5 and 50 yr.
The specific layout of the underground facility is based on the DOE new enhanced design alternative
(EDA) 11, also referred to as Hot Drift Cool Pillar design (Civilian Radioactive Waste Management System,
Management and Operating Contractor, 1999a). The EDA II design specifications are presented in table 1-1.
Through the thermal loading strategy that includes an 81-m drift spacing, the DOE intends to limit the
heating of rock between drifts (i.e., pillars) so that a significant portion of the pillars may remain below the
boiling temperature for water. Thus, infiltrating and thermally driven water above the repository may flow
through the cool pillars. The rock in the immediate vicinity of the drifts may be heated above boiling, which
may reduce seepage into the drift during the thermal period. The cool pillars and dry drifts are created using
wide drift spacing (table 1-1), close WP spacing, proper blending of the HLW to reduce variation in WP
heat outputs, and active ventilation from the time of waste emplacement through the 50-150- yr period
before closure. Reducing the spacing between WPs will require fewer drifts, and thus allow for the larger
drift spacing compared to the previous design, without significantly increasing repository area.

The key engineered barriers for EDA II include the WP, drip shield, and backfill. The WP design
for HLW disposal consists of a large cylinder (i.e., approximately 1.8-m diameter and 5.6-m length) that
includes a 20-mm-thick Alloy 22 outer overpack and a 50-mm-thick stainless steel (SS) type 316L inner
overpack.

The inner overpack is designed to provide structural strength during the lifetime of the WP to
prevent mechanical failure as a result of rockfall. The WP will be emplaced in the drift on v-shaped
supports. A steel ground support and invert with sand or gravel ballast replaces the concrete liner specified
in the VA design. A drip shield, made of Ti grade 7, covers the top and side of the WP and extends over
the length of the emplacement drift. The drip shield is intended to protect the WP from dripping on the WP
surface, especially during the thermal reflux period when the environmental conditions could be conducive
to crevice corrosion of the Alloy 22 outer overpack. After repository closure, the backfill covering the drip
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Table 1-1. Comparison TSPA-VA and EDA II Designs

Design Characteristics TSPA-VA EDA II
Total access drift length — 33,400 m
Areal mass loading 85 MTHM/acre 60 MTHM/acre

Emplacement in upper block

~1,050 acres

Drift spacing

28 m

81 m (center-to-center)

Drift diameter

55m

55m

Invert Concrete liner Steel with sand or gravel ballast
Number of waste packages (WP) 10,500 10,039
Total length of emplacement drifts 107 km 54 km

WP materials

10-cm carbon steel over
2-cm Alloy-22

2-cm Alloy-22 over
5-cm SS 316L

Maximum WP capacity

21 pressurized water

21 PWR assemblies

reactor (PWR)

assemblies
Peak WP power (blending) 95% above average PWR | 20% above average PWR WP

WP power power
Drip shield None 2 cm Ti-7
Backfill None Yes (may become an option)
WP heat output at emplacement —_— 20 percent blending used to
Maximum Average (PWR WP) reduce maximum
Preclosure period 50 yr 50-150 yr
Preclosure ventilation rate 0.1 m%s 2-10 m’/s air flow in

emplacement drifts over 50-yr
period

shield will prolong hot, dry conditions in the drifts and provide added protection to the WP against rockfall.
Prior to repository closure, the EDA II design relies on active ventilation of the loaded emplacement drifts
to remove a substantial fraction of the heat emitted by the waste and thus limit temperature-induced
cladding failure. Ventilation may also control the RH during the preclosure period.
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1.3 REPORT CONTENT

This user’s guide was prepared as the reference document for the TPA Version 4.0 code and
provides information on the system parameters, conceptual models, and code outputs essential to
interpretation of calculational results. Additionally, the user’s guide presents the developers’ perspectives
on the degree of conservatism adopted in the modeling approaches, major assumptions, input parameters,
and the TPA code structure and model implementations.

Chapter 2 provides an overview to the modeling approach and describes the primary conceptual
models and their interrelationships. Chapter 3 describes the execution of the TPA Version 4.0 code
explaining how data are read, consequence modules are invoked, and various utility modules
(e.g., parameter sampling and radionuclide inventory calculations) are used. Chapter 3 also provides an
introduction to the consequence modules presented in the following 15 chapters. Chapters 4 to 18 describe
the conceptual and mathematical models implemented in the 15 TPA consequence modules. These chapters
also delineate the major assumptions and conservatisms of each module. Chapter 19 describes the input files
and parameters for the TPA Version 4.0 code, and chapter 20 describes the full set of code outputs. In
chapter 21, program installation and execution on UNIX-based workstations are chronicled. Chapter 22
presents the postprocessing routine used to combine the CCDFs to obtain the overall risk curve and a
description of the provision built into the code (partially developed) to conduct generalized importance
analysis. Chapter 23 outlines future TPA Version 4.0 code developments. In chapter 24, the technical
references for this report are listed. Finally, a set of appendixes is provided that contain the reference data
set including the basis for the selected values, auxiliary input data files, utility module descriptions,
probability distribution function descriptions, the methodology used to calculate the net amount of water
infiltrating from the ground surface, intermediate data transfer files, and derivation of empirical flow factors
used in the source term module.

Appendix A (the reference data set) provides a road map to the primary TPA input file (#pa.inp) and
may be most helpful to new users. The reference data set is subdivided by module and provides a
description of the parameters and the basis for values selected for the reference case. This information and
tabular format of appendix A is different from the format of the #pa.inp file, which mostly contains
parameter names and values. To further assist the users, the parameter descriptions in appendix A are in
the same order as in the #pa.inp file. Additional supporting data are presented in appendix B. Data presented
in appendixes A and B reflect a reference case (also called a basecase) that will be modified when new data
would be available. The code, however, provides flexibility to use values that differ from the reference data
set.

1.4 UPGRADING TPA VERSION 3.1.4 TO TPA VERSION 3.2 CODE

Several versions of the TPA code have been released since IPA Phase 2 (Wescott et al., 1995).
Major releases include the TPA Versions 3.1.4* and the TPA Version 3.2 code (Mohanty and
McCartin, 1998). The development of the TPA Version 3.1.4 code was a major step forward in making the
code accessible to all CNWRA staff and all NRC staff in the HLW program by improving the code’s ease
of use. The code also made use of the up to date site data, conceptual models, and improved computational

2Mohanty, S., and T.J. McCartin, coords. NRC Sensitivity and Uncertainty Analyses for a Proposed HLW Repository at
Yucca Mountain, Nevada, Using TPA 3.1. Volume I: Conceptual Models and Data. NUREG-1668. Washington, DC:
U.S. Nuclear Regulatory Commission. In press. 2000.
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algorithms for implementing these models. Significant improvements were identified based on new
information made available by the DOE after the completion of the TPA Version 3.1.4 code. The new
information had far-reaching implications for dose calculations and led to the development of the
TPA Version 3.2 code. For example, a change in the material selection for the inner overpack of the WP
(i.e., from Alloy 625 to Alloy 22) occurred after development and documentation of the TPA Version 3.1.4
code. There are two major effects attributed to the use of Alloy 22. First, Alloy 22 is anticipated to have
a service life beyond 10,000 yr while the anticipated service life of Alloy 625 was 3,000-5,000 yr. Second,
Alloy 625 degrades through pitting corrosion while, Alloy 22 degrades through general corrosion. This
attribute of Alloy 22 required modifications to the TPA Version 3.2 code beyond the simple change to the
rate of corrosion. For example, the manner in which water enters, fills, and leaves the WP through corrosion
pits in Alloy 625 could be significantly different from Alloy 22 undergoing uniform corrosion. Therefore,
the model that uses a bathtub for the mode of water contact with SF and the variable that affects the amount
of water entering the WP were evaluated in the context of the mode of corrosion of Alloy 22. Additionally,
damage to the WP from events such as rockfall and faulting has the potential to impact the WP through a
much longer period for long-lived Alloy 22, than for Alloy 625. Therefore, the conservatism in the SEISMO
module and mechanical failure of the WP, not considered significant to performance for WPs with lifetimes
of 3,000-5,000 yr, needed to be reexamined for its impact on performance of a longer-lasting WP
constructed, in part, from Alloy 22.

1.5 UPGRADING TPA VERSION 3.2 TO TPA VERSION 4.0 CODE

The TPA Version 3.2 code was updated to Version 4.0 in response to (i) the new DOE repository
design (EDA 1II), (ii) insights from sensitivity analyses with the TPA Version 3.2 code, and (iii) experience
gained from running the TPA Version 3.2 code.

Several code improvements were made necessary by the adoption of the EDA II. For example, the
new thermal loading strategy to allow draining of infiltrating water down the pillars rendered the uniform
heat distribution assumption for the repository inapplicable. Instead, temperature needs to be computed
assuming an array of parallel line sources. Additionally, the drip shield introduced in EDA II has two major
effects. First, the drip shield, which is anticipated to have a service life beyond 10,000 yr (current DOE
estimate), will prevent water from entering WPs that may have been breached. Second, the time and mode
of drip shield failure will control the amount of water contacting the SF after WP failure. These attributes
of the drip shield requires additional modifications to the TPA code. For example, the manner in which
water enters the WP in the presence of a failed drip shield requires that the factors used to simulate the
diversion of water away from the waste be functions of time.

The second basis for improvements made to the TPA Version 4.0 code came from the results of
sensitivity analyses, performed at the process level’ and the system level* with the TPA Version 3.2 code.
Sensitivity analysis was used to identify the areas for code improvement and refinement prioritization based
on importance to performance and deficiencies identified in the code. For example, sensitivity analysis
revealed that the peak dose to an average individual in the receptor group is highly sensitive to retardation
in alluvium, which controls radionuclides travel time in the SZ to the receptor location. In response to this

*Examination of the sensitivity to overall performance due to variation of parameters and models within a specific process.

*Examination of the sensitivity to overall performance due to variation of parameters and models within the TPA Version 3.2 code.
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sensitivity, the code was made more flexible by providing the option of sampling alluvium length and by
developing a technical basis for the range of variation in the thickness based on NRC/CNWRA independent
analysis of well bore data and geologic framework model. Additionally, new models not tested in the
sensitivity analyses were also included with the anticipation of their importance to sensitivity. For example,
to provide flexibility in defining the exposure scenario and allow for probabilistic sampling of the biosphere
and exposure scenario parameters, the GENTPA® code was incorporated in the TPA code as a stand-alone
module for sampling exposure-related parameters. In addition to the technical improvements to the modules,
a number of additions to the input options for the code and consistency in parameter sampling were
identified to improve the flexibility and provide appropriate data for sensitivity analyses.

The third basis for improvements made to the TPA Version 4.0 code results from experience using
the TPA Version 3.2 code. Several shortcomings such as limitations in the use of the code for sensitivity
analysis and lack of consistency between dose histories in a 10*-yr run and the first 10* yr of a 10>-yr run
required code improvements.

Specific modifications made to the TPA Version 3.2 code to obtain the Version 4.0 code are
summarized below.

. The TPA Version 4.0 code implements the new DOE repository layout (the EDA 1I
design). Because the new layout is designed to reduce peak temperature, several new
subareas are added to accommodate the reduced areal loading density.

. Because of the increased drift spacing and decreased WP spacing in the EDA II design, the
temperature is computed using line heat sources to simulate a cooler region between the
drifts. This modification replaces the uniform thermal source, over the whole repository,
used in the TPA Version 3.2 code. The thermal output from the waste has been made
consistent with the new design concept, fuel mix, and SF burnup.

. Container life models now account for the presence of the drip shield and the new WP
design data. New considerations include the emplacement sequence of outer and inner
overpack materials, welds on the WP surface, and radiolysis effects. Weld corrosion is
considered not likely to be any faster than that of the nonwelded metal. If necessary, the
user can study weld corrosion by changing input parameter values such as the general and
localized corrosion rate and the critical potential for the localized corrosion of the weld
material. Temperature dependence for the passive corrosion rate and the corrosion potential
calculations, which include radiolysis effects (i.e., generation of H,0,), can be introduced
into the TPA code by changing input parameter values in #pa.inp. Therefore, no internal
changes were made to the code.

. The TPA code accounts for the presence of the drip shield in the prediction of the
repository rock and WP temperatures, which in turn affects the time of WP failure and the
amount of water entering into the WP. An abstraction of the drip shield failure time is
introduced in the form of a distribution function. Preliminary calculations based on data
obtained from electrochemical experiments were used in estimating the drip shield failure
time distribution used in the TPA Version 4.0 code.

SGENTPA is a modified version of the GENII code (Napier et al., 1988).
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The effects of the drip shield on the amount of water contacting a WP with and without
backfill is evaluated using the time history of the WP wetting parameters, F, and
F_,. In the TPA Version 3.2 code, these two parameters were not functions of time and
instead were sampled using distributions specified in fpa.inp.

In the previous version of the TPA code, the time-stepping scheme implemented in the
reflux model used 1-yr time intervals to compute the flow rate of water during the reflux
cycle. Employing 1-yr time intervals necessitates using large arrays when the simulation
period is long. To eliminate computer resource problems associated with large arrays, the
refluxing period is now limited to 10,000 yr.

The source term calculation approach has been modified to accommodate uncertainty in
the SF dissolution rate and make consistent the mode of failure and the mode of water
retention in the failed WP. In the revised SF dissolution rate model 2 (dissolution rate in
J-13 water), the preexponential coefficient is a sampled parameter to account for
uncertainty. Also, for the source term calculation, a provision is made for the user to
specify mode of water retention in the WP (bathtub or flow through) for each failure type.
In the previous version of the code, the user was able to select only one water contact
model for all failure types.

The computation of shallow infiltration is modified to incorporate the effects of filled
fractures in the bedrock covered by shallow soil and vegetation with spatial variation. The
previous version of the code considered only bare soil over unfilled fractures in the
bedrock. The regression equation used in the previous version for determining infiltration
has been replaced with a digital elevation map (DEM) data file generated by a
preprocessor. These changes reflect increased understanding and new data for the
infiltration processes at YM as described in chapter 4, appendix A, and appendix H.

The distribution and range of the present-day area-averaged mean annual infiltration (MAI)
has been updated to reflect results from recently conducted process-level modeling.

The thicknesses of the Calico Hills nonwelded vitric and Upper Crater Flat units for each
subarea in the UZ beneath the repository have been changed to reflect new data collected
from boreholes in the vicinity of the proposed repository.

The lengths of the SZ tuff and alluvium units have been modified from fixed values to ones
that can be sampled to account for the uncertainty in the location of the tuff/alluvium
interface. This change has been incorporated because of the uncertainty in the location of
the transition from the tuff aquifer system to the alluvium aquifer system for the
groundwater flowing through the repository footprint.

The diffusion rate and immobile phase porosity of the tuff have been introduced to model
matrix diffusion in the SZ. Although the previous version of the TPA code possessed the
capability to account for matrix diffusion, the calculations were performed using a
first-order rate equation in the NEFTRAN code (Olague et al., 1991). Changes have been
incorporated to use more standard parameters (i.e., diffusion coefficient, and fracture
density).



To represent variability in the dose conversion factors (DCFs), provide flexibility in
defining the exposure scenario including consideration of age-specific dose calculations,
and allow for probabilistic sampling of the biosphere and exposure scenario parameters,
the GENTPA code is incorporated as a new stand-alone code. GENTPA code, which is a
modification of the GENII code (Napier et al., 1988), estimates radiation dose to humans
arising from radionuclides in the environment. In the previous version of the TPA code,
dose to the receptor group was computed deterministically using data files with mean
values for the DCFs in an off-line analysis performed with the GENII code.

To increase transparency in the determination of the number of WPs that are affected by
an igneous event, the TPA code now samples the number of WPs that are (i) entrained and
(ii) impacted by magma flow into the drift. Thus, the number of WPs failed by these two
mechanisms is externally constructed and specified as a parameter in the #pa.inp file. The
sampled values for the number of WPs failed in an igneous event by these two mechanisms
are assigned to a subarea that is user-specified. In the previous version of the TPA code,
the number of WPs disturbed in an igneous event was calculated using the dimensions of
the conduit and the associated dike.

The resuspension of ash (or mass loading) used to evaluate the consequence of a volcanic
event has been made time-dependent by using a functional relationship (e.g., exponentially
decreased to a long-term value) between mass loading and time. These time-varying values
for the mass loading provide a more realistic representation of how ash resuspension is
expected to decrease over time. The previous version of the code assumed a constant mass
loading factor.

Two new distribution functions (log beta and integer uniform) were added to the Latin
Hypercube Sampling (LHS) to match the capability of the Monte Carlo sampler in the TPA
code. As an alternative to the internal sampling, the code now provides the flexibility of
using an externally generated sampled parameter file that is useful for several sensitivity
analysis applications.

The sequence of events occurring during the simulation of seismic events for the first
10%-yr in a 10°-yr time period of interest (TPI) run is made consistent with that of the 10*-yr
TPI run. In the previous version of the TPA code, the event sequences (i.e., time and
magnitude) were different which made comparing runs and conducting sensitivity analyses
difficult.

Flexibility has been added to the code so that the user is able to define the fraction of the
SZ radionuclide plume captured by a pumping well and the dilution volume by changing
input parameters. In the previous version, these values were internally calculated in the
code.

The TPA Version 4.0 code uses variable time steps to accurately resolve the peak in release
rates occurring immediately after the failure of WPs. The fixed time steps used in the
previous version for the source term computation resulted in spuriously large peaks in the
release rates.

The code uses an expanded dilution table to enable the user to select pumping rates that
are smaller than those previously allowed in the TPA code.
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2 OVERVIEW OF THE TPA CONCEPTUAL MODELS

Analysis of repository performance is anticipated to be complex with substantial uncertainties because of
the first-of-a-kind nature of the repository, the extended period of performance (at least 10,000 yr), and
reliance on engineered and natural barriers. Detailed simulation models that include all the couplings,
heterogeneities, and complexities cannot be incorporated into PA models and still maintain reasonable
computer execution times and meet hardware requirements. Therefore, a key part in developing the
TPA Version 4.0 code is determining the level of detail in the processes, design, and attributes of the site
necessary to produce a credible analysis that provides meaningful insights on performance without an
unreasonable computational burden. The TPA Version 4.0 code includes the repository system description
(e.g., representation of the site and repository design within the TPA Version 4.0 code), conceptual models,
and parameter values. A discussion of the repository system description and conceptual models is presented
in this section to provide a general overview of the TPA Version 4.0 code. Chapters 4-18 contain more
detailed information on the conceptual and mathematical models. The TPA input parameter values and the
basis for their selection are presented in appendix A.

2.1 CONCEPTUALIZATION OF REPOSITORY AND GEOLOGIC SETTING

For ease of use and computational efficiency, the TPA Version 4.0 code replaces the intricate
repository layout and the complex geologic setting with relatively simple conceptual representations. The
repository layout, for example, is represented by an idealized planar feature discretized into a set of
subareas, while the geology is replaced by a sequence of layers, each of which is homogenous. Properties
and conditions for each subarea are assumed to be uniform. Except for the influence of the thermal load,
flow and transport processes in and below a given subarea are assumed to be independent of those processes
in other subareas. Thus, flow is entirely vertical with no lateral diversion in the UZ.

As illustrated in figure 2-1, quadrilateral subareas of uniform thickness are used to represent
individual subregions of the repository. In the current application, the repository is divided into
eight subareas;' however, the TPA Version 4.0 code has the capability to use much finer discretizations of
both the repository and the geologic setting beneath it. The number of WPs in each subarea is assumed to
be proportional to the fraction of total repository area represented. Radionuclide releases from the EBS are
calculated by modeling a single prototypical WP for each subarea and for each failure type. Performance
characteristics of the WP in each subarea are calculated by considering the evolution of such characteristics
as water flux, thermal and chemical conditions, and geologic processes [e.g., seismicity, fault displacement,
and igneous activity (IA)].

The geologic setting is composed of the UZ (i.e., geologic media between the land surface and the
water table) and the SZ (i.e., groundwater aquifer beneath the repository and extending to the location of
the receptor group). For simplicity, the stratigraphy is assumed to be laterally continuous and uniform
within a subarea to represent the UZ in a separate hydrostratigraphic sequence for each subarea. This
simplification is consistent with the assumption that, in general, flow in the UZ is primarily vertical, there
is, little or no lateral diversion of flow along hydrostratigraphic units. The geologic setting also includes

!The TPA Version 4.0 code divides the EDA Il repository boundary into 10 subareas. However, with the specified waste inventory,
drift spacing, and WP spacing, only eight subareas are filled.
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FEPs such as seismicity, tectonism, and volcanism, that may adversely affect the performance of the
repository.

The TPA conceptual model of flow and transport in the SZ consists of three distinct streamtubes
over the width of the repository footprint normal to UZ flow (figure 2-2). Each of the eight subareas in the
UZ is connected to one of the three streamtubes in the SZ. Radionuclide releases from each of the UZ
streamtubes provide the source term to the SZ streamtubes. The SZ streamtubes are treated as separate
conduits and have flow velocities that vary along the individual flow paths. The mass flow rate of
radionuclides exiting all SZ streamtubes is used to compute the average concentration at the well head.
This, in turn, is used in calculating annual dose to the average member of the receptor group. The average
concentration accounts for all releases, from the groundwater pathway to the location of the receptor group,
spatial extent of the releases in the SZ at the location of the receptor group, extent of the production zone
containing the radionuclides (all radionuclides are assumed to be released in one production zone), and the
influence of the pumping rate attributed to water use by the receptor group.

Direct release of radionuclides to the accessible environment due to a volcanic eruption is also
modeled in the TPA Version 4.0 code. The physical characteristics of the eruption and complex
magma-repository interactions considered outside the TPA code are used to determine the number of WPs
affected by the event. Radionuclides are transported to the receptor location, based on characteristics of the
eruption and meteorological conditions, where the concentration of radionuclides in soil, resulting from the
deposition of volcanic ash containing SF particles, is calculated. This soil concentration is used in
calculating the annual dose to the average member of the receptor group.

2.2 CONCEPTUAL MODELS IMPLEMENTED IN THE TPA COMPUTER
CODE

In developing the TPA Version 4.0 code, several conceptual models were formulated, integrated,
and implemented in various abstracted mathematical models. These basic conceptual models, which
describe the interactions/couplings of physical and chemical processes believed to be present in a proposed
geologic repository (at YM), can be grouped into the following generic categories:

. Infiltration and deep percolation

. Near-field environment

. Radionuclide releases from the EBS

. Aqueous-phase radionuclide transport (RT) through the UZ and SZ
. Airborne transport from direct radionuclide releases

. Exposure scenario and reference biosphere

These conceptual models are designed to apply to the current DOE repository design and specific
site characteristics of the YM area and provide flexibility for examining alternative designs and
uncertainties in site and engineered material performance. In some of these generic categories, alternative
conceptual models have also been incorporated into the code.

These conceptual models are used to represent a range of system states including disruptive events.

The consequences of disruptive events (e.g., seismicity, fault displacement, and IA) are evaluated with the
TPA Version 4.0 code by first conducting consequence calculations and then weighting the results with the
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probability of a disruptive event impacting the repository to calculate a risk curve as explained in
chapter 22.

The following discussion provides a general overview of the key aspects of the major conceptual
models implemented in the TPA Version 4.0 code. More detailed descriptions of these models, including
the mathematical basis, assumptions, and calculational methodologies, are presented in chapters 4—18.

2.2.1 Infiltration and Deep Percolation

A one-dimensional (1D) modeling approach is used in the TPA Version 4.0 code
(Chapter 4—UZFLOW Module Description) to describe how meteoric water at the land surface moves
vertically downward (i.e., without lateral flow) through the UZ, to the repository horizon, and ultimately
to the water table. In the 1D conceptual model, the deep percolation flux (g, is constrained to be equal
to the shallow infiltration rate (g;,5). The annual average g, is estimated based on

. Present-day shallow-infiltration rate
. Change in climate with time
. Elevation, vegetation, and soil depth over the repository subarea

Uncertainty in the present-day infiltration rate estimate is accounted for in the TPA Version 4.0 code by
treating it as a statistically sampled input parameter. Temporal variations are incorporated by varying the
present-day infiltration rate over the 100,000-yr period assumed for long-term climatic changes. The effects
of site-specific soil cover thickness (over bedrock and fracture-filled continuum), vegetation, and elevation
are used to reflect the spatial variation over each of the subareas.

The variation of g,,; because of changes in climate was developed through consideration of
paleo-climatic information and a process-level auxiliary analysis (Stothoff et al., 1997; Stothoff, 1999). The
g response function depends on two independent variables, present-day mean annual precipitation (MAP)
and temperature, as well as the present-day infiltration rate. After computing g;.q, the water flux at the
repository horizon is then partitioned into

. Water flux diverted around the failed WP
. Water flux entering the failed WP

Thus, for the purposes of the TPA Version 4.0 code, the net water flux carrying dissolved radionuclides is
a fraction of the total water flux arriving at the repository. It is this net water flux that is used in the
TPA Version 4.0 code (Chapter 8—EBSREL Module Description) to calculate the radionuclide source term
for each subarea.

2.2.2 Near-Field Environment

Physical and chemical processes in the near field of the repository, such as heat transfer, water-rock
geochemical interactions, and refluxing of condensate water, are expected to affect WP performance. In the
TPA Version 4.0 code, a range of near-field characteristics is depicted in the abstracted mathematical
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models for heat and water flow and table look-ups for chemical parameters (Chapter S—NFENV Module
Description). For the purpose of estimating WP failure times and radionuclide release rates, the near-field
environment is characterized by

. Drift wall rock and WP surface temperatures

. RH (i.e., ratio of vapor pressure at the WP surface to the vapor pressure at the drift
rockwall)

. Water chemistry (e.g., pH, chloride concentration, and carbonate ion concentration)

. Water reflux during the thermal phase

The average rock temperature in the repository horizon is calculated assuming a conduction-only
model (i.e., the time history of temperature for each subarea is calculated accounting for the amount of
emplaced waste). The WP surface temperature is calculated using a multimode heat transfer
(i.e., conduction, convection, and radiation) model based on thermal output from the WP and the repository
horizon temperature. Temperature calculations account for ventilation during the preclosure period
(that could potentially reduce peak WP temperature), backfill during the postclosure period, and the
presence of the drip shield. Vapor pressure is computed using the standard thermodynamic equation relating
vapor pressure to temperature.

Estimates of the pH and chloride concentration histories of water films on the WP surface were
developed in a separate process-level auxiliary analysis using the multicomponent geochemical module of
the MULTIFLO code (Lichtner et al., 2000). MULTIFLO was applied to calculate the pH and chloride
concentration for water percolating through the matrix of the tuffaceous rock. Because the chloride
concentration in the water film is likely to be higher than that in the rock mass, the chloride history is scaled
by a statistically sampled parameter. The TPA Version 4.0 code provides the option of either using a
look-up table that uses the temperature-dependent pH (not currently used) and chloride concentration
generated with the MULTIFLO code or specifying constant values in the input file. In general, the user
selects code options by changing flag and variable values in the input file (appendix A).

The amount of water percolating through the drifts varies over time primarily because of the
coupled processes of heat transfer and fluid flow (e.g., vaporization, condensation, and refluxing). Water
refluxing produced by these thermohydrologic effects is important over the first few thousand years, after
which natural percolation determines the rate of water flow into the repository. Three lumped-parameter
water reflux models are included in the TPA Version 4.0 code, each based on bulk flow balances. The first
model considers episodic reflux associated with time-dependent perching above the repository. The second
model assumes that the volume of refluxing water will always be sufficient to depress the boiling isotherm
in fractures and reach the WP during times when the surface temperature exceeds the boiling point of water.
In the third model, the degree to which the boiling isotherm is depressed is a function of the temperature,
the thickness of the dry out zone, and the volume of reflux water. These functions vary with time. Each
reflux model produces estimates of the total water flux into the repository during the thermal period.

2.2.3 Radionuclide Releases from the Engineered Barrier System

In the TPA Version 4.0 code, the performance of a prototypical WP (including the presence of a
drip shield) is modeled for each repository subarea considering the failure time and radionuclide release
rates for each of the WP failure categories (Chapter 6—EBSFAIL Module Description). When this
prototypical WP fails, all WPs in that subarea under a specified failure category are assumed to have failed.
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The estimation of both WP failure times and liquid releases is dependent on the nature and extent of
corrosion, effectiveness of the drip shield, near-field environment, percolation flux in the drift, and external
processes that may impose static loads, dynamic loads, or both. WP failures are grouped into three basic
categories: (i) corrosion and mechanical failure, (ii) disruptive event, and (iii) initially defective WP
failures. After determining the WP failure time, the TPA Version 4.0 code calculates the aqueous-phase
radionuclide releases from the WP by considering the dissolution of radionuclides from the SF matrix,
advective transport from the WP (based on the amount of water contacting and entering the WP, which can
be influenced by assumptions for the drip shield), and advective and diffusive transport through the invert
directly to the UZ beneath the repository.

Corrosion failure of the WP is defined to occur at the time when the inner overpack is fully
penetrated by a single pit and the waste form is therefore accessible to water. The abstracted corrosion
model uses a conceptual framework that assumes the formation of a water film containing a salt solution
but does not explicitly consider water dripping on the container. The corrosion processes considered in the
model abstraction consist of

. Dry air oxidation
. Humid air corrosion
. Aqueous corrosion

Dry air oxidation and humid air oxidation are potential failure mechanisms for the carbon steel overpack
of the WP design proposed in the VA (U.S. Department of Energy, 1998). However, for other design
alternatives, such as the EDA II, these two corrosion modes have negligible contribution to the failure of
the WPs. The only relevant WP failure mechanism for the EDA II design is aqueous corrosion of the Alloy
22 outer overpack. Nevertheless, the TPA Version 4.0 code has retained the capability to evaluate dry air
oxidation and humid air oxidation. WP surface temperature and the chloride concentration in the water film
influence the mode, and hence, the rate of corrosion. The predominant mode of corrosion (uniform or
localized in the form of pitting or crevice corrosion) depends on those environmental factors and on the
container material. Mechanical failure of the WP, included in TPA Version 3.2, is considered to be the
result of fracture of the outer steel overpack due to thermal embrittlement arising from prolonged exposure
at temperatures sufficiently elevated to cause substantial degradation of mechanical properties (it is assumed
conservatively that the inner overpack is fractured when the outer overpack is fractured). With the design
adopted in EDA II, the consideration of mechanical failure of both the outer and inner overpacks is still
incorporated in TPA Version 4.0 code, even if the average WP temperature is relatively low compared to
the VA design.

Failure of the drip shield is not mechanistically modeled in TPA Version 4.0 code. The failure time
of the drip shield is an input parameter that can be represented by either a constant or by a distribution.

Disruptive event failures are taken into account by modeling the impact of events such as seismicity
(Chapter 7—SEISMO Module Description), fault displacement (Chapter 13—FAULTO Module
Description), and IA (Chapter 14—15—VOLCANO and ASHPLUME Module Description). In the case of
seismicity, WP failures are caused by rockfalls that mechanically load and deform the WP. The drift is
assumed not to be backfilled for rockfall to damage the WP. Displacements along yet undetected faults or
new faults (because the DOE will not emplace the WPs within a setback distance from known and
well-characterized faults) that exceed a preestablished threshold are assumed to fail WPs within the fault
zone. For IA, WPs intersected by magma are assumed to fail. WPs within a drift but outside the volcanic
conduit are assumed to fail and expose the SF to water while those within the conduit are assumed to be
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entrained in the magma and released directly to the biosphere. For fault displacement, failures are modeled
by superimposing the physical dimensions of the perturbation (i.e., length, width, and orientation of the
fault) on the repository footprint to determine the total number of WPs potentially affected in each
repository subarea. Alternatively, a geometric approach can be used to simulate the effects of an igneous
dike, TPA Version 4.0 code allows the user to specify the range of WP failure resulting from a complex
igneous process. Separate failure times are calculated for seismicity, fault displacement, and IA. Because
multiple seismic events occur during the compliance and simulation periods, seismic failure occurrences
are collected into four distinct failure times.

In most applications of the TPA Version 4.0 code, it is assumed that a small number of WPs are
failed at the time of repository closure. These initially failed WPs are attributed to fabrication defects or
damage to the WP as a result of improper emplacement. For conservatism, the number of initially defective
WPs is typically assumed to be 0.1 percent® of the total number of containers.

Radionuclide releases from the WP are calculated by considering the alteration rate of SF (i.e., rate
at which radionuclides in fuel become available for release), radionuclide solubility limits, and transport
mechanisms out of the WP. The TPA Version 4.0 code incorporates a number of parameters (e.g., fraction
of SF that is wet, particle size of the SF, alteration rate of UO,,,, and credit for cladding) that control the
release of radionuclides from the SF matrix. The effects of the formation of secondary minerals such as
schoepite on SF dissolution are treated separately. After radionuclides are leached from the SF waste form,
the calculated releases are adjusted to ensure consistency with the radioelement solubility limits. The gap
fraction inventory of radionuclides is available for instantaneous release and therefore, may be a major
contributor to peak dose.

A parameter value is used to specify the fraction of failed WPs in the subarea that is wetted—the
number of failed WPs available to contribute to the source term (auxiliary calculations are typically done
to justify parameter selection). To compute the time-dependent source term, the TPA Version 4.0 code
provides two alternative conceptual models: (i) a bathtub model—the WP must fill with water before the
radionuclides are released and (ii) a flow-through model—radionuclides are released by water dripping on
the waste form. For the bathtub model, the WP is treated as a stirred tank, with the tank capacity dependent
on the statistically sampled water outlet height. Water will fill the WP until the capacity (height) is reached
and, thereafter, the amount of water entering the WP will equal the amount of water flowing out. Water
leaving the WP transports dissolved radionuclides into the UZ below the repository. The water capacity of
the bathtub is assumed to be unique to the failure modes and to subareas (except for faulting and IA
failures). Releases from WPs will travel through the invert before exiting the EBS. If the physical properties
of the construction material for invert are conducive, the radionuclide species could be sorbed, thus
providing an additional barrier to the radionuclide release. The flow-through model is a variant of the
bathtub model except water does not have to first fill the bathtub before release and the fraction of fuel
wetted is independent of the water level. The user has the option of selecting the mode of water retention
in the WP (bathtub or flow-through) for each failure type.

2Tschoepe et al. (1994) suggests fabricated metallic component reliabilities of 99.9 to 99.99 percent.
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2.2.4 Treatment of Aqueous-Phase Transport in the Unsaturated and Saturated
Zones

Movement of aqueous-phase radionuclides from the repository horizon, through the UZ and SZ,
and ultimately to the receptor group, is modeled in the TPA Version 4.0 code (Chapter 9—UZFT Module
Description) using the previously described streamtube approach. Each streamtube encompasses one or
more repository subareas and is composed of a vertical section from the repository to the water table and
horizontal sections in the SZ. The transport module NEFTRAN II (Olague et al., 1991) simulates the
spectrum of processes (e.g., advection, dispersion, matrix diffusion, sorption, and decay) occurring within
individual streamtubes. For any set of radionuclides from a list of 43, this module simulates vertical
transport through the UZ and horizontal transport through the SZ.

Time-dependent flow velocities in the UZ are calculated using the hydraulic properties of each
major hydrostratigraphic unit. The transport module simulates the transport of radiocontaminants through
either the porous rock matrix or fractures.’ Radionuclide retardation by chemical sorption in the rock matrix
can significantly reduce the transport rates and is therefore included in the model. Retardation on fracture
surfaces, however, is neglected for conservatism because the significance of this mechanism has yet to be
demonstrated.

Although groundwater flow in the SZ is assumed to be at steady state, RT within individual
streamtubes is time-dependent because the source term varies with time. Streamtubes in the SZ exhibit
variable cross sections along the flow path; this variable streamtube geometry was based on a separate
two-dimensional (2D) modeling study of the subregional flow. The conceptual model of the SZ assumes
that flow in the tuff aquifer is in localized conductive zones (i.e., permeable fracture zones) while flow in
the alluvium is presumed uniformly distributed in the alluvial aquifer. Although the streamtube approach
neglects dilution effects arising from lateral dispersion, credit is taken for sorption in the alluvium, which
is likely to retard aqueous phase transport of many radionuclides. The length of the flow path for the
alluvium can have a significant effect on the effectiveness of the alluvium in retarding RT. The
TPA Version 4.0 code uses a variable distance for the length of the alluvium flow path because presently
there are limited data for a precise value. Additionally, matrix diffusion from flowing pores and fractures
into the more-or-less stagnant matrix pore water within the rock is included in the SZ transport model.

2.2.5 Airborne Transport for Direct Releases

Radiologic risks associated with the volcanic component of IA are calculated in the
TPA Version 4.0 code by modeling airborne releases of radionuclides for simulated volcanic eruptions. The
volcanism modules assume that the magma intercepts WPs, moves upward to the land surface, and then
ejects the tephra and SF mixture into the atmosphere. The physical characteristics of each simulated
eruption (e.g., vent size and event power and duration) and atmospheric conditions are treated as statistical
parameters in calculations of tephra dispersal and deposition patterns, tephra deposit thickness, and
radionuclide soil concentrations. Three primary factors determining the tephra plume geometry and transport
rates include

3Transport though rock matrix takes place if the percolation rate (g,..) is less than the hydraulic conductivity of the rock matrix
(Knarrx) OF through fractures when g, exceeds K-
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. Power and duration of the eruption
. Wind speed and direction
. SF particle sizes

The ash transport model developed by Suzuki (1983) was modified by Jarzemba et al. (1997) and
incorporated into the TPA Version 4.0 code to calculate distribution of the released radionuclides. The
time-dependent radionuclide areal densities are calculated taking into account the thickness of the tephra
deposit leaching and erosion rates, and radionuclide decay rates. The calculated doses attributed to direct
releases are strongly influenced by the time of the event (early events result in larger doses due to, in part,
the contribution to the estimated doses from short-lived fission products present in the SF).

2.2.6 Exposure Pathways and Reference Biosphere

Dose calculations are performed in the TPA Version 4.0 code for exposure pathways that consider
an average person of a designated receptor group. These calculations are expressed by the total effective
dose equivalent (TEDE). Alternative receptor groups are currently included in the exposure scenario. One
receptor group is a farming community 20 km from the repository location while the second is a residential
community at a specified distance typically less than 20 km. The average member of the designated receptor
group is assumed to be exposed to radionuclides transported through the groundwater pathway, air pathway
or both as a result of direct releases arising from the volcanic component of IA.

Geographic location and lifestyle characteristics assigned to each receptor group are two primary
aspects defining the receptor group and are specified in the TPA Version 4.0 code by selection of
appropriate input options (appendix A). In addition, the farming community receptor group is assumed to
include persons that use the contaminated water for

. Drinking (i.e., 2 L/day)
. Agriculture, typical of Amargosa Valley area practices (e.g., growing alfalfa, gardening,
and raising livestocks)

The farming community receptor group is assumed to be exposed to surface contamination through

. Consumption of contaminated farm products (i.e., ingestion)
. Breathing air with ash-SF particles (i.e., inhalation)
. Direct contact

In contrast, the residential receptor group is assumed to be composed of persons who use contaminated
groundwater only for drinking, but are also exposed to surface contamination (created by ash-SF particle
deposition from volcanic eruptions) through inhalation and direct exposure.

Site-specific DCFs for each radionuclide and pathway are used to convert radionuclide
concentrations in the groundwater and soil to TEDE values. The individual DCFs are generated through
separate pathway calculations using the GENTPA code. A variety of parameters (e.g., irrigation rates, diet,
etc.) are used to provide flexibility in the definition of the biosphere and exposure scenario. Two separate
sets of parameters are included to represent two distinct reference biospheres associated with the present
arid climate and the projected future pluvial climate. In addition to computing the TEDE history for each
stochastic simulation, the TPA Version 4.0 code scans these dose calculations to identify the magnitude and
timing of the peak dose.
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3 TPA CODE STRUCTURE AND MODULES

The TPA computer code, which is written in the FORTRAN 77 language (SunPro, 1992), was specifically
developed for conducting system-level analyses of the proposed HLW repository. The basic code design
is consistent with standard software engineering practices (Liskov and Guttag, 1986) that emphasize the use
of a highly modular structure. The architecture of the computer code comprises an executive module,
several consequence modules, an extensive set of utility modules, libraries, and a combination of static and
dynamic data files. As a result of using this approach, the TPA source code includes a group of process
simulation programs, numerous calculational subroutines, data storage and retrieval modules, and a set of
table look-up libraries. This modular approach, while having the disadvantage of producing many more code
components, has the important advantage of permitting more detailed component testing and easier coding
revisions. The TPA source code, which has in excess of 70,000 lines of FORTRAN, was originally written
for execution on a SUN workstation using the Solaris UNIX-based operating system (SunSoft, Inc., 1995)
and it has also been modified to execute on a personal computer using the NT operating system with
Service Pack 5.

The primary use of the TPA code is to conduct probabilistic calculations of doses for specified time periods
(e.g., regulatory compliance time period, and TPI) and for designated receptor group locations (e.g., 20 km
downgradient of YM). In performing these calculations, system-level simulations of repository performance
take into account such aspects as

. Essential features of the engineered and natural barriers

. Natural chemical and physical processes affecting barrier degradation and radionuclide
releases to the biosphere

. Uncertainties and spatial variabilities of system attributes, model parameters, and future
system states (i.e., scenario classes)

. Lifestyle characteristics of the designated receptor group

As explained in Wescott et al. (1995), the NRC TSPA methodology leads to an overall risk curve
(i-e., individual dose versus probability) formed through the calculation of the weighted average of the
conditional CCDFs for individual scenario classes. One important departure from the original NRC
methodology is that the new TPA code includes climate change and seismicity as parts of the natural
evolution of the site (i.e., basecase) and, therefore, these are not considered scenario classes. Also, the new
TPA code, like its predecessor, is designed to simulate or analyze scenario classes in a separate run. Thus,
two scenario classes, each with binary outcomes, require 22 or a total of four separate TPA runs. The
combination of conditional CCDFs for the full set of scenario classes is performed as a separate
postprocessing step.

The main objective of this chapter is to describe the overall structure of the TPA computer code, explain
the function of selected utility modules, delineate the types of module implementations, and provide an
outline for the description of consequence modules in the next 15 chapters (i.e., chapters 4-18). This
information is presented to ensure that a new code user develops an understanding of the essential features
for using the TPA code. More detailed descriptions of the consequence modules are given in the next
chapter and the full set of utility modules is explained in appendix C.
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3.1 OVERVIEW OF THE TPA COMPUTER CODE

As shown in figure 3-1, the TPA code consists of an executive module (EXEC) that serves as the
program driver, an input module (READER) for reading the input file (designated fpa.inp), and a set of
consequence modules for (i) the engineered barriers (EBSFAIL, EBSREL), (ii) natural barriers (UZFLOW,
UZFT, SZFT), (iii) scenario classes (FAULTO, VOLCANO), (iv) direct releases from IA (ASHPLUMO,
ASHRMOVO), and (v) receptor group doses (DCAGW, DCAGS). In addition, the processes of climate
change (i.e., precipitation history) and seismicity (SEISMO) (i.e., earth motions producing rockfalls and,
in turn, WP damage and failure) are treated as part of the natural evolution of the site. Seismicity, however,
is only included in the simulation for the case of unbackfilled repository drifts at time of closure. For the
backfilled repository design, the TPA code has the user option to exclude consideration of seismicity in the
simulation of the natural evolution.

The EXEC module of the TPA code controls the sequences of consequence and utility module
executions. For example, the EXEC module begins the computational process sequence by calling the
READER module, which in turn reads the #pa.inp file and checks the file for errors such as zero time
intervals, unqualified flag specifications, and improper range specifications for distribution functions. If
errors are detected, the READER module writes diagnostic output, identifies the location of the error(s) in
the tpa.inp file, and sends a flag to EXEC to terminate the run. If no errors are detected by READER, the
EXEC module checks the scenario class to be simulated and determines the ordered sequence of module
executions required for that particular scenario class. At this point, EXEC initiates a set of probabilistic
calculations for the specified simulation period (e.g., 50,000 yr) typically requiring about 13 hr.!

Before initiating the probabilistic simulation, the EXEC calls the statistical sampling utility module
(SAMPLER) (not shown in figure 3-1) to generate random values for the input parameters with assigned
probability distributions (e.g.,uniform, Gaussian, and lognormal). The SAMPLER module produces the
requisite number of random vectors (typically 200-400), with each vector consisting of a collection of the
random independent variables drawn from their specified distributions for a given trial. The TPA
Version 4.0 code permits the user to select either LHS (Iman and Shortencarier, 1984) or standard Monte
Carlo Sampling (MCS) or the use of externally generated LHS files for sensitivity analyses. Generally, LHS
is favored over MCS (Iman and Shortencarier, 1984) because it requires fewer trials for the same level of
statistical convergence.” The procedure used in TPA also allows multiple correlations among variables,
whereas the MCS method allows only correlations between two variables at a time. The required number
of samples is arbitrary, but generally must be greater than the number of stochastic variables. Statistical
convergence should be tested by comparing results for different numbers of samples.

Prior to the random trials, the EXEC module invokes the calculation of the initial radionuclide
inventories and thermal loading for the SF characteristics defined in the nuclides.dat and burnup.dat data
files. This calculation is performed by the INVENT utility module (not shown in figure 3-1) which, based
on the specified age of the waste, computes the inventory at the time of repository closure for
43 radionuclides. Although only a limited set of these 43 radionuclides is considered in the groundwater

Based on 1.3 min/realization/100,000-yr simulation period and 400 random trials on a dedicated SUN Ultra Enterprise
workstation.

Note: The Monte Carlo Sampling (MCS) method generally requires less computer memory than the Latin Hypercube Sampling
(LHS) method. Also, implementing new distribution functions is easier in MCS than in LHS.
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pathway calculations to reduce computation time, the full set is considered in the IA scenario release class.
In the current version of TPA, the radionuclide source term is computed assuming only an SF inventory,
although the proposed nuclear waste repository is expected to consist of both commercial SF and vitrified
defense HLW.

Another preparatory step to initiating the random trials involves setting up the spatial discretization
of the repository region and the UZ and SZ flow fields. The repository is divided into a number of subareas
(typically eight or more) using the coordinates specified in the #pa.inp file. In contrast, the UZ and SZ are
discretized prior to the simulation in the flow tube sections with the geometry of the SZ sections being
specified by the user in static data files (designated as *.daf). Similarly, the simulation period (e.g., 10,000
or 100,000 yr) is discretized by the user into two intervals and each interval is subdivided as specified by
the user. Results are thus produced at two specified intervals.

After the full set of parameters and data files are assembled, EXEC executes the consequence
modules (i.e., modules that simulate physical and chemical processes). The basecase WP degradation and
contaminant release and transport process consequence modules include

. UZFLOW-—computes time varying percolation flux through the UZ for each subarea
. NFENV—provides thermohydrologic and hydrochemical history in the near field
. EBSFAIL—simulates the corrosion and mechanical failure phenomena and computes the

container lifetime

. SEISMO—estimates the number of containers affected by seismically induced rockfall

. EBSREL—computes the radionuclide release rate from the EBS

. UZFT—simulates flow and transport through the UZ using the NEFTRAN II code (Olague
et al., 1991) (not shown in figure 3-1)

. SZFT—simulates flow and transport through the SZ using the NEFTRAN II code

. DCAGW—computes radionuclide concentrations at the well head, DCFs, and resulting
doses

During the TPA simulation, the EXEC module may invoke other consequence modules. For
example, if a particular disruptive event scenario class is specified, the EXEC module will add to the
previous sequence of execution one or more of the following consequence modules:

. FAULTO—simulates faulting events and computes number of WPs affected

. VOLCANO—simulates magmatic intrusions and computes amount of waste released
. ASHPLUMO—simulates airborne transport and contaminated ash particle deposition
. ASHRMOVO—computes radionuclide concentrations in soil

. DCAGS——converts soil concentrations into dose

The previously listed consequence modules are implemented in the FORTRAN source code in one or more
of the following ways: (i) table look-up, (ii) module/subroutine implementation, and (iii) stand-alone codes.

3-4



Table look-up is an implementation in which the consequence module reads from one or more static
data files [see figure 3-2(a)]. A table look-up code has been used for those consequence modules where a
simulation of features, events, and processes was not computationally feasible (i.e., module requires large
execution times for individual random trials). The appropriate process-level code or codes are run offline
for selected cases and the results are abstracted and stored in a static data file. SEISMO is an example of
a consequence module using a table look-up. The SEISMO module accesses data files generated separately
with the Universal Distinct Element Code (UDEC) (Itasca Consulting Group, Inc., 1996). The UDEC
program typically requires many hours of CPU time to complete a single 2D simulation of an emplacement
drift subjected to a particular seismic load.

Another coding implementation approach embedded directly into the consequence modules is
illustrated in figure 3-2(b). In this case, calculations are performed without reliance on static data files or
stand-alone programs. Two consequence modules using this type of coding are UZFLOW and
ASHRMOVO, which implement numerical algorithms to solve mathematical representations of abstracted
process models. Because of the simplicity of these particular models and the fast calculational algorithms,
UZFLOW and ASHRMOVO were implemented as subroutines rather than as table look-up modules.

The third code implementation is execution of a stand-alone computer program illustrated in
figure 3-2(c). Stand-alone codes do not require any component of the TPA code for execution, although data
required for execution are passed to them in the proper format when called by the TPA code. This particular
implementation requires a nonstandard FORTRAN call within the TPA code spawning an external process
that runs the stand-alone program. Although this feature is not part of FORTRAN 77, it is an option
provided by all compilers (SunSoft, Inc., 1996). This method of computer execution is currently used in
modules such as EBSREL, UZFT, SZFT, and ASHPLUME. EBSREL executes the release portion of the
EBSPAC code (Mohanty et al., 1997) and both UZFT and SZFT execute the NEFTRAN II program
(Olague et al., 1991). ASHPLUMO executes the ASHPLUME program (Jarzemba et al., 1997). A summary
of the current implementation for consequence modules is provided in table 3-1.

3.2 EXEC MODULE OPERATION

This section briefly describes the sequence of operations in the EXEC module including the
individual calls to the consequence modules. The user begins TPA execution by typing fpa.e (UNIX) or
tpa.exe (NT) at the keyboard. EXEC then copies files from the data and code subdirectories into the
working directory and either reads the data files or runs the stand-alone code executables. A listing and
description of the files contained in the data and codes subdirectories are provided in chapter 19 and
appendix B.

The first subroutine call in EXEC is to READER. The READER utility module reads data from
the tpa.inp file and stores the information in variables and arrays. After calling READER, EXEC opens and
writes a five-line header to the output files. The headers contain the two-line title specified in the #pa.inp
file, a two-line description of the output file contents, and a single line with the simulation starting time and
date that uniquely identify one execution of the TPA code. A discussion of the contents for each output file
is presented in chapter 20. Before calculations are performed, EXEC prints to the screen selected input data
specified in the pa.inp file. This information allows the user to verify that certain critical values have been
properly set in the input file #pa.inp (e.g., repository design, simulation time, and disruptive scenario flags).
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3.2.1 Realization Loop

Once the output file headers are written, EXEC enters a loop that is executed one time for each
realization. In the realization loop, EXEC continues to write results to the screen. These screen prints serve
to (i) provide a quick synopsis of global parameter setup, (ii) identify the path for the primary input file,
and (iii) present program execution progress and status. Figure 3-3 is an excerpt of the screen output
produced during execution of the TPA Version 4.0 code.

At the beginning of each realization, EXEC calls the SAMPLER subroutine newrealization to
obtain values of all sampled parameters defined in the #pa.inp file and assigns the values to an array.
Additionally, arrays are initialized at the start of the realization loop. These values may be used by EXEC
or any of the consequence modules.

Depending on the sampling methodology (LHS, MCS, or external file), values are either read from
the LHS output file, sampled using the RAN utility module, or read from a user-supplied file. If the LHS
option is selected in the #pa.inp file, EXEC calls the SAMPLER subroutine newrealization, which spawns
the process for LHS (snllhs.f). The LHS program is executed only once in the simulation. The output from
LHS provides values for the sampled parameters in #pa.inp for all realizations. LHS samples all parameters
irrespective of whether the parameters are used or not as long as they are specified as sampled parameters
in the input file. If selected, MCS is performed when the EXEC calls the subroutine newrealization,
typically within the modules on an as-needed basis. In contrast to LHS, MCS occurs at the beginning of
each realization and values are then stored in an array. As with LHS sampling, values from MCS may be
used by EXEC or any of the consequence modules. In the TPA Version 4.0 code, it is recommended the
user exercise only the LHS option because MCS is limited to specifying correlation between only two
parameters at a time. For the option of reading from a user-supplied file, which is especially useful in
sensitivity analyses, the external file is treated in the same manner as the LHS generated file.

3.2.2 Subarea Loop

EXEC next enters a loop executed one time per realization for every subarea. Using sampled
parameter values, constants specified in #pa.inp, and static data, EXEC proceeds to call the consequence
modules and pass the required intermediate results to subsequent modules. The subarea loop begins with
a call to UZFLOW. The results from UZFLOW consist of the time-varying flow rate of water into the
subarea. Using the total number of WPs in the subarea and the UZFLOW output, EXEC generates
time-dependent flow rate per WP, which is the primary input to NFENV. The NFENV module provides
values for WP temperature, RH, chloride concentration, and the time-varying flow rate of water contacting
the WP.

EXEC then calls the consequence module EBSFAIL. The principal input to EBSFAIL is the
NFENV outputs: WP temperature, RH, and chloride concentration. EBSFAIL spawns the process failt.f that
computes the failure time for all WPs in the subarea, which is written to the screen.

If SEISMO, FAULTO, or VOLCANO flags are set (i.e., the flag in the #pa.inp file set equal to 1),
EXEC will call the module. Individual scenario modules are not executed when their module specific flag
is 0. The scenario modules perform calculations for all subareas. Consequently, these modules are executed
only once per realization in the first pass through the subarea loop.
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Table 3-1. Current implementation for consequence modules in the TPA Version 4.0 code

Consequence External Stand-Alone

Module Table Look-Up Subroutine(s) Program
UZFLOW X X —
NFENV X X —
EBSFAIL — — X (failt.f)
EBSREL X e X (releaset.f and ebsfilt.f)
UZFT — X X (nefmks.f)
SZFT X X X (nefmks.f)
DCAGW X X X (GENTPA)
FAULTO — X —
SEISMO X X —
VOLCANO — X —
ASHPLUMO — — X (ashplume.f)
ASHRMOVO — X —
DCAGS X — —

When the SEISMO flag is 1, EXEC calls the SAMPLER subroutine samplehazardcurve. This
subroutine uses the hazard curve defined in the #pa.inp file to determine the number and type of seismic
events occurring during the simulation time. EXEC then calls SEISMO, which uses the seismic event data
from the hazard curve to calculate the cumulative fraction of WPs failed by seismic activity assuming no
WP failures due to initial defects or from processes evaluated in EBSFAIL.

When module flags are set to 1, EXEC calls the FAULTO and VOLCANO modules. FAULTO does
not utilize any values calculated in other consequence modules. The output from FAULTO is an array with
the fraction of WPs failed by faulting events for each subarea. As with FAULTO, VOLCANO does not
utilize any values calculated in other consequence modules. VOLCANO output is an array with the fraction
of WPs failed by the dike associated with the volcanic event for each subarea and the mass [in metric tons
of uranium (MTU)] of waste ejected from the volcanic cone.

After executing EBSFAIL and the selected disruptive consequence modules, the number of WPs
failed by initial defects, corrosion, faulting, IA, and seismicity are determined for the entire subarea. The
times of failure are determined and the number of failed WPs are computed for each failure type. There are
four seismic failure time intervals (counted as four failure types) specified in the #pa.inp file. Thus, there
are a total of eight failure types, each with the associated time of event and number of failed WPs. These
values are used by the EBSREL module for computing source term.
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exec: Welcome to TPA Version 4.0
Job started: Tue Mar 30 17:55:09 2000

REPOSITORY DESIGN INFORMATION

Subarea Area Waste Number of WP
# [m"~2] [MTU]
1 723591.3 14200.8 1455
2 784763.0 15303.7 1568
3 390372.0 7564.0 775
4 207581.3 4157.8 426
5 378972.8 7417.6 760
6 424872.5 8305.8 851
7 163938.3 3152.5 323
8 393468.9 7944.6 814

856.82238463061
68046.720000000
79.417532992367

Total Area [acre]
Total Buried Waste [MTU]
Repository AML [MTU/acre]

Specified Global Parameters:

Compliance Period
Maximum Simulation Time
Number Of Realizations

nn
[t
o
o
o

= o
o
—
<
aj
~

Number Of Subareas = 8
Volcanism scenario = 0 (yes=1, no=0)
Faulting scenario = 0 (yes=1, no=0)
Seismic scenario = 1 (yes=1, no=0)
Distance to Receptor Group = 20.0 (km)

**>>> CAUTION: CHECKING OF NUCLIDES AND CHAINS IS DISABLED <<<**
**>>> You may not be using the standard chains specified <LK **
**>>> in the invent module. <LK X x
**>>> (see "CheckNuclidesAndChains (yes=1,no=0)" in tpa.inp)<<<**

The specified path for data
The specified path for codes

STPA_DATA
$STPA_TEST

**To modify global parameters or the path, stop code execution using
control-C*¥*

exec: calling uzflow
exec: calling nfenv

Figure 3-3. TPA Version 4.0 code screen output
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The next consequence module called by EXEC, EBSREL, uses the number of initially defective
WPs, and the time and number of WPs failed by corrosion, faulting, IA, and seismicity to write the
ebsrel.inp file, which is an input file for the stand-alone code releaset.f. The argument list for EBSREL also
includes the flow rate of water potentially hitting the WP before diversion which is written to the ebsflo.dat
file. Also written to the ebsflo.dat file, is the time history of the two factors (F,, and F,,,) from the wp
flow.dat data file. These two factors are used to determine the flow rate of water into the WP. The EBSREL
consequence module passes to the stand-alone code ebsfilt.f the time evolution of radionuclide release rates
from the WP for the computation of radionuclide transport through the invert material. The EBSREL
consequence module then passes the EBS release rates calculated in the stand-alone code ebsfilt.fto EXEC.

EXEC then calls UZFT to compute the release rates from the UZ. Inputs in the UZFT argument list
include the flow rate of water into the subarea from UZFLOW and the EBS release rates from EBSREL.
UZFT spawns the stand-alone code process nefinks.f and maps the release rates calculated in nefmks.f to
the TPA time steps. These release rates are passed back to EXEC in the UZFT argument list.

The final consequence module called by EXEC in the subarea loop is SZFT. The SZFT module uses
release rates from UZFT to determine the SZ release rates at the receptor location (at or less than 20 km).
The receptor group is specified in the TPA input file #pa.inp. The primary input and output in the SZFT
argument list are the UZ release rates from UZFT and SZ release rates, respectively. Just as with UZFT,
the SZFT module spawns the nefimks.f process, which calculates release rates and maps these release rates
to TPA time steps.

Within the subarea loop, arrays store intermediate results that may be subsequently written to output
files or summed for calculations performed later in the program execution outside of the subarea loop. In
the subarea loop, the consequence modules UZFLOW, NFENV, EBSFAIL, EBSREL, UZFT, and SZFT
are executed once for each subarea and the disruptive modules selected in the zpa.inp file are called by
EXEC on the first pass through the subarea loop.

3.2.3 Release Consequence

After completing the subarea loop, EXEC calls the consequence module DCAGW. The principal
input to DCAGW in the argument list consists of the release rates from SZFT summed for all subareas. The
module DCAGW spawns the execution of the GENTPA code which computes DCFs using exposure-related
data specified in the #pa.inp file. The DCAGW module used these DCFs to calculate the dose from the
groundwater pathway for the current realization. The calculated groundwater dose is passed back to EXEC
in the DCAGW argument list.

If the VOLCANO consequence module was executed in the subarea loop, EXEC calls the remaining
modules ASHPLUMO, ASHRMOVO, and DCAGS to evaluate the ground surface dose. Otherwise,
following the call to DCAGW, EXEC has finished calculations for the current realization. EXEC then
returns to the beginning of the realization loop and repeats calculations in the subarea loop for the next
realization.

When evaluating the ground surface pathway, EXEC will have already executed VOLCANO.
Output from VOLCANO includes the mass of SF ejected from the volcanic cone. After being called by
EXEC, the ASHPLUMO module spawns the process for ashplume.f, which computes the areal density of
SF and ash deposited on the ground surface at the receptor location. Input and output variables in the
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ASHPLUMO argument list include the mass of SF ejected and the areal densities of SF and ash.
ASHRMOVO is then called and uses the output from ASHPLUMO to determine the SF deposition on the
ground surface at the receptor location.

The final ground surface module called by EXEC in the realization loop is DCAGS. The DCAGS
module argument list contains the ASHRMOVO output for the ground surface SF deposition. Using these
values and DCFs in static data files, DCAGS calculates the ground surface dose, which is passed back to
EXEC in the DCAGS argument list.

After DCAGS execution, EXEC has finished the realization loop. The number of realizations
performed by EXEC is specified in the #pa.inp file. When all realizations are complete, there are no other
calls to consequence modules. Throughout the program execution, EXEC writes headers and results to the
output files. The TPA output file have names with res, tpa, hdr, abb, rit, ech, and cum extensions. A
detailed description of the TPA output files and their contents is provided in chapter 20.

3.3 UTILITY MODULES

The TPA Version 4.0 code performs various initializations, input and output processing, and
intermediate calculations. There are six primary utility modules: SAMPLER, INVENT, READER,
MODULE VARIABLE, SUBAREA, and ARRAY. There are another six secondary utility modules:
FILEUNIT, FINDELEV, NUMRECIP, PEAKFIND, RAN, and SNLLHS. Each of these utility modules is
composed of a variety of subroutines and function routines that provide centralized support to the
algorithms in the consequence modules. Descriptions of SAMPLER and INVENT and their support
functions are presented in this section. Appendix C contains more in-depth information on the distributions
included in SAMPLER, and descriptions of other individual utility modules including information about
specific functions and subroutines for each utility module.

3.3.1 SAMPLER

The SAMPLER utility module dynamically stores and retrieves information for model input
parameters with assigned statistical distributions. Probability density functions (PDFs) are defined in and
read from the #pa.inp file during program execution. Although SAMPLER supports either MCS, LHS, or
the use of externally generated LHS files, LHS is the primary sampling scheme used in the TPA Version 4.0
code. The user selects the sampling scheme in the #pa.inp file. If LHS is selected, the SNLLHS utility
module develops the required random variates using a program modified from Iman and Shortencarier
(1984). Changes to the LHS code are discussed in section 3.3.1.2.

3.3.1.1 Parameter Sampling

In addition to the option of using externally generated LHS files, there are two sampling options
available in the TPA Version 4.0 code: (i) LHS using the code developed by Iman and Shortencarier (1984)
modified by the addition of several more distributions, and (ii)) MCS. The main advantage of LHS over
straight MCS is that the parameter ranges are covered more evenly and, in general, fewer vectors are
necessary to achieve statistical convergence in the results when large numbers of parameters are sampled.
The output of LHS is written to a file whose size depends upon the number of samples (or vectors) and the
number of values in each sample. For instance, if there are n» random variables and N samples are required,
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then the output file will contain N vectors, each containing » values. One vector at a time is read from this
file to provide all the necessary random input to the TPA code.

Table 3-2 lists the distribution functions available for LHS along with examples to guide the user
to the correct parameter specifications. A great many distributions can be approximately represented by
choosing appropriate combinations of p and g for the beta distribution. Figure 3-4 illustrates how various
distribution functions can be approximated using the beta distribution.

If MCS is selected, then samples are drawn from the various distributions using well established
algorithms (e.g., Press et al., 1986; Ripley, 1987; Ang and Tang, 1984). The calculations to develop random
variates are performed in the RAN utility module.

3.3.1.2 Modifications to the Latin Hypercube Sampling Routine

The computer code LHS, developed by Iman and Shortencarier (1984), was modified substantially
for the present TPA code. This included the addition of five new distribution types: log-triangular,
exponential, finite exponential, integer uniform, and log-beta as well as modifications to the user-defined
and beta distributions. These distributions are described in appendix D.

Although the original LHS code included the beta distribution, it did not work reliably and there
were no integer uniform or log-beta distributions. A replacement algorithm was installed for the beta
distribution. The new algorithm employs an acceptance-rejection technique (Press et al., 1986) to generate
the beta samples efficiently. New algorithms were also added for the integer uniform and log-beta
distributions.

3.3.1.3 Distributions

The statistical distributions included in the SAMPLER utility module are

. Constant

. Uniform

. Loguniform

. Normal

. Lognormal

. Triangular

. Log-triangular
. Beta

. Exponential

. Finite exponential
. Integer uniform
. Log-beta

Mathematical representations of these distribution functions are presented in appendix D. A brief
description of the input data formats for various distribution functions is presented in table 3-2 and in
chapter 19. Figures 3-5 and 3-6 illustrate the distributions listed previously, with the exception of the
constant distribution.
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Table 3-2. Latin Hypercube Sampling distribution functions

Parameter Specifications

Distribution for LHS Example
beta A B p ¢ beta
A and B are distribution endpoints; NWFaultZoneWidth[m]
(A <B), p, and q are shape parameters | 0.5, 275.0, 1.25, 15.0
exponential A exponential
A is recurrence rate WindSpeed[cm/s]
0.002 (here A is specified in s/cm)
finite-exponential | A B A finiteexponential
User must specify recurrence rate A, TimeOfNextFaultingEventInRegionOflnterest]
upper and lower limits A and B; A <B | yr]

100.0, 10000.0, 1.0e-4

is x-coordinate of the distribution
apex; Allows A<B<CorA=B<C
orA<B=C

integer-uniform A B iuniform
User must specify endpoints A and B as | SubareaOfVolcanicEvent[]
integers; A <B 1,8
log-beta A B p q logbeta
A and B are distribution endpoints; NWFaultZoneWidth[m]
(A <B), p, and q are shape 0.5, 275.0, 1.25, 15.0
parameters; user must specify A >0
and B >0
lognormal A B lognormal
User must specify A > 0, B > 0 such | MatrixPermeability TSw_[m?2]
that P(X < A) = 0.001 and P(X <B) = | 2.6e-20, 7.3e-17
0.999
log-triangular A B C logtriangular
A and C are endpoints of the range; B | AshMeanParticleLogDiameter[d in cm]
is x-coordinate distribution apex; 0.01,0.1, 1.0
allows for A<B<CorA=B<Cor
A < B = C; user must specify A >0,
B>0, and C >0
loguniform A B loguniform
User must specify end points A > 0 and | SolubilityTh[kg/m3]
B>0;A<B 2.3e-7, 2.3e-1
normal A B normal
User must specify A and B such that | MetalGrainRadius[micrometer]
P(X < A) = 0.001 and P(X < B) =1 7.5, 20.0
0.999; A<B
triangular A B C triangular
A and C are endpoints of the range; B | SolubilityNp[kg/m3]

1.2e-3, 3.4e-2, 2.4e-0
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Table 3-2. Latin Hypercube Sampling distribution functions (cont’d)

Parameter Specifications
Distribution for LHS Example
uniform A B uniform
User must specify endpoints A and B; | NWCumulativeDisplacementRate[mm/yr]
A<B 0.0, 0.00005
userdistribution N x(1), x(2), x(3),....., x(N) userdistribution
Used for sampling from distribution ThresholdDisplacementForFaultDisruptionOf
whose distribution is not built into the | WP[m]
program; N is number of sample data | 4
points and x(i) are equiprobable 0.1
sample data 0.2
0.3
0.4
correlateinputs Correlates parameters sampled from two | Input structure for correlated inputs are
different distributions; correlation value | specified as:
must be greater than or equal to -0.9999 | correlateinputs (keyword)
and less than or equal to 0.9999; no | First correlated parameter (name)
more than 50 pairs of correlated inputs | Second correlated parameter (name)
can be provided Correlation value

In addition to those listed above, the log-beta distribution is supported when MCS is used. Two other
options for distribution specification exist that allow sampling from user supplied data and forcing a
correlation among parameters. These two options are described in the following sections.

3.3.1.4 User-Defined Distribution

SAMPLER also allows the input of user-supplied data for defining and sampling from an empirical
distribution. If the information for an input variable is only available in the form of sample data, then the
user-defined distribution option provides the means to accommodate these data and sample from them. This
is accomplished by sampling directly from the empirical distribution function formed from available data.
For example, suppose there are eight equally probable sample data points: 0.3, 0.7, 1.3, 1.8, 2.0, 2.6, 3.0,
and 3.3. The CDFs for these example data are shown in figure 3-6b. The step heights (probabilities) are all
the same and in this case equal 1/8. Samples from this distribution will be one of the eight input values, and
neither interpolation nor extrapolation of the data is performed. Hence, the CDF has a stair-step profile.

3.3.1.5 Specified Correlation
SAMPLER contains a feature that allows correlation among multiple variables when using LHS,
or between two variables when using MCS. Using an algorithm described by Iman and Shortencarier

(1984), the analyst must select the LHS scheme when correlation among more than two variables at a time
is required.

3-14



T T T T T 1 0 T
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0 0 0.5 1.0
2 24 2 A 2 -
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1 1 14 1+ 1
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X X X X

Figure 3-4. Beta densities for various choices of the parameters p and ¢ (Iman and Shortencarier,
1984)
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(a) Uniform Distribution (b) Log-uniform Distribution
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Figure 3-5. Examples of (a) uniform, (b) loguniform, (c) normal, (d) lognormal, (e) triangular, and
(f) log-triangular distributions
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(a) Exponential Distribution (b) Finite Exponential Distribution
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Figure 3-6. Examples of (a) exponential, (b) finite exponential, (c) beta, (d) user-defined, (e) log-beta,
and (f) integer-uniform distributions
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The correlation coefficient, p , specifies the statistical relationship among sampled variables. When
p =1, there is a perfect positive correlation. When p = O, the two variables are independent. When

p = -1, there is perfect negative correlation.

An example of a user-specified correlation is shown in figure 3-7. On the left side, scatter plots of
the z’s, u’s, and x’s are shown between two parameters when p = 0.0 (i.e., no correlation). On the right

side, similar scatter plots are shown for p = 0.9 (parameters highly positively correlated). These plots

visually demonstrate how the algorithm correlates the z’s (samples from unit normal distributions),
transforms them into #’s (quantiles), and then converts these into x’s (sampled values). The first parameter
has a normal distribution that is the same as shown in figure 3-5.

3.3.2 INVENT

INVENT is a utility module that centralizes the computation and storage of radionuclide-specific
information and inventory, data for use throughout the TPA Version 4.0 code. This module builds upon and
extends the work of Lozano et al. (1994). The subroutines provide the inventory (in Ci/MTU) of
43 radionuclides accounting for chain decay and ingrowth of daughters. The time history of the thermal
output of the average waste [MTU weighted average of boiling water reactor (BWR) and pressurized water
reactor (PWR) SF] is also provided by the INVENT module.

During the execution of the TPA Version 4.0 code, radionuclide inventories repeatedly must be
calculated and queried. For example, in the IPA Phase 2 exercise (Wescott et al., 1995), the inventories of
20 radionuclides were tracked from 10 yr out-of-core (assumed age at emplacement) up to 10,000 yr. From
experience with the TPA Version 2.0 code, computation of the nuclide inventories was centralized to ensure
data consistency between modules, and to allow for variability of the initial nuclide inventories because of
prolonged aging of the waste from reactor to repository and the composition of the waste. The INVENT
utility module was developed to centralize the calculation of radionuclide inventories for the SF and to
create an efficient storage and retrieval interface for other modules to access this information.

The governing ordinary differential equation for predicting radionuclide inventories as a function
of time is

dN (1)
i~ _ 2P 1T (3-1)
g = hio1 N -4 N0
where
N;(2) — radionuclide population as a function of time [mol]
lf_l — radioactive decay constant for the parent radionuclide [1/yr]
N;_1 (D) —— parent radionuclide population as a function of time [mol]
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AL — total removal constant, which is a combination of radioactive decay and

any other removal processes whose rate of removal is proportional to the
population of the nuclide

The analytic solution to the above differential equation is (Jarzemba and Manteufel, 1997)

i [ﬁl (TERMm)](Nn’O) i [H(TERMS)}

s exp (—ki.t)— v

S
’I_l‘

Ni(t):

. . (AT AT !
j=1 rzl(lk—lj) A
k#j g=1
- - (3-2)
ka,_m - A" m(n
TERM _ = »
A m2n
Ao-AT s(u
TERM, = »
A s2u
where
N, — initial population of radionuclide »

In the current implementation of the INVENT utility module, 7»? is equal to 7»1:.) . Equation (3-2)
was originally derived for calculating radionuclide leaching from contaminated volcanic ash blankets.

The initial inventories and thermal outputs are read by the INVENT utility module from data files
nuclides.dat and burnup.dat. The thermal outputs are presented for 21 PWR and 44 BWR WPs in
burnup.dat data files. Although the INVENT module waste inventories are currently based on the default
assumptions of an average of PWR waste with a 39.56-GWd/MTU burnup and 35-percent BWR waste with
a 32.24-GWd/MTU burnup, 3 percent can be changed if desired. These default assumptions provide an
average waste burnup of 37-percent GWd/MTU. The typical age of the waste at the time of emplacement
is set at 26 yr (i.e., default value), the average age of the waste at the time of emplacement, unless specified
otherwise in the tpa.inp file. INVENT uses this information to determine the activity of each of the
43 radionuclides of interest in the HLW projected to the time of interest. The set of 43 radionuclides shown
in table 3-3 was selected after reviewing the literature and finding 43 as the largest set of radionuclides
being considered in other TSPA efforts (Barnard et al., 1992; Wilson et al., 1994; TRW Environmental
Safety Systems, Inc., 1995). The NRC IPA Phase 2 effort tracked 20 radionuclides, hence the database has
been expanded.

Details on the physical properties and inventory can be found in table 19-1. The order of the

nuclides shown in table 3-3 is used throughout the TPA Version 4.0 code including the DCF tables
presented in appendix B. As will be presented later in this user’s guide, the direct release calculation uses
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Table 3-3. List of 43 nuclides in the INVENT database

Nuclide Nuclide Nuclide Nuclide

Number Name Number Name
1 238U 23 240Pu
2 246Cm 2 4 236U
3 242Pu 2 5 232U
4 2HmAm 26 51Sm
5 238py 27 37Cs
6 234U 2 8 135 C s
7 230Th 29 129I
8 226Rq 30 126
9 210pp 31 121mg
10 243Cm 32 lOSmAg
11 23 Am 33 107pq
12 39py 34 PTc
13 35U 35 Mo
14 21pg 36 *Nb
15 2TAc 37 BZr
16 25Cm 38 Sr
17 241py 39 Se
18 2 Am 40 Ni
19 %7Np 41 Ni
20 By 42 %Cl
21 29Th 43 1C
22 24Cm

all 43 nuclides, whereas a smaller set of nuclides (similar to IPA Phase 2) is used for groundwater releases,
though the code has the capability to use any number of nuclides from the list of 43.

The 43 radionuclides considered in the INVENT module for direct releases contain four major
actinide element decay chains. These chains are shown in figure 3-8. The specific nuclides being tracked
are boxed in the decay chains. Additional radionuclides are tracked in the INVENT module that are not
chain decay members; they are handled through simple decay equations. These radionuclides are typically
fission or activation products and include *?U, '*'Sm, *’Cs, '*Cs, '®1, '%Sn, '?'™Sn, '®"Ag, '97Pd, *Tc,
Mo, **Nb, **Zr, *Sr, ™Se, ©Ni, *Ni, **Cl, and "C.

Radionuclide inventory calculations performed by INVENT have been verified by comparing the
results with other published results and plotting the inventories for times from 10 to 1,000,000 yr
(figure 3-9). The trends in the inventories were compared with those published elsewhere (e.g., Roxburgh,
1987). As expected, most radionuclide inventories decrease with increasing time, some remain relatively
constant over long periods of time (those with long half-lives), and others increase with time (daughters in
a decay chain). For example, ***Pu has an 87.7-yr half-life, and its inventory can be observed to
continuously decrease with time. Another example is 2**U, which has a 244,500-yr half-life, and remains
relatively constant up to about 100,000 yr. An example of daughter ingrowth can be seen with 2°Th, **Ra,
and ?'°Pb, which are in the *Cm decay series of radionuclides (figure 3-7). Hence, the inventories of these
daughters increase with time. In summary, the INVENT module was developed to facilitate the calculation
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Figure 3-9. Radionuclide inventories as a function of time (calculated by the INVENT module)
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of radionuclide inventories and the thermal output of the HLW that is used by various consequence modules
of the TPA Version 4.0 code.

3.4 CONSEQUENCE MODULES

This section presents an outline of the information provided in chapters 4—18 for each of the
consequence modules associated with the TPA Version 4.0 code. A description of the conceptual model
and its implementation in each consequence module are presented via the following four sections

) Information Flow
(general identification of the input supplied by the user and information supplied by other
modules, and the information that this module provides to other modules)

(i1) Intermediate Results
(identification of the kinds of intermediate results that are available to provide insight on
the calculational results of a particular module that are intermediate to the overall
performance measure; examples of intermediate results are WP lifetime and release rates
from the UZ)

(iii))  Conceptual Model
(description of the technical approach and implementation within the code)

(iv)  Assumptions
(listing of some of the important assumptions and, where appropriate, their effect on
conservatism in the final results)

The information in chapters 418 is intended to allow a potential user of the code to either develop or
modify the input files of the TPA Version 4.0 code based on an understanding of the relationship of the
input parameters to the calculational approach in the code, and to know the types of results available for
analyzing performance.

Execution of the TPA Version 4.0 code requires a variety of input. The primary input file, #pa.inp,
is used to control the attributes of the simulation (e.g., inclusion of disruptive events, number of realizations
in the probabilistic analyses, and length of simulation) and specification of parameters. It is anticipated that
the TPA Version 4.0 code will typically be used in a probabilistic mode (i.e., performing a large number
of trials based on MCS or LHS of the input parameters) due to uncertainty and variability in describing the
repository system (e.g., porosity, retardation, and solubility limits). The input parameters included in the
tpa.inp file are the only input that can be sampled. Other inputs, not considered appropriate for sampling,
are used to specify constants of the analysis (e.g., elevation of the subarea and radionuclide half-life) or
abstractions of detailed models (e.g., definition of streamtube characteristics based on a 2D analysis). A
variety of data files, generally designated by .dat at the end of the file name, are used to supply the
deterministic information. For completeness, chapters 4—18 identify input relevant to a particular module;
however, the user should only modify the values in the #pa.inp file. Chapter 19 and appendixes A and B
contain additional information on the input structure for the TPA Version 4.0 code.

Two general types of consequence modules are incorporated in the TPA Version 4.0 code:
(i) basecase modules primarily associated with the groundwater pathway—UZFLOW, NFENV, EBSFAIL,

3-24



SEISMO, EBSREL, UZFT, SZFT, and DCAGW, and (ii) disruptive event modules associated with damage
to the WP and direct release of radionuclides in the air pathway from the extrusive component of
IA—FAULTO, VOLCANO, ASHPLUMO, ASHRMOVO, and DCAGS. Overall, the consequence modules
described in chapters 4—18 estimate

. Water infiltration from the land surface to the subsurface and, subsequently, into the
emplacement drifts onto WPs

. Environment around the WPs (temperature, humidity, pH, chloride ion concentration, and
carbonate ion concentration) that affects WP degradation or radionuclide release

. WP failure times due to corrosion and mechanical processes, seismicity induced rockfall,
faulting, IA, and WPs assumed to be initially defective

. Release of radionuclides from failed WPs through the invert to the groundwater transport
pathway

. Release of radionuclides from the extrusive component of IA to the air pathway

. Transport of radionuclides in groundwater through the UZ and SZ

. Transport of radionuclides in volcanic ash

. Doses to receptors through the radiological contamination in groundwater

. Doses to receptors through the radiological contamination of the ground surface (released

from the repository by an extrusive volcanic event)
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4 UZFLOW MODULE DESCRIPTION

The UZFLOW module calculates the amount of water infiltrating from the ground surface into the UZ
above the repository. Water that has infiltrated the subsurface affects the repository near-field environment
and is potentially available for WP corrosion, dissolution of material in the WP, and transport of material
released from WPs. Specifically, UZFLOW determines the temporal and spatial variation of percolation
water flux at the repository horizon in the absence of thermal effects from the repository. The NFENV
module, which simulates the near-field environment, accounts for the effect of repository heating on
percolation through the repository. The calculation of percolation flux includes the effect of changes in
precipitation and temperature that may occur at the ground surface throughout the life of the repository.
Additional information on modeling of climate change and its effect on percolation flux can be found in
Stothoff et al. (1997).

4.1 INFORMATION FLOW WITHIN TPA

4.1.1 Information Supplied to UZFLOW

Input provided to the UZFLOW module consists of detailed information on ground surface
elevation, soil thickness, and the future climatic conditions (provided via external files, see chapter 19),
and parameters that specify the present infiltration and the variation in climate (provided in #pa.inp).
Ground surface elevation is supplied as a DEM in the data file entitled elevdem.dat. A DEM with the same
discretization, soildem.dat, provides soil thicknesses. The input files climatol.dat and climato2.dat provide
data for representing time-dependent future climatic conditions. Data file climatol.dat provides noise data
(normally distributed random numbers) used in computing time-varying MAP and mean annual temperature
(MAT). Data file climato2.dat provides a time history of glaciation expressed as a fraction of the full
glacial maximum in temperature and precipitation. The estimated MAI for specified MAP and MAT is
supplied as a table of DEMs in the data file maidtbl.dat, which is generated using a preprocessor code.
Appendix B gives additional detail on the structure of these data files. All other input parameters to
UZFLOW specifying present infiltration and the magnitude of climate variation are in the UZFLOW
section of the pa.inp file.

4.1.2 Information Provided by UZFLOW

UZFLOW passes to EXEC the time-varying volumetric flow rate of water infiltrating toward the
repository, which then provides these values to the NFENV module for use in estimating groundwater
reflux during the repository thermal phase and the UZFT module for determining transport velocities.

4.2 INTERMEDIATE RESULTS

The intermediate outputs from UZFLOW are available in the infilper.res file. For all realizations,
the infilper.res file provides the deep percolation rate averaged over all subareas for every tenth-time step
used in the TPA run. The infilper.res file is detailed in tables 20-1 and 20-2.

When the append option is turned on by the user in the #pa.inp file to create additional intermediate

outputs, UZFLOW inputs and outputs are written to the uzflow.ech and the wuzflow.rit files. The time
intervals specified by EXEC are included in the uzflow.ech file. The volumetric flow rates into each
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subarea for all time steps are provided in the uzflow.rit file. A complete description of these files is
presented in chapter 20.

43 CONCEPTUAL MODEL

The UZFLOW module has three sections: (i) a climate model for specification of the time history
of climatic change, (ii) a model for calculation of shallow infiltration rate under different climates, and
(iii) a deep percolation model for calculation of spatially averaged percolation flux at the repository level.

The climate model assumes that climate variables change in response to a glacial cycle, with a
period of roughly 100,000 yr, with shorter-term perturbations superimposed upon the cycle. Two climate
variables, precipitation and temperature, have the dominant impact on infiltration (Stothoff et al., 1997).
The time evolution of the dominant variables is calculated in the TPA Version 4.0 code using input
specifications from the climatol.dat and climato2.dat data files (see table 19-2) and the UZFLOW section
of the tpa.inp file. The elevation-dependent spatial variability of these variables, is superimposed on the
glacial perturbations using the elevations in the elevdem.dat data file. Elevation-dependent vapor density,
based on RH and temperature data from meteorologic stations that bracket the elevations at YM, is also
incorporated into estimates of MAI but the elevation dependency is held constant across changes in climate.

Figure 4-1 illustrates the shallow infiltration conceptual model, including water and energy
balances for a system of shallow surficial soil above a fractured impermeable bedrock. Water and heat
enter and exit the soil at the ground surface. After a precipitation event, evaporation removes a portion of
the water and the remaining portion of the water infiltrates and moves into the deep subsurface (below the
root zone) via fracture and bedrock flow. Thus, water escaping evaporation becomes deep percolation.
Offline simulations of shallow infiltration using this conceptual model were performed for a simulated time
period of at least a decade using hourly time steps (Stothoff et al., 1997; Stothoff, 1999). The resulting
time-varying infiltration, accounting for short-term variability in climatic parameters, is abstracted into
relationships between MAI and decade-scale average climate (i.e., MAP and MAT). In a preprocessor code
(section 4.3.2), these relationships are used to estimate the expected value of MAI for several combinations
of MAP and MAT, yielding a table of estimates for each grid block in a DEM overlying the repository
footprint. In the UZFLOW module, all grid blocks within each subarea are aggregated to yield a table of
MAI averaged over the subarea. The time history of MAI is thus obtained from the time history of MAP
and MAT, with individual MAI values calculated for each grid block lying within the repository footprint
in the elevdem.dat data file.

The gridblock values of MAI are used to determine the total deep percolation for each repository
subarea (figure 4-2). The time interval for computing deep percolation is specified in the #pa.inp file; it
is typically on the scale of centuries. The deep-percolation time scale is much longer than for shallow
infiltration simulations, justified by the assumption of strong temporal smoothing of fluxes as waters pass
from the ground surface to the repository horizon. The smoothing is conceived of as a local process, so
that fluxes generally pass vertically to the repository without systematic lateral diversion.

4.3.1 Climate Model

Infiltration rates are strongly affected by precipitation and evapotranspiration (which in turn is
strongly affected by air temperature). Over the period of repository performance, it is anticipated that
average precipitation and air temperature will change. At the last full glacial maximum, available evidence
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Figure 4-1. UZFLOW conceptual model

suggests that MAP at YM may have been 1.5-3 times larger than under current climatic conditions, while
MAT may have been cooler by 5-10 °C (U.S.Nuclear Regulatory Commission, 1997). The effect of such
large climatic changes can be examined using the UZFLOW module.

The shallow infiltration model uses the time evolution of MAP and MAT to calculate MAI In arid
environments such as exist at YM, interannual variability in precipitation can vary by a factor of 10, so
that the concepts of MAP and MAT implicitly require averaging over several decades or more. The detailed
analysis performed to develop the regression equations for shallow infiltration incorporates climatic
variability at time scales shorter than a decade through the use of a 15-yr record from a meteorological
station that includes a complete set of the required variables. Climatic variability on scales longer than
decades is treated directly in the TPA Version 4.0 code as described in the following paragraphs.

The climate model assumes that the bulk effects of climatic change can be represented by a glacial-
change cycle, with shorter time-scale climate changes (century-to-century variability in precipitation and
temperature) superimposed on the overall change in climate (bulk signal). The timing of bulk climatic
change is felt to be more certain than the magnitude of climatic changes, with a full cycle of climatic
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changes occurring roughly during 100,000 yr. For purposes of this analysis, M4P and MAT are assumed
to be known at the start of the simulation (i.e., the present day), while changes in MAP and MAT during
full glacial conditions are considered quite uncertain.

The UZFLOW model incorporates the effects of climate change by sampling only those parameters
that have the greatest uncertainty for each TPA realization. For example, climate change can be
characterized by changes in MAP as a multiplier of current conditions (e.g., 1.5-3 times current values)
and changes in MAT as a difference from current conditions (e.g., 5-10 °C cooler). Accordingly, the MAP
multiplier at full glacial maximum and the MAT offset at full glacial maximum are specified in fpa.inp.
A function describing the temporal variation of bulk climatic change is obtained from the file climato2.dat.
As the simulation proceeds from the start through the climate change cycle, MAP and MAT cycle from
current values through full glacial maximum conditions and back to current conditions. MAP and MAT
have the same formula for bulk climatic change, so they vary at the same rate over the glacial cycle.

The bulk climatic change file (cl/imato2.daf) supplies the code with data generated using the
following formula, determined by matching the last several Milankovich cycles

-1 n(——r—) 2 @)
P=1mg T ™M 1433-1.22

f=T (4-2)

where T is time (ky) before present (in the Milankovich cycles used to develop the formula), f is the
relative change between the current climate and the full glacial maximum, p is a periodicity function, and

Dy represents the present-day value of MAP or MAT (i.e., at T =0). The input file has values at each
1,000 yr, which are linearly interpolated to obtain intermediate values. Note that Egs. ( 4-1) and (4-2)
predict that conditions are more than halfway to full glacial maximum (i.e., f >0.5) for roughly 2/3 of

the total climatic cycle, as shown in figure 4-3a, although conditions may be slightly drier and hotter than
present for about 10 ky.

The climatic history generated from the data file is evaluated for uniform time intervals, with
length specified in the #pa.inp file as TimeStepForClimate[yr]. At the midpoint for each interval, MAP and
MAT are evaluated using

MAP(1)= MAP + £ () ( MAPy, - MAF, @3)
MAT(t) = MAT, + f(1) (M4ngm - M4T0) (4-4)
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Figure 4-3. Variation of mean annual infiltration with changes in mean annual precipitation during
a climate cycle: (a) mean climate signal only and (b) with perturbation
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where ¢ is time from start of simulation; MAP, and MAT, represent MAP and MAT at the start of the
simulation; and MAPy,,, and MATy,,, represent MAP and MAT at full glacial maximum.

Variation in Climate Change Cycle

Relatively short-term climatic changes can significantly change the climate from the bulk
predictions (e.g., mini-glacial periods), thereby causing periods of higher or lower MAI As MAI is
exponentially dependent on climate (Section 4.3.2—Shallow Infiltration Model), the expected long-term
average infiltration is larger if these mini-glacial periods are considered, even if the climatic changes are
evenly distributed above and below the mean cycle. If the variability is small, it may be adequate to use
the bulk climate formula to predict infiltration. During relatively short simulations, these departures from
the bulk conditions can provide substantial portions of the total infiltration.

The UZFLOW module provides a mechanism to examine the importance for repository
performance of short-term climatic perturbations. A perturbation to the bulk value of both MAP and MAT
(developed as described previously) is calculated for each of the uniform time intervals. It is assumed that
the MAP and MAT perturbations are correlated with each other within a time interval, but perturbations
are not correlated between successive intervals (i.e., MAP and MAT variations in one time interval are not
affected by variations in previous intervals and do not affect variations in future time intervals). Within
a time period, k, perturbations are generated using

k

" = Le (4-5)
where
Xk - a vector of correlated perturbations in time step k
€ — a vector of independent standard normal perturbations
L - Cholesky decomposition f the correlation matrix

The correlation between MAP and MAT perturbations is represented by
CorrelationBetweenMAPandMAT in the #pa.inp file. The correlation must lie between -1 and 1, and a
reasonable value is about -0.8 (i.e., wetter conditions are generally associated with cooler conditions).

The actual values for MAP and MAT within time step k are calculated using

v;.‘ = xlj‘ 0']. + mj (4-6)

where j represents MAP or MAT, v;c is the calculated value of variable j, o; the standard deviation of

variable j, and m; the value of variable j using the bulk climatic interpolation. For MAP, standard deviation
values are called StandardDeviationOfMAPAboutMeanInOneTimePeriod[mm/yr] and for MAT, they are
termed StandardDeviationOfMATAboutMeanInOneTimePeriod[degC] in the #pa.inp file. Both standard
deviation values are assumed constant over the length of the TPA simulation.
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It is important to note that the time variability in the MAI formula is for time periods of less than
a decade. Within the preprocessor code, time variability of MAP and MAT may be considered using the
same procedure to predict expected MAI for a given climate state. In the preprocessor (section 4.3.2), the
standard deviations for MAP and MAT used in Eq. (4-6) should capture variability of 10-yr average
climate. Reasonable standard deviation values might be 20-30 mm/yr for MAP and 0.4-0.5 °C for MAT,
based on a 50-yr sequence of daily meteorologic observations at Beatty, Nevada. In the TPA code, the
standard deviations for MAP and MAT used in Eq. (4-6) should capture variability of average climate on
a longer time scale, such as centuries or millenia. The variability of climate likely leads to an increased
average infiltration as illustrated in the example presented in figure 4-3. If only the bulk climatic behavior
is wanted, the two standard deviation values should be set to zero. [Note: constant infiltration rates through
all time can be obtained by setting the values of MeanAverageTemperatureIncreaseAtGlacialMaximum to
0 as well as setting the two standard deviations to 0 in the #pa.inp file; MAPy,, in Eq. (4-3) is equal to the
multiplier times the MAT,.]

4.3.2 Shallow Infiltration Model

The shallow infiltration model in UZFLOW calculates the mean annual UZ net-infiltration flux
leaving the root zone for the deeper subsurface. The net-infiltration flux is directly linked to the MAP and
MAT climatic parameters, that are calculated as described above.

Infiltration in a semiarid zone, such as exists at YM, tends to occur during particularly wet years
possibly separated by years to decades of drier years. Simulations of bare-soil infiltration conducted by
Stothoff et al. (1997) and Stothoff (1999) indicate that MAI is strongly dependent on soil thickness when
the soil thickness is less than 50 cm, and that different soil thicknesses exhibit different sensitivities to
changes in MAP and MAT. Generally, thin soil layers allow infiltration to quickly reach fractures and thus
percolate below the root zone into the deeper subsurface. At YM, most of the repository footprint is
overlain by thin soils (i.e., less than 50 cm) with significant variability across the site. Accordingly, to
calculate MAI over the repository footprint, the shallow infiltration model uses a fine scale grid compared
to a typical subarea. The fine-scale calculations are averaged to the larger subarea scale within the
UZFLOW module.

The UZFLOW module does not explicitly consider any of the processes involved in calculating
MAI. Rather, an input file (maidtbl.dat) provides estimates of expected MAI for tabulated values of
expected MAP and MAT for each of the fine grid cells in a DEM. Within UZFLOW, the grid cells within
each repository subarea are aggregated before any TPA realization to provide a table of expected
subarea-average MAI elevation.

During each TPA realization, the history of MAP and MAT calculated by the CLIMATO module
is passed to UZFLOW. These values are used to look up expected MAI for each subarea, thus providing
a time-history of expected MAL

As the simulations and abstractions used to create the expected MAI values do not and cannot
capture all of the detail of infiltration-affecting processes across the repository footprint, there are
inevitable inaccuracies in estimated MAI values. Potential inaccuracies include (i) estimates of present-day
MAI, (ii) future precipitation and temperature conditions, and (iii) estimates of future shallow infiltration
for each predicted future climate condition. For the present-day conditions, the UZFLOW module
compensates for these inaccuracies by scaling all estimated MAI values by the ratio of a TPA-sampled
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estimate of repository-average MAI [AreaAverageMeanAnnuallnfiltrationAtStart (mm/yr)] to the
corresponding estimated values derived from the maidtbl.dat input file.

The scaling procedure provides a direct mechanism to examine uncertainty in present-day MA1I, with
the field of expected-MAI values providing the mechanism to distribute the sampled MAI both in space and
in time. For future conditions, the #pa.inp parameters MeanAveragePrecipitationMultiplierAtGlacialMaximum
and MeanAverageTemperaturelncreaseAtGlacialMaximum [degree C] account for both uncertainty in
climate conditions and for inaccuracies in estimating MAI at those conditions. The uncertainty in climate
conditions was discussed in section 4.3.1. Inaccuracies in estimating MAI during future climate conditions
may be caused by changes in plant, soil, and bedrock properties brought on by the different climatic
conditions.

A preprocessor code, Infiltration Tabulator for Yucca Mountain (ITYM), creates the maidtbl.dat
input file. The preprocessor explicitly considers processes involved in calculating MAI, as well as
uncertainty and both spatial and temporal variability in the MAI-affecting factors. The ITYM preprocessor
and maidtbl.dat file are described in appendix B.

4.3.3 Deep Percolation Model

Deep percolation at the repository horizon within each subarea is assumed to be the average value
of MAI within the subarea, with fluxes throughout the repository equilibriating rapidly relative to climatic
change. The deep percolation model assumes that redistribution of percolating water from the root zone
to the repository level occurs in each subarea. It is generally accepted that percolating water will tend to
move vertically in the UZ unless capillary or permeability barriers force lateral redistribution. The resulting
model conservatively neglects lateral diversion away from the repository and assumes the subareal-average
shallow-infiltration flux moves vertically down to the repository level.

44 ASSUMPTIONS AND CONSERVATISM OF THE UZFLOW APPROACH

The UZFLOW module is an abstraction of the processes controlling MAI and redistribution of
infiltrating waters above the repository horizon. The main processes that control infiltration are (i) climatic
conditions or variation of precipitation and temperature, (ii) near-surface processes such as
evapotranspiration and runoff, and (iii) lateral diversion of subsurface flow.

Annual infiltration is expected to vary over the long term (i.e., thousands of years) because of
variation in temperature and precipitation. Based on historical data and paleoclimatic markers, a full cycle
of climatic changes is assumed to occur roughly every 100,000 yr and conditions may be slightly drier and
hotter than present for about the next 10,000 yr, after which conditions can be expected to become cooler
and wetter. This approach is considered a reasonable representation of the long-term evolution of climate.
Although short-term perturbations of climate will occur (i.e., some years wetter and cooler and some years
drier and hotter than expected), the net effect on estimated doses at a receptor location will be significantly
damped by the long transport times from the repository to the receptor location (travel times would be on
the order of hundreds to thousands of years or longer).

Estimates of infiltration are sensitive to a number of factors affecting near-surface conditions, such

as temperature, precipitation, soil depth, evaporation, plant transpiration, and surface water runoff. Results
of detailed 1D simulations of mass and energy fluxes under a range of conditions representative of the
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surface of YM were used to develop abstracted, predictive equations for MAI as a function of MAP, MAT,
soil thickness, soil and bedrock hydraulic properties, and other climatic inputs. These predictive equations
are embodied in a preprocessor code. The detailed model simulations do not account for plant transpiration,
which tends to reduce net infiltration. Plant transpiration can be considered in the ITYM preprocessor
using a heuristic formula; however, the formula has not been examined in detail and is considered quite
uncertain. Neglecting plant transpiration will cause infiltration estimates to become increasingly
overestimated as the climate becomes wetter and cooler with resultant increases in vegetation and plant
transpiration. Lateral redistribution due to surface runoff is neglected in the detailed model simulations and
in the ITYM preprocessor. Neglect of redistribution results in relatively over-predicted MAI along ridges
and relatively underpredicted MAI in areas with significant runon, particularly stream channels. Net runon
tends to occur in areas with larger storage capacity and concomitant low MAIL Further, under current
climatic conditions total channel infiltration is expected to be small relative to distributed infiltration
(Woolhiser et al., 1999). Although the spatial distribution of MAI may be biased towards ridgetops, it is
not clear that areal-average MAI at the subarea scale is strongly biased. Finally, the abstractions do not
account for temporal variation in soil depth and composition; both respond to climate change in a complex
way and both influence infiltration (Stothoff, 1999).

After penetrating to the subsurface, infiltrating water is assumed to pass in pulses vertically through
the fracture system of the Tiva Canyon welded unit to the Paintbrush Tuff nonwelded unit, where the
pulses spread and dissipate, passing through uniformly to the underlying Topopah Springs welded unit and
continuing vertically to the repository horizon. It is assumed that contacts between the welded units and
the nonwelded unit do not cause systematic lateral diversion, because of the existence of numerous small
faults in the nonwelded unit; diversion would tend to reduce fluxes on the western portion of the repository
and might increase fluxes on the eastern portion of the repository. The current approach, which neglects
lateral diversion of infiltrating water, is considered conservative because lateral diversion could be
expected to reduce the number of containers that encounter dripping water.

There are specific assumptions related to the UZFLOW module and preprocessor:

. It is assumed that the future climate at YM will follow the general form of the
paleoclimatic record, with shorter variations imposed on the general trend.

. Both MAP and MAT are assumed to vary according to the same formula derived from
Milankovich cycle data.

. Infiltration is assumed to be directly related to climatic influences, increasing as
precipitation increases and temperature decreases. The linkage between climate and
infiltration is calculated assuming that infiltration occurs under bare-soil conditions.
Bare-soil conditions conservatively overpredict infiltration that are more appropriate for
present-day climate than for the future climate conditions. Vegetation density is expected
to increase under cooler and wetter climate conditions, thus predictions will become
increasingly conservative. A heuristic formula may be used to account for transpiration.

. For the computation of shallow infiltration, the geometric and hydrologic properties of the

soil and bedrock will not change during the simulation. It is assumed that hydrologic
properties of near surface materials will not change because of faulting or
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repository-induced thermal widening of fractures and rock dilation; nor will soil genesis
change because of variations in climate.

It is assumed that MAT decreases linearly with increasing elevation, while both AM4P and
atmospheric vapor density vary exponentially with elevation, and the gradients remain the
same over time.
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S NFENV MODULE DESCRIPTION

The NFENV module calculates the time-dependent hydrothermal environment of the WP such as

Representative repository-horizon rock temperature

WP surface and SF temperatures

RH at the WP surface

Flow rate of groundwater into the near field

pH and chloride concentrations of groundwater flowing onto the WP

The near-field environment includes areas inside the drift and those portions of the geologic setting that the
repository modifies and that may affect repository performance. Background information on calculation of
the pH and chemistry of groundwater flowing onto WPs can be found in Mohanty et al. (1997).

5.1 INFORMATION FLOW WITHIN TPA

5.1.1 Information Supplied to NFENV

The NFENV module uses input data specified in #pa.inp and other data files (burnup.dat,
repdes.dat, and multiflo.dat) for computing temperature, groundwater reflux, and groundwater chemistry.
In addition, for each subarea and realization, EXEC passes to NFENV the time-varying volumetric flow
rate of water infiltrating toward the repository calculated by UZFLOW for the computation of groundwater
reflux. The repdes.dat file provides to NFENV the coordinates (in 2D) for the repository boundary and
angle of inclination of drifts with respect to the East-West axis for the computation of repository-horizon
average rock temperatures in subareas. Other input parameters to NFENV for computing temperature and
RH, such as thermal diffusivities, effective thermal conductivities, material emissivities, and time of
backfill, are specified in the NFENV section of #pa.inp. Temperature and RH values computed external to
the TPA Version 4.0 code can be used via the tefkti.dat file when the appropriate flag is set in tpa.inp.
Chloride concentrations are read from the data file multiflo.dat. Appendix B gives additional details on the
structure of these data files. In #pa.inp, the user also selects the reflux model (from REFLUX1, REFLUX2,
or REFLUX3) and specifies parameter values for use by REFLUX1, REFLUX2, or REFLUX3.

5.1.2 Information Provided by NFENV

The NFENV module passes to EXEC the values for time-dependent WP temperature, RH, pH, and
the chloride concentration for use in EBSFAIL. NFENV also provides the time history of percolation flux
at the repository level to EBSREL through EXEC.

5.2 INTERMEDIATE RESULTS

The intermediate outputs from NFENV are available in infilper.res and nearfld.res. The reflux of
groundwater averaged over all subareas for every tenth time step is presented in infilper.res for all
realizations. The subarea-averaged near-field conditions (i.e., temperature, RH, and chloride concentration)
from each realization for every tenth time step are provided in nearfld.res. The infilper.res and nearfld.res
files are detailed in tables 20-1 and 20-2.
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When the append option is turned on in #pa.inp to create additional intermediate outputs, NFENV
inputs and outputs are written to nfenv.ech and nfenv.rit. These files allow the user to examine outputs at
all time steps instead of subarea-averaged values at every tenth time step. The volumetric flow rate toward
the repository per the WP as a function of time is included in nfenv.ech for all time steps. The volumetric
flow rates corresponding to the cross-sectional areal of the WP and otherwise (i.e., hitting and missing), WP
temperature, RH, and chloride concentration for each subarea and all times can be accessed in nfenv.rit. A
complete description of these files is provided in section 20.3.

5.3 CONCEPTUAL MODEL

The NFENV conceptual model description is divided into three portions: (i) heat transfer and
temperature calculation on a mountain and drift scale, (ii) chemical composition of groundwater flow in
the near field, and (iii) calculation of thermally driven refluxing of groundwater.

5.3.1 Heat Transfer and Temperature Calculation
Mountain-Scale Heat Transfer

The repository-horizon average rock temperature is computed using an analytic conduction-only
model for mountain-scale heat transfer. The model is based on line thermal sources, representing drifts,
separated by the drift spacing specified in the tpa.inp file and residing in a semi-infinite medium. The
modeled repository region has line sources laid out parallel to each other to cover the proposed repository
(figure 5-1). Each line source is at a depth of H below the ground surface and is represented as a high
aspect-ratio rectangular element with a length of 2L and width of 2B (the drift diameter) (figure 5-2).
Because more than one line source exists, the temperature increase in the semi-infinite medium is the sum
of contributions from each line source. The general solution for the temperature increase at any point in
space and time is given by Claesson and Proberts (1996) and Carslaw and Jaeger (1959)

(v) )
0L L-x L+x
AT(x,y,z,t) —I ref/._ + erf] ——
’
y 4k ,/ (z-¢) ‘/ (z-1) \ 40c(t—t))_
- (-1
B-y B+y -7° (—(Z—ZH)Z ,
erf| ———=|+erf| —=—=||exp —— | —exp ——— | [@¢
4ot -1’ 4ot —1t’) 4ot ~1) L 4a(r-1') J
where
AT(x,y,z,0) — increase in temperature at time ¢ at point (x, y, z) in the semi-infinite
medium due to one line source [°C]
9" () — time-dependent repository heat flux [W/m?]
o — thermal diffusivity of the semi-infinite medium [m?s]
k —_ thermal conductivity of the semi-infinite medium [W/(m - °C)]
L —_ half-length of a line source [m]
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Figure 5-1. Heat sources represented as parallel lines in the modeled repository region for the NFENV
module
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B — half-width of a line source [m]

H — depth of a line source below the ground surface [m]
t —_ actual time after activation of heat flux [s]

t’ —_ time of integration [s]

x),2 — location of interest [m]

The ground surface is assumed to be exposed to atmospheric conditions and has a constant
temperature (currently not affected by climate change). The analytic equation is valid below the ground
surface, z < H. The repository-scale heat flux is related to the AML and heat output per MTU of waste:

q.,(t) = AML Q. () (5-2)

Likewise, the thermal output for a single WP is related to the WP payload:

Q,,(t1)= MTU, Q,..(?) (5-3)
where
AML — areal mass loading for the area occupied by the drifts [MTU/m’]
MTU,, — metric tons of uranium in a representative WP
Onn(® — time-dependent heat output per MTU of waste [W/MTU]; available using

a function subroutine in the INVENT utility module

Waste is assumed to be emplaced in WPs, in drifts so close to each other that there is no spatial
variation in the waste heat output along the drift but there is significant variation in heat output between the
drifts. Figure 5-3 shows a plan view of the repository with parallel emplacement drifts with WPs periodically
spaced. Because of the variation in heat losses, the temperature varies significantly between drifts
(i.e., between the line sources). The temperature increase at any point is due to the contribution from all line
sources. For each subarea, the average rock temperature is computed at an elevation of half the drift diameter
in the drift nearest to the center of the subarea and is used consistently throughout the TPA Version 4.0 code
as a common basis for transferring and calculating information. The analytic mountain-scale conduction
model predicts the drift-temperature T, as a function of time. Having computed T, for the subarea, the
WP surface temperature can be calculated.

Ventilation

Ventilation during the preclosure period could impact the temperature field computed by the
conduction-only model presented above. Ventilation is expected to keep the temperature low at the WP
surface and drift wall. To account for ventilation, the heat flux from the line sources are adjusted by the
ventilation factor f:

qu®)=f, q"(t)

(54)

nv

where q"(t)|nV represents no-ventilation thermal output.
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Figure 5-3. Plan view of repository showing emplacement drifts and waste packages
Drift-Scale Heat Transfer

A multimode (i.e., conduction, convection, and radiation) heat transfer model is used for modeling
drift-scale heat transfer. Figure 54a shows the cross section of a drift with a WP, dripshield, backfill, and
invert. Figure 5-4b represents an idealization of these drift components for computing drift-scale heat
transfer. A simplified thermal network is used to predict the WP surface temperature and the maximum SF
temperature given T, (from the mountain-scale model described previously) and Q,,(#), and is described
in the following sections.

Waste Package Surface Temperature

Equation (5-5) is used to solve for WP surface temperature, given the rock temperature, thermal
output of the WP, and thermal conductances. Heat is transferred by thermal radiation and natural convection
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Figure 5-4. Schematic showing (a) waste package, drip shield, and backfill emplacement in a drift (2D
cross-section) and (b) idealization of the emplacement for performing thermal calculations
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in the unbackfilled region around a WP, and by conduction through the package support and floor material
(e.g., invert) as:

QWp = (Grad + Gconv + Gcond )(Twp,surf - Trock) (-5
where

Qw — time-dependent thermal output for a WP adjusted for ventilation during the
preclosure period [W]

G —_ effective thermal conductance for radiative heat transfer [W/°C]

Geow — effective thermal conductance for convective heat transfer [W/°C]

Geoda — effective thermal conductance for conductive heat transfer [W/°C]

To — drift wall temperature [°C]

Topsut — WP surface temperature [°C]

The thermal conductance for radiative heat transfer above the WP is based on a linearization of the
Stefan-Boltzmann law and accounts for the emissivity of the WP and drift rock wall (Incropera and DeWitt,
1990):

G 40(27315+ T,,, )|
malore = Je g 1 1-¢,, (5-6)

up T DLy | Frpmuft DLy + 20) T en D,,(L,, +25)

G _; 40(27315+ Ty )
rad|post — Jc 1— Evp . 1 . 1-g4 -7
ewpn prpr FWp—dsnDds(pr + 28) Eds’rths (pr + 28)
where

I - fraction of the WP surface contributing to radiative/convective heat transfer
[unitless]

c — Stefan-Boltzmann constant [=5.67 x 1078 W/(m?K*)]

€up — emissivity of the WP surface [unitless]

D,, — diameter of the WP [m]

Ly, —_— length of the WP [m]

Foprw — radiative view factor from the WP either to the rock wall or the internal surface of
the drip shield (=1) [unitless]

Fopgs — radiative view factor from the WP to the drip shield (=1) [unitless]

€ — emissivity of the drift rock wall (or the internal surface of the drip shield surface
[unitless]

D, —_ diameter of the drift wall [m]
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L, — equivalent length of drift wall per WP drift for heat losses calculation [m]

25 — gap between WPs along a drift [m]
D — diameter of the drip shield [m]
€46 - emissivity of the drip shield (specified same as ¢_,) [unitless]

Suffixes “pre” and “post” in the above two and subsequent equations represent conditions before
and after closure (i.e., backfilling). A fraction of the WP area is available for the radiative/convective heat
transfer and the remainder (i.e., the bottom of the package) participates in conduction through the
pedestal/floor. Thermal conductances for convective transfer above the WP and conductive transfer below
the package are computed from

27 Kegne (Lwp +28)
Gconv pre — f. D

(5-8)

(5-9)

where

Kettne — effective thermal conductivity representation of natural convection [W/(m—°C)]
Kgoor — thermal conductivity of the concrete pedestal/floor material [W/(m—°C)]

The effective axial length for conductive and convective transfer from the WP to the drift wall
should be larger than the length of the WP. A reasonable value for this length is chosen as the WP spacing
(i.e., L, + 29).

For backfilled drifts, conductive and convective heat transfer through the space above the floor
(i.e., invert) quarters can be predicted using an effective conductivity for the backfill material

21 Keggpe( Lup + 29)

post = Je ' (5-10)
In Dasi + ln——DrW
pr Dbfo

GCOl'lV

2n(L,, +28)

G cond | vas = fe (5-11)
L in2m g Ly, Do

keff,bf Ddso kds Ddsi




where

G onanids — effective thermal conductance after this backfill emplacement outside of the
drip shield [W/°C]

ket e — effective thermal conductivity of backfill material [W/(m—°C)]

kg — thermal conductivity of drip shield [W/(m—-°C)]

Dy, — external diameter of the drip shield [m]

Dy — internal diameter of the drip shield [m]

Dy, — equivalent diameter of backfill emplacement [m]

Waste Package Inner Wall Temperature

After computing the outer WP surface temperature, the inner surface temperature of the wall is
calculated. The wall of the WP consists of two cylindrical layers for the inner and outer overpacks. The
thicknesses and properties of the walls are parameters specified in the #pa.inp file. The inner wall
temperature is related to the WP heat according to

QWp = Gshell (];n,surf - Twp,surf ) (5-12)
where
Gyt — thermal conductance for WP shell [W/°C]
Toows — inner surface temperature of the WP wall [°C]

A schematic of the internals of a WP is shown in figure 5-5. The shell conductance consists of a
contribution from the outer and inner overpack layers and is calculated according to:

G =
shell Liop N Loop (5-13)
D, ki, D,k
where
Liop — thickness of the inner overpack [m]
D, — diameter of the inner overpack layer [m]
kigp — thermal conductivity of inner/overpack material [W/(m°C)]
Loop — thickness of the outer overpack[m]
D,, — diameter of the outer overpack [m]
koop — thermal conductivity of the outer overpack material [W/(m°C)]

Maximum Spent Fuel Temperature

Using the WP inner surface temperature, the maximum SF temperature is calculated using a
conduction shape factor formula that accounts for the volumetric heat generation in the interior region of the
package, which includes the SF assemblies and the basket assembly (Manteufel and Todreas, 1994):
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pr = int(Tmax,sf - En,surf ) (5-14)

where the conductance of the cylindrical interior region is computed from

Gy = kS L, (5-15)
where
kg — effective thermal conductivity of the basket and SF in the WP [W/(m-°C)]
S — conduction shape factor for a heated cylindrical region [=4x]

The effective thermal conductivity of the SF accounts for the region between the inner wall and the
basket material, the basket material, and the individual assemblies. There are multiple modes of heat transfer
including thermal radiation, buoyant convection primarily in the larger void regions, and conduction in the
basket material, fuel rods, and regions with primarily stagnant gas. At high temperatures, the heat transfer
is dominated by radiative transfer. At lower temperatures, heat transfers can be dominated by conduction.
Effective thermal conductivity is a function of temperature, and is a parameter specified in the tpa.inp file.

Relative Humidity

The WP temperature and RH are required inputs for the corrosion and release models. The RH is
defined as the ratio of the actual vapor pressure to the vapor pressure at the WP surface:

P, [min(Tb T )]
RH = (5-16)
Py(Twp)
where

P, —_ vapor pressure that is a function of temperature [Pa]
min (T, T,) — minimum of 7, and T,
T, — boiling point temperature [~370 K at repository]
T, —_ drift wall temperature [K]
T,, — WP surface temperature [K]

Below boiling conditions, the definition of RH used in Eq. (5-16) is equivalent to the mole fraction
definition of RH frequently found in thermodynamic textbooks (e.g., Van Wylen and Sonntag, 1978; Moran
and Shapiro, 1992). RH is generally defined as the actual mole fraction of water vapor in the air divided by
the maximum or saturation mole fraction of water vapor in the air at the same temperature and pressure.
Below boiling conditions, mole fractions are related to the vapor partial pressures so that this definition is
equivalent to Eq. (5-16). Above boiling conditions, the vapor partial pressure cannot exceed the atmospheric
pressure within the drift, even in the presence of backfill, because of its high porosity. When the WP surface
temperature exceeds the boiling point, it is preferable to define RH as a ratio of the two vapor pressures
specified previously, which is consistent with the technical literature (Hartman, 1991; Bejan, 1988; Fyfe,
1994).
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As an alternative to the temperature and RH models described previously, use of tabular input of the
temperature and RH into the TPA Version 4.0 code can be selected in the fpa.inp file, whereupon this
information is obtained from an external data file, zefkti.inp. Results from detailed 2D and three-dimensional
(3D) modeling that can more accurately predict repository edge heat losses can be incorporated as tabular
data.

5.3.2 Near-Field Chemical Composition

The chemical composition of fluid able to come in contact with the WP is an important consideration
in the modeling of WP integrity and RT in the TPA Version 4.0 code. NFENV is designed to provide the
chemical composition of the environment as a function of time in the immediate neighborhood of the WP.
Chemistry parameters, which include solution pH, oxygen fugacity, chloride and bicarbonate concentration,
dissolved silica, and alkalinity, among other environmental factors, can have important consequences on the
rate of corrosion of the WP, dissolution of SF, and formation of alteration products. Of special concern in
the chemical composition in a partially saturated environment are evaporative effects produced by the heat
released from the WP. Chemistry can also be affected by refluxing of evaporated water and by deep
percolation at long time periods.

The maximum silica concentration estimated from equilibrium with quartz, chalcedony, and
cristobalite gives, respectively, Ag;o, = 0.000835, 0.00137, and 0.00218 molal. By contrast, J-13 well water

has a silica concentration of 0.0011 molal (table 5-1). Bounds on the pH are more difficult to obtain.
Likewise, calcium and carbonate have no obvious upper bounds since their concentrations will be
pH-dependent. Turner (1998) screened available groundwater chemistry data compiled by Perfect et al.
(1995), which may provide some limits for current ambient conditions in the vicinity of YM.

To provide a more detailed calculation of the near-field fluid composition, the MULTIFLO
Version 1.2 code (Lichtner et al., 2000; Seth and Lichtner, 1996) is used to provide quantitative data in
tabular form to the TPA Version 4.0 code. MULTIFLO simulates the transport of reacting chemical
constituents coupled to evaporation and condensation processes involving two-phase fluid flow. The code
sequentially couples two-phase fluid flow of liquid water, water vapor, and air with reactive transport of
aqueous and gaseous species. Homogeneous reactions in the aqueous phase and heterogeneous reactions
between the aqueous and gaseous phases are assumed to be in local equilibrium. Mineral reactions are
treated irreversibly through prescribed kinetic rate laws.

The MULTIFLO simulates temperature and the associated moisture redistribution as a function of
time using a 2-D drift-scale model. An unstructured grid is used to track the detailed geometry near the drift.
The fractured YM tuff host rock is described using the dual continuum model (DCM) in which fracture and
matrix systems are represented as separate interacting continua. Model predictions indicate the formation
of a zone near the drift where the temperature is above the boiling point of water, when the heat load on the
drift wall is not reduced significantly by ventilation. In the EDA II design, this boiling zone does not
coalesce between drifts, as it did for the TSPA-VA repository design.

The aim of the MULTIFLO calculations is to estimate the chloride concentration of the fluid at the
drift wall which, as a first approximation, may be considered to be similar to the fluid that comes in contact
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Table 5-1. Initial fluid composition and pH corresponding to J-13 well water (adapted from Harrar et
al., 1990)

Species Molarity x 10* Species Molarity x 10*
Ca*’ 2.90-3.70 SiO,(aq) 9.50-11.40
Na* 18.30-21.70 ClI” 1.78-2.37

K* 1.00-1.40 pH 6.8-8.3

HCO," 1.93-2.34 — —

with the surface of the WP. The chloride concentration may be directly or indirectly affected by evaporation,
mineral precipitation, aqueous reactions, and CO, degassing. However, evaporation caused by repository
heating is considered the dominant process controlling chloride concentration. In the initial phase of the work
to provide input to the TPA Version 4.0 code, the simulation is limited to a single nonreacting chemical
(chloride) with detailed representation of the hydro-thermal system to estimate the change in chloride
concentration due to evaporation. More detailed multi-component calculations may be undertaken in future
work, if needed. The heat load and drift geometry for the MULTIFLO Version 1.2 code calculations are
consistent with those of the EDA II design, with no reduction in heat load by ventilation. Neglecting
ventilation tends to over-estimate chloride concentration in the repository nearfield and hence provides a
bounding estimate. The simulation region spans four hydrostratigraphic units (TSw33-TSw37) as shown in
the UZ site model (Civilian Radioactive Waste Management System, Management Operating and Contractor,
1998). The initial chloride concentration corresponds to J-13 well water, as given in table 5-1.

The temperature at the drift wall is shown in figure 5-6. The fractures dry out quickly and remain
dry until about 1,200 yr. During this dryout period and within the context of a continuum model, it is not
possible to represent the return of liquid water to the WP and the associated chloride concentration, as this
flow would presumably take place along open fractures in the form of gravity-driven flow manifested as
dripping. To estimate the expected changes in chloride concentrations caused by evaporation, a simple upper
bound on the chloride concentration may be derived by assuming equilibrium with halite (NaCl), for
example. As evaporation occurs, the sodium and chloride concentrations must remain approximately
proportional to one another. Therefore, assuming that the activity coefficients of Na* and CI” are similar at
high ionic strength

aNa+ = aCl_ 5-17)

where (1 is the constant of proportionality and a,, and a,” are sodium and chloride activities. Equilibrium
with halite implies

K=a .a, =0a (5-18)
a

a ol

where K is the equilibrium constant. Therefore,
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Figure 5-6. Time evolution of chloride concentration at the drift wall computed by the MULTIFLO
code. Also shown are part of the computational model near emplacement drift and temperature at the
drift wall used in computing chloride concentration.
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The log K for halite at 100 °C is equal to 1.578 (Wolery, 1992). Taking ¢ = 11.11, derived from
J-13 well water (see table 5-1), it follows that a,” = 1.85 molal and ay,, = 20.5 molal. To estimate
concentrations, activity coefficient corrections must be included. If the sodium concentration is lowered by
precipitation of other Na-bearing solids, the chloride concentration in equilibrium with halite could be
substantially increased and the concentration of sodium reduced.

As shown in figure 5-6, when the fracture system above the drift becomes wet again at about
1,000 yr, the chloride concentration is approximately four times its initial value and then decays in a nearly
exponentially fashion to the initial value. Chloride concentrations during the rewetting period are provided
in tabular form for input into the TPA Version 4.0 code. During the dryout phase, the chloride concentration
is assumed to be in equilibrium with respect to halite.

In principle, MULTIFLO would be able to provide chloride concentration, pH, and oxygen fugacity
as time-dependent functions; such multi-component calculations may be undertaken in the future, if they are
found to be necessary. Currently, only chloride concentration is used in the TPA Version 4.0 code as a
function of time. The pH value is currently set at a constant value of 9. Chloride concentrations, as provided
by MULTIFLO, are multiplied by a tpa.inp parameter representing uncertainties and limitations in the
MULTIFLO results (i.e., MULTIFLO results are representative of groundwater chemistry in the porous
matrix and chloride concentration on a WP) and could be higher than predicted by MULTIFLO due to
evaporation on the WP.

5.3.3 Near-Field Groundwater Infiltration

NFENV also provides estimates of groundwater reflux and percolation rates. The amount of water
percolating through the near field is different from the infiltration computed in UZFLOW because of
thermohydrologic effects resulting from decay heat. WP temperatures may exceed the boiling point of water
and vaporize water in the rock surrounding the WPs. The vapor will flow away from the WPs and condense
where temperatures are below boiling. The condensate may then flow back toward the WPs. This return flow
of condensate is called refluxing.

The area between the WPs and the condensate zone is called the boiling or dryout zone. Although
dryout and condensate zones would form both above and below the repository, only the zones that form
above the repository are considered in the reflux models. Water that fully penetrates the dryout zone would
be available to contact the WPs, possibly accelerating the corrosion of WP materials and facilitating transport
of radionuclides released from failed WPs.

Three reflux models have been developed: REFLUX1, REFLUX?2, and REFLUX3. Figure 5-7 is a
schematic illustrating the movement of water above the repository. Although figure 5-7 and the following
discussion refers primarily to REFLUX1, in general, the concepts apply to all three models. Differences are
noted in the relevant sections.

Figure 5-7 illustrates the vaporization of ambient rock water in the area above the boiling point
temperature, T, ... The T ; isotherm is at an elevation Z, ; whose location depends on the rate at which
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Figure 5-7. Conceptualization of drift-scale thermal hydrologic model
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heat is generated by the waste and the heat loss away from the near-field environment (calculated in the
mountain-scale heat transfer model). Above the T ; isotherm is the condensate zone where water vapor

condenses to a liquid that is available to move down toward the repository. Below the T, , isotherm is a

boiling zone through which liquid water from the condensate zone flows until it is heated to the point of
vaporization and subsequently rises back to the condensate zone.

Together the condensate and boiling zones constitute a perched reflux zone containing water driven
from the rock surrounding the repository by heat generated in the repository. No refluxing of groundwater
into the repository can occur when the bottom of the reflux zone is at or above the elevation of the top of
the drift (which can be the case early in the heating phase) (figure 5-7a). As heat generated by the WPs
diminishes over time, the elevation of the T, isotherm and reflux zone move closer to the elevation of the

repository, and dripping in fractures or reflux can occur at the repository. The thickness of the reflux zone,
Lg, is dependent on g, ., and the local heat flux (i.e., the temperature gradient). When (Zboil - LR) is below
the elevation of the top of the drift, Z, .. , water begins to drip into the drift (figure 5-7b). Any liquid passing
below the level of the repository is assumed to continue to the water table. The thermal load reflux is
calculated in the NFENV module using one of three models. The source of water in REFLUX1 is only the

water infiltrating from the surface while the sources of water for REFLUX2 and REFLUX3 are both
infiltrating water and water from the dryout zone surrounding the repository.

NFENV uses the time-dependent temperature profiles generated by the heat transfer models
previously described, along with time-dependent water flux (qinﬁl) from UZFLOW, to calculate time-

dependent flux (qdﬁp) in fractures entering the near-field environment and available for dripping onto one
WP. In the development of g drip” NFENV considers the time-dependent amount of perching caused by

thermal pulsing and the time-dependent refluxing of liquid and vapor. The REFLUX models are intended
to determine g drip for matrix flow and fracture flow. NFENV partitions percolation flux from the reflux

ZON€, Gy, from all the models on a per WP cross-sectional area basis to obtain Darip-

REFLUX1 Methodology

The REFLUXI1 subroutine of NFENV is used to model redistribution of water in the near-field
environment owing to heat from emplaced WPs. Vaporized water is assumed to move away from the
repository until conditions are cool enough for condensation (i.e., conditions are cooler than boiling).
Although a condensate zone would form on either side of the repository, only the zone above the repository
is considered in REFLUX1. Above the boiling isotherm, a saturated condensate zone forms, bounded below
by the boiling isotherm. Cool water from the condensate zone is assumed to percolate within fractures toward
the repository within a reflux zone, with the liquid boiling and returning to the condensate zone as vapor,
as shown in figure 5-7.

A mass balance model is used to model the thickness of the condensate zone above the repository:

v,
a t - qinﬁl - qperc

(5-20)



where

v, — volume of the condensate zone per unit area [m*/m?]
t — time [yr]

Qv — infiltration flux entering the condensate zone [m/yr]
Dperc percolation flux leaving the reflux zone [m/yr]

When V, = 0 (no condensate zone exists) and when V, is at a maximum value (set in the tpa.inp file
with the parameter PerchedBucketVolumePerSAarea[m3/m2]) g,,,. is directly set to g,,5. A reasonable value
for the maximum perched-water volume might be the fracture porosity times the thickness of the Welded
Topopah Spring unit above the repository.

Although the condensate zone is intermediate between the two limiting cases, the position of the
bottom of the reflux zone determines gy... If the reflux zone is completely above the drifts, all infiltration
flux is stored in the condensate zone and gy, = 0. Within the reflux zone, the liquid flux, gy, is everywhere
balanced by the vapor flux, q,,,. If the reflux zone intercepts the repository horizon, g, is determined by
evaluating g, at the repository horizon, assuming that g,,, decreases linearly from the boiling isotherm to the
bottom of the reflux zone:

Zbo'l _ Zdrift
qperc = qreﬂux( 1 - 114 (5-21)
reflux
where
Qeefax — downward liquid flux at the bottom of the condensate zone [m/s]
Lreﬂux thickness of the reflux zone [m]
Zoa — elevation of the boiling isotherm [m]
Ziie — elevation of the drifts [m]

The maximum thickness of the reflux zone, L g, , is a parameter in tpa.inp called LengthOfRefluxZone[m],

while the downward liquid flux at the boiling isotherm, g g, . , is named MaximumFluxInRefluxZone[m/s]).
Offline calculations are required to define these parameters.

The elevation of the boiling isotherm, Z,_, , which defines the bottom of the condensate zone and

the top of the reflux zone, is determined by assuming that temperature varies linearly near the repository.
Alteration of the temperature field because of moisture redistribution and the effects of salt concentration
and capillarity on T, is neglected. The temperature gradient is calculated by assuming the heat generated

by the repository is carried by conduction within the boiling isotherm; knowing the thermal conductance of
the matrix and the thermal flux due to the repository (obtained from NFENV calculations), the temperature
gradient can be determined. The temperature at the repository (obtained from NFENV heat transfer
calculations) is projected according to
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K
Zooi = (Zdrift + Tyt = Trepos )( asﬂqlﬂj (5-22)
* heat

where

Zoa — elevation of the boiling isotherm [m]
Ziiw — elevation of the drifts [m]

repos temperature of the repository [°C]

K

therm thermal conductivity [W K™! m™!]

Qoo — thermal flux due to the repository [W/m?]

During much of the boiling phase for the repository, g, ., will exceed Dperc and liquid (condensate)

will accumulate in the condensate zone. If the condensate zone grows beyond the user-specified limit
(L, qx)» the condensate zone overflows and this is added to any fluxes in Dperc caused by the reflux zone

contacting the drifts.

Once boiling around the repository stops, the reflux zone ceases to exist and any water contained
in the condensate zone is released over a few time steps. During this post-boiling period, at each time step

Dperc 18 set 10 g ) plus one-half of the water remaining in the condensate zone. After a few time steps, Dperc

approaches g, ... Note thatif g g  is significant, the condensate zone may empty as the boiling isotherm
returns to the drift level.

Although dripping in a drift can occur (q >0), the dripping flux is calculated on a per-WP basis

perc

(.e., Dperc is multiplied by the fraction of the subarea occupied by WPs) and passed to EBSREL for

determination of the amount of water that contacts and enters the WP.
REFLUX2 Methodology

REFLUX2 was created as an alternate to REFLUX1 to calculate the amount of water able to contact
the WPs based on thermal and gravity driven refluxing. Conceptually, in REFLUX2 the quantity of refluxing
water can be sufficient to penetrate the boiling isotherm in the fractures and reach the WP during times when
the surface temperature of the WP exceeds boiling. The primary difference between REFLUX1 and
REFLUX?2 is that in REFLUX?2 some condensate return flow may penetrate the boiling isotherm no matter
how far the boiling isotherm is located above the WP. In addition, unlike REFLUX1, REFLUX2 considers
rock (matrix) water as well as deep percolation of infiltration. As such, REFLUX2 is intended to determine
flow toward the repository considering both infiltration from the surface and water originating in the matrix
of the dryout zone surrounding the repository in the boiling phase.

Similar to REFLUX1, REFLUX2 is based on a reflux cycle located above the WPs. A particular
parcel of water may participate in the reflux cycle many times. With every cycle, however, some portion of
the refluxing water may escape as either vapor or liquid and flow away from the heat source, possibly toward
the water table. Alternatively, the refluxing cycle can gain water from two sources: infiltration from ground
surface (from UZFLOW) and water vaporized from the dryout zone in rock surrounding the near field.
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The amounts of water contributed to the refluxing cycle by infiltration and from vaporized ambient
rock pore water are calculated separately. The total amount of refluxing water derived from both infiltration
and rock pore water vaporization in year N is

RT = R, + RD (5-23)
where
R, — the amount of infiltration-derived water [m*/m?]
R D —_ the amount of refluxing ambient rock pore water [m*/m?]

Reflux Derived from Infiltration

The amount of R, that refluxes during year N is

N-1
Dinfi1,,_, .
R, = (1L, ) (5-24)
Jj=0 Asa
where
Tinfit,, — infiltration for a given subarea from UZFLOW for the year (N-j) [m*/yr]
J

Asa —_ area for a given subarea [m?]

N —_ years after start of refluxing [unitless]

L, — fraction of infiltration that escapes the reflux cycle each year, user input [unitless]

The variable L, (Reflux2LossI) is specified in the #pa.inp file. Note that for large N, R, converges
to 1/L,.
1

Reflux Derived from the Rock Pore Water

The total amount of water, D [m*/m?] vaporized from prewaste-emplacement ambient rock pore water
and available for refluxing is defined by

D= (T)(n)(S-S,) (5-25)
where
T —_ thickness of dryout zone [m]
n — porosity of rock [unitless]
S — liquid saturation [unitless]
S, — residual saturation [unitless]

The thickness of the dryout zone (Reflux2Thickness), porosity (Reflux2Porosity), liquid saturation
(Reflux2SatInit), and residual saturation (Reflux2SatResid) are specified in the tpa.inp file.
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A portion of refluxing water may escape the refluxing cycle each year (L) lowering the amount
of refluxing ambient rock pore water, R, [m*/m’]. The time required to complete one water reflux cycle may
vary from one year to several hundreds to thousands of years. The amount of rock pore water that refluxes
in a given year is

R, = [D(P ;ﬁ D)N_l] (5-26)

where P is the number of years required for water to complete one reflux cycle. The variables L,
(Reflux2LossD) and P (Reflux2Period) are specified in the tpa.inp file.

The predominant source of refluxing water may change with time. At early times, refluxing water
may be dominated by water derived from the rock pore water. At later times, water derived from infiltration
may dominate if rock pore water near the WPs has been vaporized and removed from the refluxing cycles.
In this case, the amount of refluxing water will converge to the value of R,. If no losses from the refluxing
cycle are experienced, the amount of refluxing water will grow at a rate equal to infiltration. In REFLUX?2
the temperature and thickness of the dryout zone do not vary with time. The temperature is assumed to be
above boiling at all times.

Water exiting the reflux cycle and entering the repository near-field environment is then computed
from

R,, = (R,L,+ RyL,)A, (5-27)

These values are then converted from a subarea basis to a WP basis by multiplying the flow out of the reflux
zone by the fraction of the subarea associated with a WP, passed to EBSREL, to determine the amount of
water that contacts the waste form and enters the WP.

REFLUX3 Methodology

Like REFLUX1 and REFLUX?2, REFLUX3 incorporates a procedure to estimate the amount of water
flowing in fractures below the boiling isotherm. There are major differences between REFLUX3 and
REFLUX2: in REFLUX3 the thickness of the dryout zone varies with time and REFLUX3 estimates the
depth that water will penetrate the boiling isotherm as a function of dryout zone thickness and the volume
of water flowing from the condensate zone.

As in REFLUX2, refluxing water originates from two sources: infiltration from ground surface and
water vaporized from the dryout zone surrounding the WPs. The amount of water available for refluxing by
infiltration is determined by the UZFLOW module outside of the REFLUX3 module. The time-varying
dryout zone thickness is read from a table calculated by MULTIFLO. The dryout zone thickness is converted
to an equivalent depth of water as shown in Eq. (5-25). The volume of water in the condensate zone is the
sum of the water from the dryout zone and infiltration. The REFLUX3 module calculates the volume of
water above a single WP. This time-varying volume of water is available to flow to the WPs.

Water flowing down a fracture will penetrate a distance below the boiling isotherm before it is
completely vaporized. If the penetration distance is greater than the thickness of the dryout zone above the
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drifts, refluxing water will reach the drifts and be available to contact the WPs. The penetration distance is
calculated with an expression developed by Phillips (1996):

L= % (5-28)
kN T

where

L — penetration distance [m]

p, — density of boiling water [kg/m’]

Qo — flow from condensate zone [m?/s]

h — enthalpy of phase change for water [J/kg]

k, — thermal conductivity of rock [W/m-K]

vr — temperature gradient in vicinity of boiling isotherm [K/m]

The variables p, ,h,k, ,and VT are specified in the tpa.inp file.

When the penetration distance is less than the thickness of the dryout zone, all of the flow vaporizes
and is returned to the condensate zone. When the penetration is greater than the thickness, some portion of
the flow reaches the drifts. The rest of the flow vaporizes and returns to the condensation zone. The fraction
of flow that vaporizes is proportional to the ratio of the dryout zone thickness to the penetration distance.
Thus, if the ratio is 0.8, 80 percent of the flow vaporizes and 20 percent reaches the drift.

REFLUX3 uses several additional variables specified in the #pa.inp file: the fraction of water that
flows from the condensate zone toward the drifts (FractionOfCondensateTowardRepository), the fraction
of water in the condensate zone permanently removed from the system by some unspecified mechanism (e.g.,
shed along edges of the repository or through pillars between drifts (FractionOfCondensateRemoved), and
the fraction of water flowing from the condensate zone toward the drift that is removed by an unspecified
mechanism (e.g., flowpaths that bypass drifts, FractionOfCondensate TowardRepositoryRemoved). Refluxing
occurs only while WP temperatures are above boiling. The output of REFLUX3 is the amount of water that
reaches the drift. The amount of water that actually contacts the WPs is determined in the module EBSREL.

54 ASSUMPTIONS AND CONSERVATISM OF THE NFENV APPROACH

The near-field environment will affect the corrosion of the WP and the dissolution of SF and will
affect the amount of water entering the drift and WP. The NFENV module is an abstraction of the physical
and chemical processes in the near field of the repository and includes the determination of (i) temperature
of the WP and waste, (ii) RH, (iii) refluxing of condensed water, and (iv) evolution of near-field chemistry.

NFENYV has two methods, from which the user must select one, for determining the temperature of
the WP and the waste form. One method determines the temperatures through an analytic conduction-only
heat transfer model at the mountain-scale and an analytic, steady-state heat transfer model at the drift-scale
that accounts for conduction, convection, and radiation in the vicinity of the WP. The analytic solutions
simplify the problem by using uniform thermal properties and uniform heat loading at the repository level,
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and line sources to represent the heat output at the repository level (drift wall). The second method is a
numerical approach performed by using a finite difference algorithm outside the TPA code. The thermal
output from the WPs is adjusted by a factor to represent excess heat losses associated with this ventilation
during the preclosure period. This second method allows the user to supply WP and waste temperatures in
tabular form (temperature predictions would presumably be based on the results of a more detailed model
that would include conductive, convective, and advective heat transfer in rocks). Both of these methods
provide a single temperature for a representative WP in each repository subarea. Because of the
nonuniformity in the temperature field at the repository horizon, the temperature at the wall of the drift
nearest to the center of the subarea is used as the representative temperature for the subarea. From the drift
wall temperature, the representative WP temperature is back-calculated. The use of a single temperature and
a representative WP for each subarea should provide a conservative result because all WPs in a subarea will
simultaneously corrode and have the potential for simultaneous release of radionuclides (actual release will
depend on the number of packages that get wet).

The NFENV module also implements two methods for determining the RH. One method determines
the RH through an analytic expression based on vapor pressure as a function of temperature while the second
method allows the user to supply the RH in tabular form. Both these methods provide a single RH value for
a representative WP (at the WP surface) in each repository subarea. This approach is considered reasonable
based on the reasons discussed previously for temperature.

Water will be redistributed in the near field by evaporation caused by heat from the emplaced waste.
Estimating the redistribution of water is highly uncertain because of the complicated two-phase flow
processes, variations in the thermal gradient, and heterogeneities in the fracture and matrix hydrologic
properties. Refluxing water is assumed to penetrate the boiling isotherm in the vicinity of a WP, allowing
liquid water to contact the package even when temperatures exceed the boiling point of water. Reflux of
water is represented by three different models (one specifies a reflux zone and the other two specify either
a constant or a time-dependent dryout zone with a fraction of infiltration escaping the reflux cycle each year).
These models have the flexibility to produce conditions varying from a long dryout period to a short dryout
period. Detailed numerical analysis and heater experiments are continuing to determine the effect of the
redistribution of water. The degree of conservatism of any particular approach is uncertain at this time.

The chemical composition of the water contacting the WP can affect corrosion of the WP and
dissolution of the waste. The evolution of the chemistry of the water is the result of a variety of complicated
processes associated with, but not limited to, mineral reactions, evaporation, and condensation. These types
of complicated processes cannot be accommodated in a system code while maintaining reasonable execution
times. The chemical composition of water in a partially saturated environment is affected by evaporative
effects produced by the heat released from the waste. For use in the NFENV module, changes in liquid
saturation and temperature at the drift wall and associated changes in chloride concentration are computed
using the MULTIFLO numerical model. When the drift wall is above the boiling point of water, the chloride
concentration of fluid contacting the WP is calculated by assuming equilibrium with respect to halite.
Because of the uncertainty in estimating the water chemistry, the parameter value for the chloride
concentration is varied between bounding values to obtain conservative estimates of performance.

There are specific assumptions related to thermohydrologic conditions:
. The mountain-scale conduction model assumes the ground surface is at a constant

temperature and is not affected by climate change.
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The repository has enough numbers of ventilation shafts and drifts that a sharp increase in
temperature along the drift will not develop in the direction of ventilation.

The radiation heat loss between the top of the backfill and the drift wall is negligible.

The thermohydrologic conceptual model implemented in NFENV assumes there are both
matrix and fracture flow continua. The hydrologic regime in the near field is assumed
dominated by, and in equilibrium with, the thermal regime during the thermal pulse.

All infiltrating water participates in the reflux cycle.

In REFLUX1, matrix waters are assumed to be immobile during the thermal pulse, so that
refluxing only accounts for fracture waters. This assumption will tend to underpredict fluxes
at the repository level at early and intermediate times, as thermally driven matrix water will
contribute to fluxes in the fracture.

REFLUXI tends to return to ambient conditions almost immediately after the repository
drops below boiling, with water in the halo above the boiling isotherm flushing through the
system just before the boiling isotherm reaches the repository. As removal of mobilized
matrix water would leave a large amount of empty matrix storage and refilling the matrix
would tend to strongly attenuate fluxes as the boiling isotherm returns to the repository
horizon, REFLUX1 would tend to overpredict fluxes at the repository level.

REFLUX1, REFLUX?2, and REFLUX3 do not consider elevation of the boiling point caused
by salt concentration and capillarity.

In REFLUX2 and REFLUX3, all matrix water in the dryout zone is vaporized.

In REFLUX2 and REFLUX3, all water vaporized from the rock matrix above the WP
participates in the reflux cycle. Vaporized rock water below the WP does not participate in
the reflux cycle.

REFLUX?2 always assumes that the near-field temperature is above boiling until all the
water in the pores leave the dryout zone.

In REFLUX?2 and REFLUXS3, it is assumed that no resaturation takes place when the pores
are dry and temperature is below boiling.

There are specific assumptions with water chemistry:

For the computation of chloride concentration, any fluid which penetrates the boiling
isotherm to contact the WP is in equilibrium with halite.

When the temperature at the drift wall is below the boiling point of water, the chloride
concentration in the tuff rock at the drift wall is representative of that contacting the WP.

MULTIFLO results adequately describe the temperature, liquid saturation, and chloride
concentration at the drift wall.
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Uncertainties and limitations of MULTIFLO chloride concentration results can be accounted
for by use of a multiplication factor (appendix A) representing differences between
groundwater chemistry in the porous matrix (calculated by MULTIFLO) and chloride
concentration on a WP, which could be higher through evaporation from the WP surface.
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6 EBSFAIL MODULE DESCRIPTION

The engineered barrier system failure (EBSFAIL) module calculates the failure time of the WPs caused by
various modes of degradation such as dry air oxidation, humid air corrosion, uniform and localized (pitting
and crevice) aqueous corrosion, and mechanical failure. Other degradation modes, such as stress corrosion
cracking and microbially influenced corrosion, are not currently considered in EBSFAIL. Failures caused
by seismicity-induced rockfall are calculated in SEISMO, while disruptive event failures are calculated in
FAULTO and VOLCANO. These disruptive event failures are relevant to TPA calculations only if the
events occur prior to the time of failure calculated in EBSFAIL.

6.1 INFORMATION FLOW WITHIN TPA

6.1.1 Information Supplied to EBSFAIL

Inputs required by EBSFAIL, provided by EXEC, include the temperature and RH as a function
of time and position in the repository (i.e., subarea) and the chemical composition of the aqueous phase
(e.g., pH and chloride concentration) in contact with the WP (calculated by NFENV). Relevant mechanical
properties of the WP, corrosion parameters, and other input parameters supplied to EBSFAIL are specified
in the EBSFAIL section of the #pa.inp file.

6.1.2 Information Provided by EBSFAIL

EBSFAIL passes the WP failure time caused by corrosion or mechanical failure, or both, back to
EXEC for use in EBSREL for release calculation.

6.2 INTERMEDIATE RESULTS

The intermediate outputs from EBSFAIL are provided in the wpsfail.res file. For all realizations
and subareas, the wpsfail.res file contains the failure time and the number of WPs failed because of
corrosion. The wpsfail.res file is described in detail in tables 20-1 and 20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
EBSFAIL inputs and outputs are written to ebsfail.ech, ebsfail.rit, and failt.cum files. The time evolution
of the WP temperature, RH, chloride concentration, and volumetric flow rates per WP (not used in
TPA Version 4.0) are included in the ebsfail.ech file. The fraction of WPs failed by corrosion for all times
is provided in the ebsfail.rit file. The output from the stand-alone code echofail.dat for all subareas and
realizations is available in the failt.cum file. A complete description of these files is provided in
section 20.3.

The EBSFAIL module generates intermediate input and output data transfer files while executing
the failtf stand-alone code. These files contain information only for the final realization and subarea
available at the end of the TPA code execution. EBSFAIL intermediate output transfer files include
ebsfail.inp and ebstrhc.inp. All corrosion-related parameters specified in the #pa.inp file are passed on to
the failt.f file through the intermediate data transfer file ebsfail.inp. The temperature and RH data are
available in the ebstrhc.inp file. Intermediate output data transfer files from EBSFAIL are chlrdmf.dat,
corrode.out, ebstrh.dat, and echofail.dat. The time evolution of chloride concentration from the multiflo.dat
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file is contained in the chlrdmf.dat file. Corrosion potentials, critical potentials, and WP wall thickness for
both metallic overpacks are listed at given time steps in the corrode.out file. The file ebstrh.dat contains
the temperature, RH, and the corrosion failure time. The file echofail.dat echoes the failt.f file input data
that is read from the ebsfail.inp file. Contents of the EBSFAIL intermediate data transfer files are further
described in appendix B.

6.3 CONCEPTUAL MODEL

EBSFAIL executes the stand-alone FAILT program, which was originally assembled as part of the
EBS performance assessment code (EBSPAC) (Mohanty et al., 1997). Three different types of WP failures
are considered in TPA: initial (Type 1), disruptive scenario (Type 2), and corrosion and mechanical
(Type 3). In Type 1 failure, a portion of the WPs in a subarea is specified to have failed at time t =0 as a
result of initial defects produced before repository closure. These WPs are assumed to have been defective
or damaged prior to or during emplacement and are specified in the input data as a fraction of the total
containers in a subarea. The number of WPs undergoing Type 1 failure is read from the input file. In Type
2 failure, WPs fail as a result of some disruptive event. The timing and number of WPs affected by Type
2 failures are calculated by consequence modules (e.g., SEISMO, FAULTO, VOLCANO). Type 2 failure
is a distribution of scenario failures over time, unlike Types 1 and 3. The TPA Version 4.0 code considers
only a limited number of discrete failure times to simplify radionuclide release calculations. Failure
corresponding to faulting and volcanic events are treated using two distinct failure times. The multiple
failure times from seismic events are collapsed into four distinct failure intervals: 0-2,000 yr;
2,000-5,000 yr; 5,000-10,000 yr; and 10,000-minimum (maximum simulation time, corrosion failure time).
For release calculations, the midpoint of these intervals represents the failure time for all failures in that
time interval. The number of failed WPs attributed to Type 2 failure is the number of WPs that failed
because of disruptive events prior to the corrosion failure of WPs. In other words, all WPs in a subarea that
have not undergone Type 1 and Type 2 failures are potentially subject to Type 3 failure. This assumption
implies that Type 3 failure affects all WPs equally in a subarea so that all WPs in the same subarea that
have not already failed under Types 1 and 2 will fail simultaneously.

6.3.1 Corrosion and Mechanical Failures

For simplicity, failure of the WP is defined as the through-wall penetration of the outer and inner
overpacks by a single pit, by uniform corrosion, or by brittle fracture caused by mechanically dominated
processes in the presence of residual stresses. Depending on the thermohydrological conditions and the
near-field environment, three different WP degradation processes are assumed to occur as determined by
the interaction of the changing environment with the container materials. The first process is oxidation of
the outer container by interaction with gaseous oxygen in dry air at relatively elevated temperatures (100°C
to the maximum temperature of the WP surface). The second process is humid-air corrosion of the outer
container as a result of the air containing water vapor at intermediate RH values, and the third process is
aqueous corrosion that occurs at higher RHs values. An additional degradation process is mechanical failure
caused by brittle fracture that may occur as a result of the concurrent effect of thermal embrittlement of the
container materials and residual stresses produced by welding during fabrication or WP closure. No
allowance for extending WP lifetimes is given to the protection ability of the inner canisters (e.g., pour
canister for the vitrified defense reprocessed waste) or the fuel cladding against corrosion or mechanical
failure. After the outer and inner overpacks are penetrated by corrosion or failed by fracture, the SF is
considered to be exposed to the near-field environment.
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At each time step, a calculation is performed to determine if the RH has reached a critical value.
If the RH of the environment surrounding the WP is below a lower critical value, the corrosion is treated
as dry-air oxidation (and the penetration of the dry-air oxidation front is calculated). In the same time
interval, a mechanical failure test is conducted for the new thickness resulting from metal oxidation to
evaluate if failure by mechanical fracture occurs. If the WP does not fail by fracture, then the time is
advanced, and the RH critical value test is repeated. If RH reaches the lower critical value at any time step,
then the calculation of dry-air oxidation is interrupted and the calculation of metal penetration by corrosion
in humid air begins. If the RH reaches a higher threshold, the calculation of metal penetration by aqueous
corrosion is initiated. The mechanical failure test is performed at all time intervals until failure occurs,
regardless of the type of corrosion the WP is undergoing (e.g., dry air, humid air, or aqueous corrosion).
The initial time of the time step at which full penetration occurs is computed as the failure time.

In the TPA Version 4.0 code, it is assumed that dry-air oxidation and humid-air corrosion do not
contribute to the degradation of the WPs because Alloy 22, the material proposed in EDA II for the outer
container, exhibits negligible or almost null penetration as a result of dry-air oxidation and humid-air
corrosion. Furthermore, this material does not experience thermal embrittlement, as opposed to carbon steel
(the outer overpack in the VA design), and it is not expected that thermal exposure at temperatures below
350°C will lead to mechanical fracture as a result of a significant decrease in fracture toughness. The only
feasible mechanism that can cause failure of the outer overpack to contain radionuclides is aqueous
corrosion, either as general or localized (crevice) corrosion.

6.3.2 Dry-Air Oxidation

Dry-air oxidation is a negligible contributor to the failure of the WPs for design alternatives such
as EDA II. The dry-air oxidation model implemented in the TPA Version 4.0 code was originally developed
to address the WP design discussed in the VA (U.S. Department of Energy, 1998), which included the use
of carbon steel as an outer overpack. The discussion that follows applies to materials such as carbon steel
(this degradation mechanism is not valid for materials such as Alloy 22) with the exception of exposures
to relatively high temperatures—a situation not considered in the EDA II.

Oxidation of steel in dry air takes place at low RHs and temperatures ranging from ambient to the
maximum temperature of the WP surface. The thin oxide layers formed at such temperatures are assumed
to protect the container against further oxidation. Oxide growth, however, may become localized and lead
to deeper penetration of the oxidation front, adversely affecting long-term container integrity. Localized dry
oxidation includes internal oxidation and intergranular oxidation. In the case of internal oxidation, the oxide
forms as islands in the metal underneath the uniform oxide layer. In intergranular oxidation, the oxide forms
preferentially along metal grain boundaries. Localized dry oxidation takes place by mass transport through
short-circuit diffusion paths, such as interfaces between metal and oxide, other inclusions and precipitates,
or grain boundaries.

In the EBSFAIL module, it is assumed that localized dry oxidation occurs intergranularly by
enhanced diffusion of oxygen anions along grain boundaries. For the calculations of intergranular oxide
formation, a mathematical model developed by Oishi and Ichimura (1979) is used, in which oxygen
diffusion in the matrix and along the grain boundary can be calculated simultaneously in an infinite 1D
body (Ahn, 1995). The main assumptions in the calculations are (i) the effect of the external oxide layer
is negligible, (ii) oxygen diffuses into metallic phases (near the interface between grain boundary oxide and
metal), and (iii) oxygen also diffuses into the metallic matrix from grain boundaries. The distance of oxygen
penetration in the metal at time, ¢, is
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Y, = rSD Zexp (6-1)
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where
Y, — penetration distance by intergranular oxidation [cm]
D, — matrix diffusivity [cm?/s]
D, — grain boundary diffusivity [cm?/s]
) — the thickness of grain boundary [~ 0.7 x 1077 cm, based on Lobnig et al. (1992)]
¥y — the grain radius [ = 1 x 107 cm for cast steel, based on Ahn and Soo (1983, 1984)]
t e time [s]

Using diffusivities defined by the user in the #pa.inp file, Eq. (6-1) yields the penetration distance of oxygen
along grain boundaries and is used as a surrogate for oxide formation.

6.3.3 Humid-Air Corrosion

Humid-air corrosion is a feasible mechanism contributing to the failure of the WPs under the VA
design (U.S. Department of Energy, 1998). Other design alternatives, such as the EDA II, however, have
decreased or nullified the relevance of humid-air corrosion. The discussion that follows applies to a material
such as carbon steel; this degradation mechanism is not valid for materials such as Alloy 22.

Corrosion of the steel container in air at moderately high RHs, as expected under certain repository
conditions after the initial dry period, bears certain similarities to atmospheric corrosion, as discussed
elsewhere (Cragnolino et al., 1998). However, significant differences exist. Atmospheric corrosion occurs
when a metal surface is covered by a water film of sufficient thickness to sustain electrochemical reactions.
Water can be physically adsorbed to the metal surface in molecular form or it can be chemically bonded
in a dissociated form that results in the formation of metal-hydroxyl bonds (Leygraf, 1995). The thickness
of the water film increases with increasing RH. The critical RH above which atmospheric corrosion of most
metals occurs corresponds to the formation of a water film of multiple monolayers that displays properties
similar to bulk water. During these conditions, corrosion is governed by the same electrochemical laws
applicable to corrosion of metals immersed in an aqueous electrolyte.

Atmospheric corrosion studies reveal that iron and steel exhibit a primary critical RH of
approximately 60 percent, similar to most metals (Fyfe, 1994). Above 60 percent RH, corrosion proceeds
at a slow rate, but at 75-80 percent RH, the corrosion rate sharply increases for materials such as carbon
steel. This secondary critical RH is attributed to capillary condensation of water in the pores of the solid
corrosion products.

In the case of carbon steel there is experimental evidence of the existence of two threshold values
for the RH; when the threshold values are exceeded, the dissolution rate noticeably increases. For corrosion
resistant material, such as Alloy 22, this experimental information is not available. In this case, a threshold
RH value of approximately 60—65 percent is adopted for the onset of uniform passive corrosion (assuming
further conditions explained in the next section are fulfilled). This value of RH is the value at which a
liquid film of sufficient thickness can be formed to sustain electrochemical reactions as in bulk electrolyte
solutions.
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It is assumed in the EBSFAIL module that humid air corrosion occurs above a primary critical value
of RH, whereas aqueous corrosion takes place above a secondary critical value. If the RH is higher than
the primary critical value, humid-air corrosion is evaluated using a constant rate set by the user in the
tpa.inp file, which is assumed to be independent of temperature and time.

6.3.4 Aqueous Corrosion

Aqueous corrosion of container materials could be uniform or localized depending on the
composition of the near-field environment. If the corrosion potential is higher than the critical potential for
the initiation of localized corrosion, the calculation of metal penetration in the form of pit growth begins
immediately without an initiation or induction time. When the depth of the pit is greater than the initial
thickness of the WP outer overpack, the potential of the galvanic couple formed by the outer and inner
containers is calculated. For EDA II design it is considered that there is no galvanic coupling between the
outer and the inner overpack. If the corrosion or galvanic potential of the inner container is lower than the
critical potential for localized corrosion, penetration of the inner container is computed as uniform corrosion
under passive dissolution conditions. Otherwise, pit growth of the inner overpack begins and continues until
the depth of the pit becomes equal to the inner overpack wall thickness.

If the RH is higher than the secondary critical value, aqueous corrosion of the container materials
is evaluated. It is assumed that a water layer defined by an arbitrary specified thickness on the order of a
few millimeters is formed, and its thickness is considered to be the same regardless of the presence or
absence of backfill around the WP. Water films that form on the metal surface usually contain a variety of
contaminants. Soluble species such as CO, increase the electrical conductivity and decrease the pH of the
film. In the VA design, these species could potentially lead to an increase in the iron or steel dissolution
rate (Leygraf, 1995). Anionic species such as CI” may escalate the rate of dissolution or promote a more
localized form of corrosion.

In the presence of an aqueous phase, corrosion of steel is an electrochemically controlled process.
This process could be in the form of uniform active dissolution at pH close to or lower than neutral, or in
the form of localized passive dissolution under the alkaline conditions induced by anions present in
groundwater such as HCO, . Localized corrosion of the carbon steel may be promoted by the simultaneous
presence of C1 anions at concentrations higher than a minimum critical value in the pH range within which
passivation occurs.

On the other hand, experiments at the CNWRA indicate that Alloy 22, the outer overpack material
in the EDA 11, is an alloy highly resistant to localized corrosion with a passive dissolution rate that seems
to be independent of environmental factors such as pH and chloride concentration over wide pH (0.7 to 8.4)
and chloride concentration (0.028 to 4.0 M) ranges and only slightly dependent on the temperature (within
the 25-95°C range) (Dunn et al., 1999). In general, Ni-Cr-Mo alloys exhibit localized corrosion in the form
of pitting and crevice corrosion above certain critical potentials, which are dependent on the alloy
composition (Cragnolino et al., 1999).

At any given time, the mode of aqueous corrosion depends on the corrosion potential and the
appropriate critical potential required to initiate a particular localized (pitting or crevice) corrosion process.
The corrosion potential is the mixed potential established at the metal/solution interface when a metal is
immersed in a given environment. Corrosion potentials are calculated on the basis of a kinetic expression
for the cathodic reduction of oxygen and water and the passive current density for the anodic dissolution
of the metals.
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Empirically derived equations are used in EBSFAIL for the dependence of critical potentials on
environmental parameters. Pit initiation and repassivation potentials are assumed to depend only on the
chloride concentration and temperature. The dependence of the critical potential on chloride concentration
and temperature is given by

0 —
Eyio = Equ(T)+ B( T)log[Cl ] (6-2)
where Eg.it(T) and B(T), which depend on the material, are linear functions of temperature. The equation

is valid above a minimum CI~ concentration required to promote localized corrosion that also depends on
the material. It should be noted that E_,(7) is the value of EZ, () for a CI” concentration equal to 1 M.
Both E,(7T) and B(T) were evaluated for A516 steel and Alloy 825 for initiation and repassivation
potentials for both pitting and crevice corrosion (Sridhar et al., 1993; Dunn et al., 1996). Data for Alloy 625
is available only at temperatures close to the boiling point of water (95°C) because, at temperatures lower
than 60°C, it is resistant to localized corrosion over a wide range of Cl~ concentrations (Gruss et al., 1998).
Because of the insufficiency of the current database, both E2, (7) and B(T) are conservatively considered

to be independent of temperature until more data are available.

E_,(T) was also identified as the critical potential for the localized corrosion of Alloy 22. In this
case, Eq. (6-2) is valid for the repassivation potential for crevice corrosion at Cl~ concentrations above
0.5 molar and temperatures ranging from 95 to 125°C (Dunn et al., 1999). However, at temperatures above
125°C, E2,(T) and B(T) are not linear functions of temperature. Nevertheless, the linear dependence is
valid for the temperature range of interest in the proposed repository. Equation (6-2) is used to compute the
critical potential for localized corrosion in TPA Version 4.0 code provided that the chloride concentration
is above 0.5 molar as specified in the #pa.inp file as CritChlorideConcForFirstLayer[mol/L].

In the EBSFAIL module, the repassivation potential, E, ,, is conservatively adopted as the critical
potential for the initiation of localized corrosion. The same approach is applied to the outer and inner
containers. If the corrosion potential is higher than the repassivation potential, pits are assumed to grow
without an initiation time. If the corrosion potential falls below the repassivation potential, previously
growing pits are presumed to cease growing, and the material passivates, corroding uniformly at a low rate
through a passive film. The metal penetration or remaining thickness is calculated at each time step using
rates of uniform and localized corrosion as appropriate.

The propagation of pits is considered in a simplified manner by introducing an empirical equation
developed by Marsh and Taylor (1988) for carbon steel in chloride containing bicarbonate/carbonate
solutions using an extreme values statistics approach. In Eq. (6-3) pit penetration is time-dependent and
given by

P= At" (6-3)
where
P — pit penetration [m]
t — time [yr]
A — experimentally determined constant specified in the #pa.inp file
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Equation (6-3) has also been found to describe the pit penetration depth in a Fe-12Cr steel in 0.1 M
NaCl solution at 0.0 Vg and 60°C. (Zhou and Turnbull, 1999). The coefficient, 4
(CoefForLocCorrOfOuterOverpack and CoefForLocCorrOfInnerOverpack), and the exponent, n»
(ExponetForLocCorrOfOuterOverpack and ExponetForLocCorrOflnnerOverpack), are specified in the
tpa.inp file for both the outer and inner overpack materials. For carbon steel, » is approximately equal to
0.5, which is consistent with a pit growth process controlled by diffusional mass transport and a rate that
decreases with time. For Alloy 22 and SS type 316(L or NG), it is considered that pit growth is governed
by a constant rate of penetration (i.e., » = 1). Experimental results (Dunn et al., 1996), however, suggest
that this is a conservative approach since a parabolic rate law (n=Y) was found to apply to the crevice
growth rate of SS type 316L in 1.0 M NaCl solution at 95°C, as discussed in comparison to field data for
Alloy 625 (Dunn et al., 1999).

If the corrosion potential is lower than E, ,, uniform penetration caused by corrosion under passive
conditions is calculated by using experimentally available values for the passive current density specified

in the tpa.inp file.

In the TPA Version 4.0 code, the passive current density, Z, is transformed into a corrosion rate, CR,

by
iE,
CR=— (6-4)
Fp
where
i — passive current density [C/(m* yr)]
E, — equivalent molecular weight [kg/mol]
F — Faraday’s constant, 96486.7 C/mol
p — Material density [kg/m’]

The parameters i (AA_1 1 and AA_2 1), E, (EquivalentWeightOuterOverpack and
EquivalentWeightInnerOverpack), and p (DensityOuterOverpack and DensityInnerOverpack) are defined
by the user in the #pa.inp file for both the inner and outer overpack materials. The equivalent molecular
weight is defined as a function of the alloy composition as

1
" y z,f; (6-5)

where

— weight fraction of element j
oxidation state of element j in the alloy
e molecular weight of element j [kg/mol]

TN
|

~.
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The sum in Eq. (6-5) spans throughout the relevant elements in the alloy (i.e., those with
compositions above 1 percent). In case of uncertainty in selecting the oxidation state, z ., the user should
consider the conservative approach by selecting the smallest stable oxidation state for tﬁe element which
would lead to high corrosion rates. This approach is taken in the definition of the basecase for the TPA
Version 4.0 code. In the derivation of Eq. (6-4), it is assumed that the alloy displays perfect congruent or
stoichiometric dissolution.

Following penetration of the outer container, electrical contact of the inner and outer containers
through the presence of an electrolyte path (such as that provided by modified groundwater) could promote
galvanic coupling, assuming that metallic contact always exists between both containers.

In the case of the VA WP design (U.S. Department of Energy, 1998), and particularly for alloys
less resistant to localized corrosion than Alloy 22, such as Alloys 825 and 625, galvanic coupling to the
carbon steel after its penetration by pitting corrosion can avoid localized corrosion of the inner overpack
material by decreasing the corrosion potential below the repassivation potential. On the other hand, for
recent design alternatives, such as EDA II, the issue of galvanic coupling is moot. Alloy 22, as the outer
container material, is extremely resistant to localized corrosion, and, if penetrated by a pit, the driving force
for galvanic coupling with SS type 316L will be negligible because both alloys form stable passive films
enriched in chromium oxide. Nonetheless, the TPA Version 4.0 code has the potential to evaluate galvanic
coupling, and the model is next described.

The effect of galvanic coupling between the inner and outer overpacks on the failure time of the
WP is evaluated by a simplified approach (Mohanty et al., 1997). The corrosion potential of the inner
container in the galvanic couple, EF , formed when the wall of the outer container is penetrated by a pit,
is estimated using experimentally measured values of the potential bimetallic couple, Ecouple , for a well-
defined area ratio between both components, assuming perfect electrical contact (Dunn and Cragnolino,
1997, 1998). If EP is greater than the repassivation potential of the inner overpack material, localized
corrosion occurs. Otherwise, uniform corrosion takes place. The E_P is determined through a linear
combination of corrosion potential, E__ , of the inner overpack, in the absence of galvanic coupling at the
time of the through-wall penetration of the outer overpack, and F according to the empirical

. couple
expression:

corr

Eoo = (1 - n) Ecorr +n Ecouple (6-6)

where 0 < 1 < 1 is the efficiency of the galvanic coupling.

The parameters n and E couple 3T€ defined in the #pa.inp file by the user. For the evaluation of the
EDA 11, both have been set equal to zero.

6.3.5 Mechanical Failure

Mechanical failure of the outer overpack induced by thermal embrittlement of carbon steel was a
feasible mechanism contributing to the failure of the WPs considered in the VA design (U.S. Department
of Energy, 1998). Other design alternatives, such as the EDA II, however, have decreased the relevance of
this failure mode. Mechanical failure caused by brittle fracture may not be feasible for Alloy 22 and SS type
316L because of the high ductility of both materials. It is unlikely that the embrittlement process will induce
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mechanical failure at the WP temperatures expected in EDA II. The exception could be high loads that
result from seismic events that may promote plastic collapse. Nonetheless, the TPA Version 4.0 code
incorporates the existing mechanical failure model used in prior versions of the code. The discussion that
follows applies to a material such as carbon steel; this degradation mechanism may not be valid for EDA
IT materials.

Mechanical failure of WPs in the EBSFAIL module is considered to be the result of fracture of the
outer overpack. As a first approximation, other mechanical failure processes such as buckling or yielding
were not regarded plausible in the VA design of the WP because of the relatively large thickness of the
container wall. Active uniform corrosion of the carbon steel overpack was not expected under the
passivating conditions in the near-field environment of the VA design and, therefore, failure modes, such
as buckling or yielding, that would require significant generalized thinning of the container wall in the
presence of external loads were not included.

The possibility of mechanical failure as a result of thermal embrittlement of the alloy promoted by
long-term exposure to temperatures above 150°C is evaluated at each time step. Thermal embrittlement of
low-alloy steels occurs as a consequence of prolonged exposure at elevated temperatures and results in a
substantial degradation of specific mechanical properties.

One of the important mechanical properties of the WP materials is toughness, which is the ability
to absorb energy in the form of plastic deformation without fracture. Toughness, however, is significantly
affected by thermal embrittlement, a phenomenon closely related to temper embrittlement. Thermal
embrittlement is characterized by an upward shift in the ductile-brittle transition temperature, measured by
the variation of the impact fracture energy for notch specimens as a function of test temperature (Vander
Voort, 1990). Segregation of impurities, such as Sb, P, Sn, and As, along prior austenite grain boundaries
is the main cause of temper embrittlement (Briant and Banerji, 1983). The segregation of P, which in the
case of commercial steels is the predominant impurity, promotes fracture of notched specimens upon impact
and leads to a change in the low-temperature fracture mode from transgranular cleavage to intergranular
fracture (Cragnolino et al., 1996).

A simple fracture model, developed on the basis of linear-elastic fracture mechanics, is used in
EBSFAIL. This model is based on a generalized expression for the stress intensity factor (K}). For the case
of a cylinder with a surface flaw located on its outer surface, the following equation is applicable:

K, = Yo(na)®’ (6-7)
where
K, — stress intensity factor for the crack opening mode (I), [MPa m®’]
Y geometry factor to account for the shape of the crack and the load configuration
[unitless]
c — applied stress [MPa]
a — depth of crack [m]

It is assumed that applied stresses are caused by only residual stresses associated with the
circumferential weld used for overpack closure. It is also presumed that the maximum value attainable by
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residual stresses produced by welding is the yield strength of the material. The depth of the crack increases
with time and is conservatively inferred to be equal to that of a pit resulting from localized corrosion.
Values of Y are calculated as Y= M, Q°°, as discussed by Rolfe and Barsom (1977). The geometry factor,
Y, corresponds to a part-through thickness thumbnail crack with a length 2c equal to two times its depth,
a, for a hollow cylinder of wall thickness, ¢, in which the crack shape parameter, Q, is a function of a/2c.
The magnification factor, Mg, varying from 1.0 to 1.6, is introduced for deep cracks with depths ranging
from #/2 to ¢. For simplicity, the WP is considered composed of a single shell with the combined thickness
of both the outer and the inner overpacks, but with the mechanical properties of the outer overpack.

In addition, a safety factor of 1.4 was applied to calculate the value of K, by assuming that the yield
strength of the material in the vicinity of the welds is higher than the base material. This value is compared
at each time step with the critical stress intensity or fracture toughness of the material, K., to determine if
failure by fracture takes place. By definition, fracture occurs instantaneously if K, is greater than K.
Because of the lack of data, no decrease in the value of K, with time is assumed in the present analysis.
If thermal embrittlement of the alloy occurs through prolonged exposure (thousands of years) to
temperatures above 250°C, however, a substantial decrease in the value of K;. may be expected (Cragnolino
et al., 1998).

6.3.6 Drip Shield

The EDA II considers the presence of a drip shield extended over the length of the emplacement
drifts and enclosing the top and sides of the WPs. The purpose of the drip shield is to avoid water seepage
or dripping during the thermal pulse period (when environmental conditions leading to localized corrosion
of Alloy 22 may be attained) and presumably to attenuate the direct impact of rockfall of the WPs. The
material choice for the drip shield is Ti grade 7 (Ti-0.2Pd) with a thickness of 1.5 or 2 cm.

The TPA Version 4.0 code has limited capability to evaluate the effect of the drip shield on the
radionuclide release after WP failure. Uncertainties in the chemical composition of the aqueous environment
in contact with the drip shield, insufficiency of parameters needed to describe the degradation processes
of the drip shield material, incompleteness of experimental data, and lack of a definite EBS design have
precluded the formulation of a detailed model. It is accepted, however, that the drip shield can control the
amount of water available for radionuclide release. The drip shield can also affect the presence and
composition of salts (e.g., chlorides and carbonates) on the surface of the WP. On the other hand, it is
assumed that the drip shield does not have any influence on the relative humidity, which may be considered
as a conservative assumption provided that there is no substantial accumulation of airborne materials during
the ventilation period. These concepts have been implemented in the TPA Version 4.0 code as next
explained.

During the environmental conditions expected in the emplacement drifts, the drip shield will exhibit
passive uniform corrosion. The possibility of localized corrosion or hydrogen embrittlement caused by
delayed hydride cracking seems to be negligible. Therefore, the failure time is estimated on the basis of
experimental data and literature data and introduced as an input parameter in the code. The failure time
(PDF) of the drip shield is defined in the #pa.inp file (as DripShieldFailureTime[yr]). The drip shield
controls the amount of water seeping onto the WP. Thus, radionuclide release cannot be produced until both
the WP and the drip shield have failed. A discussion of the radionuclide release model and the
implementation of the limitation in the availability of water by the drip shield for radionuclide release can
be found in chapter 8.
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The drip shield may control the amount of chloride on the WP surface. In the TPA Version 4.0
code, the chloride concentration on the WP surface is computed as the near-field chloride concentration
times an appropriate factor defined in the #pa.inp file (ChlorideMultFactor and
ChlorideMultFactorIntactDripShield). Let #,¢ represent the drip shield failure time and # an arbitrary time.
For ¢t < t,5 the chloride factor selected is ChlorideMultFactorIntactDripShield, and for ¢ > #,,
ChlorideMultFactor. In the TPA Version 4.0 code, it is defined as ChlorideMultFactorIntactDripShield <1
and ChlorideMultFactor > 1. That is to say, the chloride concentration is assumed to be less than or equal
to the near-field chloride concentration while the drip shield has not failed and assumed to be higher after
failure of the drip shield. See appendix A for the basecase values of the chloride multiplication factors. See
also appendix A for a definition of the PDF for the failure time of the drip shield, assuming that the
construction material is Ti grade 7 and based on the experimental determination of the passive current
density.

6.3.7 Radiolysis

Radiation from the SF (o and y) affecting the WP environment may cause the production of
oxidizing species such as H,0, , O,, and short-lived oxidizing radicals (i.e., HO, HO,). The presence of
these oxidizing species may cause an increase in the corrosion potential, which may suffice to change the
corrosion mode from general to localized. Uncertainties in the near-field environment, incomplete
experimental data, and lack of understanding of the details of the phenomenon have precluded the
formulation of a detailed radiolysis model. No matter how complicated this phenomenon may be from the
point of view of the degradation of the WP materials, one of the most important issues is the increase in
the corrosion potential. This increase in the corrosion potential decays with time (possibly exponentially)
because the radiation level decays exponentially with time. In the TPA Version 4.0 code, the increase in
the corrosion potential, AE , is modeled by

AE = AE ™ (6-8)
where
AE, — increase in the corrosion potential at t = 0 [V]
A — decaying constant [1/yr]
t — time variable [yr]

The parameters AE, and A are specified in the #pa.inp file as DeltaPotentialDueToRadiolysis[V] and

DecayingConstantRadiolysis[ 1/yr], respectively. The corrosion potential, £ , is computed as

E = Eno radiolysis +AE (6-9)

C corr

where
Eromdiolysis corrosion potential calculated on the basis of a kinetic expression for the

corr
cathodic reduction of oxygen and water and the passive current density for
the anodic oxidation of the metal [V]
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Prior to the failure of the WP, o radiation is totally confined within the WP. Thus, radiation effects
on the environment outside of the WP are mainly the result of y radiation. Because of the heat generated
by the SF for the first several hundreds of years after the emplacement, there is only air and water vapor
surrounding the WP. Because the radiation yield for H,0, is low in the moist-air gas system, the
concentration of H,0, is expected to be negligible in the gas-phase environment (Reed and Van
Konynenburg, 1993). Furthermore, the radiation yield of H,0O, in water vapor is zero (Spinks and Woods,
1990), and H,0, is unstable and decays into more stable species such as H,0, OH", and O,. Therefore, H,0O,
cannot accumulate in the environment in the proximity of the WP during the dry and humid period. After
the long dry-air and humid-air periods, water will condense on the surface of the WP and form a thin film.
Under this condition, H,0, may be formed by irradiation. The irradiation level must be high enough to
guarantee a continuous supply of oxidizing species and increase the corrosion potential. By the time of the
formation of the water film, however, the energy absorption rate on the environment in the proximity of the
WP will be so low (computed to be less than 0.005 J/kg-hr after 1,000 yr in the EDA II) that the production
of H,0, is expected to be negligible. For this reason, in the basecase for TPA Version 4.0 code, it is
considered that AE = 0 (a dummy value is assigned to the parameter ). Parameter values can be found
in appendix A.

6.4 ASSUMPTIONS AND CONSERVATISM OF THE EBSFAIL APPROACH

The EBSFAIL model is an abstraction of failure of the WP that considers (i) dry-air oxidation,
(i1) humid-air corrosion, (iii) aqueous corrosion, (iv) mechanical failure, (v) drip-shield failure, (vi)
radiolysis, (vii) disruptive-scenario failure, (viii) juvenile failure, and (ix) failure time.

Oxidation of steel can occur in dry air at low RH and temperatures ranging from ambient to the
maximum temperature of the WP surface. It is assumed that localized dry-air oxidation occurs
intergranularly by enhanced diffusion of oxygen anions along grain boundaries. Because this effect is
expected only for a short period at the beginning of the postclosure period when the RH may be lowered
by thermal output, it is not anticipated to significantly affect the WP lifetime. With more current design
alternatives, such as EDA II, dry-air oxidation does not contribute to failure of the WPs. This process is
included because the code was originally developed to evaluate the VA design where this degradation
process had some minor significance.

Corrosion of steel in air at moderately high RH, expected after the initial dry period, bears certain
similarities to atmospheric corrosion. Humid-air corrosion is assumed to occur when the RH is above a
primary RH value and below a secondary critical RH above which aqueous corrosion takes place.
Atmospheric corrosion studies for iron and steel indicate a slow rate of corrosion occurring between a
primary RH of 60 percent and a secondary RH of 75-80 percent. Humid-air corrosion is not considered to
have a significant effect on WP lifetime. For more current design alternatives, such as EDA II, humid-air
corrosion does not contribute to failure of the WPs. This process is included because the code was
originally developed to evaluate the VA design where this degradation process had some minor significance.

Among dry-air oxidation, humid-air corrosion, and aqueous corrosion, degradation of the WP will
be most affected by the aqueous corrosion process. Aqueous corrosion will occur when the secondary RH
is exceeded. Aqueous corrosion can occur in the form of uniform or localized corrosion. Localized (pitting
or crevice) corrosion will breach the WP in a much shorter time than uniform corrosion. The corrosion
potential is the driving force required to promote the occurrence of various corrosion processes under
natural environmental conditions. Once the corrosion potential exceeds the repassivation potential, localized
corrosion begins, and pit growth rates are calculated by using an empirical expression. Failure of the WP
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is defined conservatively as penetration of both overpacks by a single pit or by general dissolution. Because
the repassivation potential depends on the temperature and chloride concentration through an empirical
expression, the degree of conservatism depends on the approach used to estimate the temperature and
chloride concentration. The corrosion potential may also be increased by the presence of additional
oxidizing species created by water radiolysis, as later explained.

Mechanical failure of the WP is assumed to occur as a result of fracture of the outer steel overpack.
Fracture of the overpack, as a result of thermal embrittlement, is an important consideration in the VA
design because the fracture toughness of the steel can be affected by the repository thermal environment
(i.e., long-term exposure to temperatures above 150°C). However, for other design alternatives, such as
EDA 11, this failure mechanism may be irrelevant. Mechanical fracture due to thermal embrittlement may
not be feasible for both Alloy 22 and SS type 316L because of the high ductility of both materials. It is
unlikely that the embrittlement process will induce mechanical failure at the WP temperatures expected in
EDA 1II. The exception could be high loads that result from seismic events that may promote plastic
collapse. Mechanical failure by brittle fracture is included because the code was originally developed to
evaluate the VA design, where this degradation process had some significance. In the implemented
methodology, the stress intensity arising from residual stresses at the tip of a crack or pit is compared to
the fracture toughness of the WP to determine if failure by fracture takes place. This approach is
nonconservative because the applied stress considered excludes other stresses (e.g., from seismicity and
faulting). However, the overall approach can be conservative depending on the value for fracture toughness
specified in the #pa.inp file. In the VA design, fracture toughness is affected by the prolonged exposure to
high temperatures (above 250°C) and thus is dependent on repository design (e.g., backfill versus no
backfill and thermal load).

The drip shield regulates the amount of water for radionuclide release. It is assumed that it also
decreases the chloride concentration of the environment in the proximity of the WP. After failure of the drip
shield, the chloride concentration could increase because of the presence of salts in the seeping water. The
degree of conservatism in the drip shield model depends on the conservatism associated with the drip shield
failure time distribution, specified in the #pa.inp file. In the current corrosion model that does not consider
deposition of airborne substances during the preclosure ventilation period, the assumption that the relative
humidity is not affected by the presence of the drip shield is conservative. Because the onset of corrosion
degradation is assumed to be governed by the RH, both the drip shield and the WP degrade in a parallel
manner. The assumption that the chloride concentration in the proximity of the WP is equivalent to the
near-field concentration, while the drip shield is intact, is also a conservative approach.

The effect of ¥ and a radiation on the environment in the proximity of the WP is simulated by
assuming an increase in the corrosion potential that decays exponentially with time. The basecase, however,
does not take into account this possible increase in the corrosion potential. The reason for this selection is
the consideration by CNWRA staff that the radiation levels after the formation of the film of water on the
surface of the WP will be so small that it will not be possible to sustain a continuous supply of radiolytic
species (unstable on their own). Furthermore, the change in the corrosion potential is not expected to be
large enough to change the corrosion mode from general passive corrosion to localized corrosion.

Disruptive scenario failure of the WP is the failure of the WP caused by seismicity, faulting, or
igneous activity (further details on the disruptive scenario failures are provided in their respective sections).
Seismic activity can cause rockfall from the roof of the emplacement drifts that will cause deformation and,
in some cases, failure of the WP. Fault displacement is assumed to fail all WPs intercepted by the fault zone
when a given fault displacement is exceeded. Intrusive IA is assumed to fail all WPs in an effective area
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intercepted by an intrusive event calculated by an intrusion orientation, length, and width (this assumes that
contact between magma and the WP results in failure of the WP).

Juvenile failures of the WP may occur because of manufacturing defects and emplacement
accidents. The TPA Version 4.0 code includes a parameter to specify the fraction of WPs assumed to be
damaged either at the beginning or at a nonzero simulation time. There is limited data to determine an
appropriate value for juvenile failures.

Unique failure times are assigned to each failure type: (i) juvenile failure, (ii) failure by degradation
(dry oxidation, humid-air corrosion, and mechanical fracture failure), (iii) faulting disruptive scenario
failure, (iv) intrusive IA scenario failure, and (v) seismicity disruptive event scenario. Only one time is used
for each of the these categories to represent the failure time of the WPs with the exception of the seismicity
disruptive event scenario failure. Because of the frequent occurrence of seismic events that could lead to
WP failure, four different time intervals are used to group seismic failures, and the midpoint of these
intervals is used as the seismic failure time. The conservative nature of this approach depends on the
distribution of failures within the simulation period.

There are specific assumptions and conservatisms of EBSFAIL:

. There is no coupling of the EBSFAIL module for mechanical failure with failure of WPs
because of disruptive events calculated outside the EBSFAIL module. This lack of coupling
may result in conservative estimates of the number of failed WPs and the time of
occurrence computed by the SEISMO module. No inputs from FAULTO and SEISMO
modules in the form of applied stresses are used in EBSFAIL to calculate mechanical
failure. Only residual stresses arising from weld closures are considered.

. Corrosion failure of all the WPs contained in a subarea occurs simultaneously and is
determined by the penetration of both overpacks by a single pit or by general corrosion.
These assumptions do not take into consideration the full range of spatial variations in
environmental, material, and electrochemical conditions that can be expected for different
WPs and on different areas of a single WP.

. Mechanical failure is calculated assuming an intact WP (i.e., no weakening of the WP
owing to uniform corrosion), which may yield nonconservatively long times to mechanical
failure. For the EDA II, however, this failure mode is considered to be irrelevant.

. For dry-air oxidation of the WP, the rate of oxidation is controlled by oxygen transport into
grain boundaries, which is a slow process. This failure mechanism is negligible for the VA
design and assumed null for the EDA II.

. Aqueous corrosion occurs through formation of an alkaline and saline water film on the
WP surface at high RH. Dripping of modified groundwater on the WP is not considered.
This limitation may lead to nonconservative results if there are significant spatial and
temporal variations in the flow and chemistry of the water.

. The drip shield is assumed not to have any influence on the relative humidity, and thus it
does not delay the degradation of the WP. If there are prior surface deposition of dust or
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other chemically aggressive materials, condensates from the inside of the drip shield wall
dripping on the WP could accelerate the degradation of the WP.

The possibility of enhanced corrosion rates occurring along the WP closure weld areas is
neglected, which may lead to nonconservative estimates of the failure times. The WP weld
area, however, is small compared to the base metal area and located in one of the vertically
emplaced ends of the WP. Thus, a limited surface is available for water to seep inside the
WP and promote the release of the radionuclides.
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7 SEISMO MODULE DESCRIPTION

SEISMO determines the number of WPs ruptured by seismically induced rockfalls. The number of ruptured
WPs determined from this module, is made available to EBSREL for release calculation. SEISMO is
considered a basecase WP failure module, but, because of the uncertainties in the effect of seismicity on
WP failure, the TPA Version 4.0 code allows the user to operate the code with or without the SEISMO
module. Like disruptive event modules VOLCANO or FAULTO, SEISMO is activated by a flag in the
tpa.inp file.

7.1 INFORMATION FLOW WITHIN TPA

7.1.1 Information Supplied to SEISMO

The user selects the seismic disruptive process module in the #pa.inp file. EXEC passes to SEISMO
the TPA time steps and the number, magnitude, and time of the seismic events that are sampled using the
seismic hazard curve data set in the #pa.inp file. The vertical extent of rockfall associated with different
categories of seismic events and rockfall area determined by joint spacing are used to compute rockfall
volume. The vertical extent of rockfall and the fractional rockfall area are provided in the #pa.inp file. With
the new design, the rockfall is likely to damage WPs only prior to the emplacement of backfill if the backfill
is sufficiently designed to eliminate effects of rockfall on WPs. To account for backfill at the postclosure,
the SEISMO module has an option to turn rockfall assessment off at a desired simulation time.

7.1.2 Information Provided by SEISMO

SEISMO calculates the cumulative fraction of WPs disturbed by the seismic event for all subareas.
These results are passed to EXEC and used in EBSREL for release calculations.

7.2 INTERMEDIATE RESULTS

The intermediate outputs from SEISMO are accessed in the wpsfail.res file. The seismic event time
and the number of WPs failed by the seismic event are available in the wpsfail.res file. The wpsfail.res file
is described in detail in tables 20-1 and 20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
SEISMO inputs are written to the seismo.ech file and outputs to the seismo.rit file. The number, time, and
type of seismic event are included in the seismo.ech file. The fraction of WPs failed by seismic events for
all time steps is provided in the seismo.rit file. A complete description of these files is presented in
chapter 20.

7.3 CONCEPTUAL MODEL

The SEISMO module evaluates the potential for direct rupture of WPs from rockfall induced by
seismicity. The SEISMO code uses the weight of rock falling from the roof of the emplacement drifts to
calculate the impact load on a WP. The magnitude of the impact load is assumed to be a function of the size
of the falling rock block and the distance the rock falls. The size of the falling rock block is, in turn, a
function of rock conditions and the magnitude of a seismic event. The SEISMO conceptual model is divided
into (i) computation of falling rock volume and weight, (ii) calculation of impact load and stress,
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(iii) determination of WP rupture, and (iv) determination of the number of WPs ruptured. The SEISMO
module accounts for the variation of rock conditions, the relationship between falling rock size and
magnitude of seismicity, and the timing of the seismic events.

7.3.1 Impact Load and Stress Calculation

The SEISMO conceptual model assumes that for impact load and stress calculation

. No energy dissipation takes place at the point of impact because of local inelastic
deformation of the WP material

. The deformation of WPs is directly proportional to the magnitude of the dynamically
applied force

. The rock body does not fragment on impact

. The inertia of the WP resisting an impact may be neglected

. The WP is treated as an equivalent spring with a spring constant k., [figure 7-1(a)]

The dynamic or impact loads determined in the SEISMO module for rock falling on a WP are
approximated based on the principle of conservation of energy using the weights of the freely falling rocks.
For a rock hitting the WP, the impact load is calculated as (Popov, 1970)

2h
denzW 1+ 1+-A——t— (7-1)

where
Py — impact load [N]
|/ /A— weight of the rock falling [N]
h — falling distance of rocks to WPs [m]
A, — spring deformation [m]

The supports for WPs are treated as flexible supports in the SEISMO module. In the current
repository conceptual design, a WP will be supported by four equally spaced, v-shaped thin beams with one
vertical cylindrical bar on either side of the v-shaped beam. In the SEISMO module, only the supports at
both ends of a WP are considered [figure 7-1(b)]. In Eq. (7-1), A, was the static deflection of a
WP impacted, assuming rigid supports. To account for the deformability of WP support,

w w
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Figure 7-1. (a) Waste package equivalent beam and (b) waste package vertical supports for SEISMO

where
kwp — stiffness of the WP determined as unit deflection at the center of a simply
supported beam when subjected to a load at the center [N/m].
N » number of the supports at each end of the WP (2 in this case)
kb — stiffness of the vertical WP support bars [N/m]

The WP stiffness, kWp , is design dependent and can be calculated by
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and k, can be calculated by

AE

kp =<1 (74)
where

A — cross-sectional area of the vertical support bar [m’]

E,, — equivalent Young’s modulus of WP [N/m’] calculated using composite beam
theory based on the EDA II design

E — Young’s modulus of the vertical support bar or [N/m?]

L — height of the vertical support bar [m]

1 — T ije , where R is the average of the outer and inner wall radii of the WP
[m?’]

pr — length of the WP [m]

No information regarding the shape and dimension of the bar is currently available. In the SEISMO module,
the bar is assumed to be a cylinder with a radius of 0.0508 m and height of 0.3048 m.

On obtaining the impact load, the equivalent static stress resulting from the rock impact on a WP
can be calculated by adopting a simple concept of two spheres in contact and assuming the pressure is
distributed over a small circle of contact (Timoshenko and Goodier, 1987). The impact stress (p) in N/m’
can be obtained by

1
16P ;
p= 3 | 20w ! (7-5)
2n| 9rn’ 2 2
pr t Crock pr
where
pr — constant for lower sphere or WP [m?/N]
Cmck — constant for upper sphere or rockfall [m*/N]
pr — radius of lower sphere or WP [m]
and
1-p2
Cpo=—7 " (7-6)
nE,,
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where

Hop — Poisson’s ratio of WP [unitless]
E, — modulus of elasticity of WP [N/m?]
Wook — Poisson’s ratio of rockfall [unitless]
E . — modulus of elasticity of rockfall [N/m?]

7.3.1.1 Failure Criterion

To judge the failure of a WP, a maximum allowable strain failure criterion is adopted in the
SEISMO module. If the impact stress calculated using Eq. (7-5) induces a plastic strain at the contact of
impact exceeding 2 percent (Timoshenko, 1956), the WP is assumed to be ruptured. This assumption should
provide a conservative approach for estimating failure of WPs. The potential damage that rockfall can cause
to the SF cladding is currently not accounted for in the SEISMO module.

To preserve the conservatism, a failure is allowed to occur when the plastic strain at the point of
impact exceeds 2 percent of elongation. Most metals are known to be able to undergo more than 2 percent
of elongation without failure. Furthermore, the 2-percent plastic strain at the point of impact constitutes only
the initiation of a failure process. More energy will be needed to continue this failure process.

Figure 7-2 shows a schematic of stress versus strain curve for a typical metal under tension. In the
figure, the yield strength, G, occurs at a point 0.2 percent of the permanent strain (Timoshenko, 1956).

ULT represents the ultimate strength at 5 percent of permanent strain (maximum allowable permanent
strain). This general stress-strain curve is used in SEISMO. When the energy generated by impact is greater
than the energy (area below the stress-strain curve) required to break the WP, the WP is considered failed.
The effects of the location of the yield point and the maximum allowable permanent strain can be evaluated
by changing their values in #pa.inp file.

7.3.2 Joint Spacing and Rock Conditions in the TSw2 Unit

It is recognized that not all rocks falling from the roof of the emplacement drifts will rupture the
WPs. The effective size of the fallen rock that may impact the WPs is envisioned to be controlled by joint
spacing (JS) (width and length of the rock block) and vertical extent of the rock block falling on the WP.
Given the wide range distribution of JSs in the TSw2 thermal-mechanical unit, it is convenient to assume
five distinct rock conditions exist in the TSw2 unit. These rock conditions are estimated using available JS
information (Brechtel et al., 1995) for the TSw2 unit. Since each rock condition represents a range of JS,
a normal distribution covering the range of the JS is assumed for the corresponding rock condition (for lack
of specific information). The size of the rocks used for each rock condition is then based on the JS
distribution condition. The volume of a falling rock can be calculated by JS (width) x JS (length) x vertical
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Figure 7-2. SEISMO stress-strain relationship

dimension of the falling rock block. At this time, the SEISMO module assumes the width of a falling rock
is equal to its length.

7.3.2.1 Fractional Coverage of Rock Conditions and Determination of Number of Waste Packages
Ruptured

Based on Brechtel et al. (1995), rock condition 4 appears to contain a large portion of the TSw2
unit. About 62.9 percent of the area can be characterized as rock condition 4, and rock condition 5 occupies
roughly 35.6 percent of the area. Rock conditions 1, 2, and 3 account for only 1.5 percent of the total area.
Because of the lack of specific information, the 1.5 percent is equally divided into rock conditions 1, 2,
and 3.

In the SEISMO module, the percentage of total WPs in each of the rock conditions is assumed to
be equal to the fractional coverage of the rock condition. If a seismic event triggers rockfall for a particular
rock condition, rockfall is not expected to take place in the entire area of that rock condition. In fact, only
a small fraction of the rock will fall in response to a seismic event because of the inherent variation
associated with the rocks. Another fraction of the rock may fall at a later time when a separate seismic
event, having the same or greater intensity, occurs. Rockfall could also occur in response to a smaller
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magnitude event if the rock has been sufficiently weakened by repeated seismic events. The fraction may
be related to the event magnitude, joint dip angles, incidence angle of incoming seismic waves, and other
parameters.

At this time, there is little information available to determine fractional rockfall area as a function
of the previous parameters. Consequently, CNWRA experts developed a continuous function that relates
the fractional rockfall area to the magnitude of seismic ground accelerations based on experience in the
field. This function is implemented in the SEISMO module for the TPA Version 4.0 code. Currently, this
function is independent of the rock condition, that is, the same fraction is applied to all rock conditions in
estimating the number of WPs affected by rockfall. Although this function in independent of the rock
condition, it is intuitive that, for a particular seismic event, a weaker rock condition should experience a
relatively larger area of rockfall compared to a stronger rock condition. This dependency will be
incorporated into future versions of the TPA Version 4.0 code.

7.3.2.2 Seismic Hazard Parameters

The SEISMO module requires the generation of a synthetic time history of seismicity over the time
period of interest. This estimate is made by using the TPA executive SAMPLER utility module. The
required input for generating event history includes ground acceleration sampling points and the
corresponding recurrence times, which together form a seismic hazard curve. The horizontal acceleration
hazard curve provided in DOE (1995) is used to determine the seismic hazard associated with an earthquake
with a given recurrence interval. This hazard curve was specifically developed for surface facilities. A
common understanding for YM is that the seismic acceleration at the repository horizon may be half that
at the ground surface. In the SEISMO module, half the surface hazard is used as a basecase. The SEISMO
module can be used to assess the effects of different hazard curves; however, in changing the hazard curve,
the height of rockfall volumes should be modified to reflect the effect of the ground acceleration magnitude.

As discussed earlier, seismic recurrence sampling is handled by the SAMPLER utility module in
the TPA Version 4.0 code. The sampling points (accelerations) and the corresponding recurrence time are
provided in the #pa.inp file. Currently, the SEISMO module allows for an input of up to 10 discrete sampled
accelerations in the seismic hazard curve used. Along with the sampling accelerations, the corresponding
recurrence times should also be provided to the #pa.inp file.

7.4 ASSUMPTIONS AND CONSERVATISM OF THE SEISMO APPROACH

The SEISMO module is an abstraction of the effect of seismicity on WP performance. The SEISMO
module considers (i) the frequency and magnitude of seismic events, (ii) the quantity of rockfall for each
seismic event, and (iii) the effect on the WP.

The SEISMO module does not have the provision to evaluate the effect of the drip shield in
mitigating the consequences of rockfall. The SEISMO module currently assumes that no drip shield will
be emplaced. Without considering the positive effect of drip shield, the results from the SEISMO module
should provide a conservative estimate. Investigation is under way to assess the contribution of drip shield
in reducing rockfall effect on WP performance. The analysis results will be included in the SEISMO
module in future revisions.

7-7



The SEISMO module does not take into account the potential effect of WP vertical movement
during vibratory ground motion at the time of rockfall impact. The vibratory ground motion could cause
a WP to move up or down during impact. The current assumption that a WP is stationary during impact
underestimates the impact load if a WP is moving upward during impact and overestimates the impact load
for conditions that a WP is moving downward during impact.

In assessing rockfall effect, the residual stresses arising from WP closure welds and the differential
thermal expansion between the WP inner and outer barriers are not considered. The potential effects of not
considering those aspects are not clear.

The frequency and magnitude of the seismic events are based on a seismic hazard curve provided
as input to the TPA Version 4.0 code. The seismic hazard curve provides accelerations and recurrence
frequencies for seismic events over the time period of interest. The seismic hazard curve is based on
historical information for surface facilities and is considered a reasonable approach for the underground
facility.

The volume of rock that falls for a given event is determined based on properties related to the
TSw2 thermal-mechanical unit. Five distinct rock conditions have been identified to characterize the
variability in rock properties within the TSw2 unit. The abstraction for rock volume uses JS information
(as width and length) and height of yield zone (as vertical extent). The height of yield zone was estimated
from dynamic numerical modeling of coupled thermal-mechanical effects. The height of the yield zone has
been conservatively set as an upper bound such that the volume of the rockfall represents a maximum value.

If a seismic event triggers a rockfall, it is assumed to equally affect the whole area of the repository
irrespective of rock conditions. In other words, fractional areal coverage of rockfall is the same under all
five rock conditions. In actuality, a seismic event may trigger more rockfall for one rock condition than for
another. Intuitively, for a given seismic ground acceleration, a weaker rock condition should experience a
relatively large area of rockfall compared to a stronger rock condition. In the current implementation, the
fractional rockfall area is a function of seismic ground acceleration not a function of rock condition.
Whether or not this assumption is conservative cannot be determined at this time.

Rockfall may affect the WP lifetime through rupture of the WP by the impact produced by the
falling rock and acceleration of corrosion at the location of the impact. Only the first aspect is considered
in SEISMO. The key components of the SEISMO module include determination of the impact load and
failure. In computing the impact load, the WP is treated as a simply supported beam. In converting impact
load to impact stress, all energy generated through dynamic impact of the rockfall is transferred to the WP.
A conservative assumption is that the WP will rupture if plastic strain at the point of impact exceeds
2 percent. The analysis assumes, nonconservatively, that rockfall occurs on an intact WP (i.e., corrosion
of the WP does not reduce WP strength, and cumulative damage caused by consecutive rockfalls is not
considered). Overall the approach is considered conservative over a 10,000-yr compliance period.

There are specific assumptions and conservatisms of SEISMO:
. A WP can be treated as a simply supported beam.

. No energy dissipation takes place at the point of impact because of local inelastic
deformation of the WP material.
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Deformation of WPs is directly proportional to magnitude of the impact.
Inertia of the WP resisting an impact may be neglected.

Estimate of the impact stress assumes a contact area based on a spherical geometry. This
assumption yields a conservative estimate because the actual contact area would be larger.

In converting impact load to impact stress, falling rocks are assumed to have infinite
strength (i.e., all energy generated through impact is transferred to the WPs). If rock is
allowed to break, the effective impact stress to the WP should be smaller since some
impact energy will be absorbed by the rock breaking.
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8 EBSREL MODULE DESCRIPTION

The EBSREL module calculates the time-dependent release of radionuclides from the EBS to the UZ.
Infiltrating water and refluxed water could reach the drift wall and subsequently the WP. If the container
is breached, infiltrating water enriched with chloride and other minerals could enter the WP, coming in
contact with the SF. If the cladding has failed, the infiltrating water could dissolve the SF and then carry
the radionuclides out of the WP to the geosphere.

8.1 INFORMATION FLOW WITHIN TPA

8.1.1 Information Supplied to EBSREL

EBSREL obtains values from EXEC for (i) WP temperature by reading in a file created in
EBSFAIL, (ii) volumetric flow rate of water in the near field (calculated in NFENV), and (iii) the number
of failed WPs and corresponding failure times for all failure modes (corrosion failure, disruptive event
failure, and initial defective failure). Radionuclide decay chains, half-lives, initial inventories, and molecular
(isotopic) weights in INVENT are passed to EBSREL by EXEC. Data for the time evolution of factors
determining the amount of water entering the WP are available in the wpflow.def file. Other values, such
as WP dimensions, nuclide-specific solubilities, retardation coefficients, fractions of SF wet, and SF
dissolution model parameters, are specified in the #pa.inp file.

8.1.2 Information Provided by EBSREL

EBSREL calculates the radionuclide releases from the EBS for all subareas and passes these results
to EXEC for subsequent use in UZFT. EBSREL provides release rates as a function of time for all
radionuclides specified in the #pa.inp file for groundwater dose calculations.

8.2 INTERMEDIATE RESULTS

The cumulative release of nuclides from the EBS (summed over all repository subareas for the
simulation period) is available for each radionuclide in the cumrel.res and cumrel_c.res files. The peak
release rate of each radionuclide from each subarea is provided in the pkreltim.res and pkritm_c.res files.
These four files are described in tables 20-1 and 20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
EBSREL inputs and outputs are written to the ebsrel.ech, ebsrel.rlt, and releaset.cum files. For all times,
the flowrate of water hitting a WP and the number and time of WPs failed by all events are included in the
ebsrel.ech file. The time evolution of EBS releases for all groundwater radionuclides is available in the
ebsrel.rlt file. The screen output from the stand-alone code releaset.f for all subareas and realizations can
be accessed in the releaset.cum file. A complete description of these files is provided in chapter 20.

The EBSREL module generates intermediate input and output data transfer files while executing
the releaset.f and ebsfilt.f stand-alone codes. These files are overwritten for each realization and subarea
and contain information only for the final realization and subarea; those files are available on completion
of TPA Version 4.0 code execution. EBSREL intermediate input data transfer files are ebsrel.inp,
ebsflo.dat, ebspac.nuc, ebstrh.dat, ebsfilt.inp, and wpflow.dat. All EBS release-related parameters specified
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in the tpa.inp file are accessed through the ebsrel.inp and ebsfilt.inp files. The factors determining the
amount of water entering the WP in the wpflow.def file are mapped to TPA time steps in EBSREL and
written to the wpflow.dat file. The file ebsflo.dat consists of four columns of information containing time,
the product of the volumetric flow rate into the drift from NFENV, the WP flow multiplication factor
specified in the #pa.inp file, and the two flow factors from the wpflow.dat file. Nuclide-specific information
is located in the ebspac.nuc file as well as in the ebsfilt.inp file. WP temperature, RH, and corrosion failure
time are available in the ebstrh.dat file. Intermediate output data transfer files from the EBSREL execution
of the releaset.f and ebsfilt.f files include the ebsnef.dat, ebsnef2.dat, and echofilt.dat files. The file
ebsnef.dat provides the release rates from the WP for all groundwater radionuclides, whereas the
ebsnef2.dat file provides the release rates from the EBS. The file echofilt.dat echoes input data read from
the ebsfilt.inp file. The contents of all EBSREL intermediate data transfer files are further described in
appendix E.

8.3 CONCEPTUAL MODEL

Using WP failure information from EBSFAIL and near-field chemistry, temperature, and liquid flow
rate information from NFENV, EBSREL [derived from EBSPAC (Mohanty et al., 1996)] calculates release
of radionuclides from a WP. Conceptual models used in EBSREL are described in the succeeding sections.
Only advective release from the WP is considered because the diffusive release is found to be orders of
magnitude smaller than advective release. In calculating releases, EBSREL takes into account radionuclide
decay, generation of daughter products in the chains, temporal variation of inventory in the WP, and
temporal variation in water flow. Once the container is breached, the SF may be exposed to aqueous
conditions as determined by the near-field calculations. Like EBSFAIL, EBSREL looks at processes
affecting an individual WP representative of all WPs in the subarea. Releases calculated by EBSREL from
this breached WP are then scaled to account for the total number of WPs breached from a particular failure
type (i.e., initially defective, scenario failure, and corrosion failure). Releases from all failure modes are
then summed as presented in section 8.3.8.

8.3.1 Radionuclide Inventory and Mass Transfer

Two models for aqueous release of nuclides are available for selection by the user: the bathtub
model and the flow-through model. In the bathtub model, it is assumed that at the time of failure there are
at least two holes in a horizontally emplaced WP that act as inlet and outlet for water. The holes are located
such that water enters through one pit and exits through the other. Another presumption is that at least one
of the holes is located on the side of the WP at a level lower than that of the water entrance hole, which
is situated at the top of the horizontally emplaced WP. After the water level in the WP rises to the specified
outflow position (a sampled parameter), water begins to flow from the WP along with the dissolved
radionuclides. The flow-through model is a variant of the bathtub model, for which the flow out is assumed
to be immediately equal to the flow in and the fraction of fuel wetted is not a function of water level inside
the WP.

Figure 8-1 presents a schematic representation of a horizontally emplaced WP with holes
representing the inlet and outlet. In this schematic, the conduit for liquid entry is shown on the upper half
of the WP and the hole for the liquid exit is shown on one of the sides. Liquid water will accumulate in the
WP until its level rises to the level of the exit hole, h. The height of the exit hole is specified in the tpa.inp
file via the SFWettedFraction parameter; O implies an outlet at the bottom, and 1 implies an outlet at the
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Figure 8-1. Schematic of bathtub model with incoming and outgoing water conduits

top of the WP.! In the bathtub model, all SF above this level is assumed to remain dry and does not
contribute to radionuclide transfer out of the WP.

When liquid water enters the WP following its failure, the overall mass balance model for the
radionuclide inventory in liquid water contacting SF in a failed WP is

dm;
—L = wy (1) = wy(t) —mA; +m_A,_, @D
dt
where
m; — amount of radionuclide, i, in the WP water at time, ¢ [mol]

'The bathtub height varies from subarea to subarea for corrosion, initially defective, and seismic failures. For faulting and volcanic
failures, the bathtub height is specified for the whole repository.
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w,;  — rate of transfer from the SF into the resident water in the WP because of or
through leaching of the SF [mol/yr]

w, — rate of advective transfer out of the WP [mol/yr]
A ; — decay constant of radionuclide, [1/yr]

m_, — amount of the parent at time,? [mol]

}»i_l — decay constant of the parent [1/yr]

The product, m,}»i , is the amount lost due to decay, and mi_l}» ;-1 Tepresents the amount generated by
the decay of the parent radionuclide.

8.3.2 Advective Mass Transfer

The advective mass transfer out of the WP, w,, , can be represented by (Wescott et al., 1995)

wei(2) = Ci(2)qou(?) (8-2)
where
C,. — concentration of radionuclide, i , in the WP water [mol/m’]
Do — water leaving the WP at time, ¢ [m*/yr]

The concentration, C;, is determined by dividing the mass of element i, m,, by the volume, V of water in the
WP. For the bathtub model, g, is zero if the volume of water in the WP has not exceeded the WP volume
below the exit hole, V,,,,, or is equal to the input flow rate, g, if the volume of water exceeds V.. The
volume of water, V in the WP is determined by integrating the flow rate, g,,, with respect to time until it
reaches V,,,, where

V= J (;qin('c)dt (8-3)

For the flow-through model, the flow out of a WP is equal to the flow in for all times. Calculation of the
flow in, g, , is described later in this section.

For stability and efficiency in the numerical integration algorithm, V' may not be smaller than
Vmin , a quantity used to accelerate convergence of the integration routine, which is defined as

Vinin = A9 max 84)
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where

Goox  — maximum flow rate into the WP [m?*/yr]
a — constant currently set at 5 yr

In the bathtub model, the fraction of fuel wetted is proportional to the water level. There is no
release from the WP until the actual water level exceeds the maximum water level. The flow-through model
is implemented by specifying the fraction of the SF wetted and selecting the flow-through option in the
tpa.inp file. Because water does not have to fill to a certain level inside the WP, release of radionuclides
occurs as soon as water enters the WP. The exit hole height parameter [SFWettedFraction] of the bathtub
model is used indirectly to specify the fraction of SF wetted in the flow-through model.

Advective mass transfer is considered to occur from the inside to the outside of the WP
instantaneously through a nonmechanistic connection to the outside surface of the WP with the EBS-host
rock interface, as shown in figure 8-2.

8.3.3 Waste Package Inventory

The inventory in the failed WP is calculated by a material balance, Eq. (8-1), accounting for
depletion caused by decay, generation of radioactive progeny, and mass depletion from diffusive and
advective releases. For the case in which no mass leaves the WP, Eq. (8-1) reduces to

dam;

mi|t-0 =my (8-6)

These differential equations are solved to determine the remaining solid mass of the radionuclides in a chain
at a given time, ¢ . The analytical solution (Bateman, 1910) to this initial value problem is given by

Wy = Mol 2 3
k=1  L=1 H(}"m _}"L) 8-7)

m=i

At

m#L
where
N i contribution from the i chain member to the j® chain member [mol]
N 0 — initial mass of i™ member of chain [mol]
A — decay coefficient of j member of the chain [1/yr]

J

The total amount of the j* chain member at any time is
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Figure 8-2. Schematic drawing for advective mass transfer from the waste package to the host rock

j
N;= 2 N 8-8)

i=1

In the previous equations, m; = N ; except that N, is used to represent radionuclide mass under

conditions of zero mass transport from the container.

8.3.4 Spent Fuel Dissolution Rate

The rate of radionuclide transfer from the SF into water in the WP [ w;; in Eq. (8-1)] is a function

of the flow rate of water, the composition of water in which the SF is in contact, and the element solubility
in that water. Fission and activation product radionuclides normally have high solubility limits that do not
limit the release of these radionuclides from a WP. These radionuclides include *Tc, '*1, 1**Cs, “C, and
*Cl. *"Np may belong to this category also, depending on the chemistry and the flow rate of water in
contact with the SF. These radionuclides are understood to be released congruently with the dissolving SF
matrix for immersed fuel. Gray and Wilson (1995) determined the intrinsic dissolution rate of the SF matrix
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from flow-through tests. The flow-through tests use artificially high flow rates to eliminate the precipitation
of secondary phases on the SF surface. Secondary phases may modify the intrinsic dissolution rate of the
SF matrix by altering the area of the reactive surface or may otherwise affect radionuclide release by
secondary solubility limits and coprecipitation.

The dissolution rate in solutions containing carbonate anions (model 1), which are representative
of altered groundwaters present in the near field, was expressed by Gray and Wilson (1995) as

log r = 9.310+ 0.142 log [CO%’ ]- 16.7 log (Po2 )+

(8-9)
0.140 log [H*]- 210, 681108711 ( )
. g T .01 log 0g \ Po,
where
r — dissolution rate [mg m2d™']
2—

[C03 ] — total carbonate concentration [mol/L]
P02 — oxygen partial pressure [atm]
[H+ ] —_ concentration of hydrogen ions [mol/L]
T _ temperature [K]

Normally, the groundwater at the YM repository site contains Si and Ca ions. In the presence of
these species, the dissolution rate decreases about 100 times (Gray and Wilson, 1995). The dissolution rate
in the batch tests (under immersion) is about 10 times lower than that in flow-through tests (Gray, 1992).
The dissolution rate in mineral well water containing these ions can be described by (model 2)

E
r=ryexp|——=% (8-10)
RT
where
E, — activation energy [kJ/mol]
T, — preexponential coefficient [mg/m?-d]
R _— universal gas constant [kJ/mol-K]
T — WP temperature [K]

The coefficient r, varies between 1.2 x (10°-10°) mg m™* d'. These values were selected to

simulate dissolution rates in the range 0.01-10 mg/(m’d) at room temperature and in mineral waters
reported in Forsyth (1997); Bruno et al. (1995); Casas et al. (1993); Gray and Wilson (1995); Gray (1992);
Stroes-Gascoyne et al. (1997); Tait and Luht (1997); Wilson (1990); Garcia-Serrano et al. (1996). The
activation energies were obtained from tests at 25-85 °C in J-13, and carbonate solutions. An activation
energy value of 29 kJ/mol-K has been chosen from the range 2041 kJ/mol-K (Wilson, 1990; Gray et al.,
1992) for use in the TPA Version 4.0 code (see appendix A).
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Model 3 is another release rate model that allows the user to specify the dissolution rate, r , as a
fixed value for each simulation. This option is used for simulating release rates based on other models not
considered explicitly, such as models based on natural analog data.

Models 1 and 2 calculate the maximum radionuclide release rate based on the alteration rate of the
SF under oxidizing conditions. These conditions do not provide for other mechanisms that might keep the
high release rates in check. For example, dissolution of the fuel may lead to the formation of secondary
minerals like schoepite under vapor-phase conditions or uranyl silicates under dripping conditions with
silica present (e.g., Buck et al., 1998; Finn et al., 1998; Wronkiewicz et al., 1992). Recent data from
Argonne National Laboratory (Buck et al., 1998) show significant incorporation of neptunium and other
radionuclides into schoepite under conditions favorable to vapor-phase alteration of SF.

The TPA Version 4.0 code permits use of an alternate model (model 4) that accounts for the
formation of secondary minerals. Model 4 assumes that all radionuclides contained in the SF matrix, except
those in the grain boundary and gap inventories, become incorporated in the secondary uranyl phase,
schoepite. Radionuclides contained in schoepite are assumed to be released from this waste form at a rate
proportional to the flow rate through the WP and related to the equilibrium concentration of uranium in
contact with schoepite. The concentration of uranium is calculated by a speciation model for aqueous
uranium species likely to exist in the WP under moist oxidizing conditions in the presence of carbonate and
as a function of pH and temperature but neglecting effects of other species such as silica and calcium.

Total uranium concentration in solution is assumed to be the sum of the concentrations of five
aqueous species:

[U(Total)] =[U03 |+[U0,CO; ] +[UO,(OH, )|+ | U0, (CO,); | + U0, (CO) | o

where brackets denote molality. Each of the five aqueous species can be related chemically to schoepite
(nominally UO,*2H,0) through coupled reactions with H*, HCO;", and H,O according to the reactions and
corresponding mass action relations given in table 8-1. The temperature dependence of the equilibrium
constants (K; in table 8-1) is given by the Van’t Hoff equation:

0
AH; | 1 1
InK; =InK;j +——|——-— (8-12)
R |T, T

where
K; — the equilibrium constant for reaction i
K, — equilibrium constant at the reference temperature, T,
AH? — standard molar enthalpy of reaction i (which is assumed to be constant)
T — absolute temperature

Values for parameters in this equation are given in table 8-2, which are taken from or derived from
data reported in Grenthe et al. (1992). For calculation of the total uranium concentration according to
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Table 8-1. Reactions and mass action relations

Number Reaction Mass Action Relation Il
0 U0, (OH)_ +2H" & U053+ 2H_0 2], ko[t |
2(OH),, 2 2H, [UOZ(OH)Z]:[Uoz ] Ko[ ]
1 _ -
U0,C0, +H" & V03" 2HCO] [vo,c05] = [UO%+][HCO3 ] 1K, [H+]
2 2 - + 2+ - 2—- 2+ 12 +12
U0, (CO,), ~ +2H" & U0y  2HCO, [vo,cos]; @[UOZ ][HCO3] /KZ[H ]
3 4- + 2+ - 4- 2+ -3 +P
U0, (CO,), ~ +3H" & UO3" 3HCO, [vo,cos], .:[UOZ ][HCO3] /K3[H ]
4 + 2—- 2
UO32H,0 +2H " « UO5 3H,0 [U02+]@ K [H+]
2 4

Eq. (8-11), the five mass-action relations in table 8-1 are solved using calculated values of the equilibrium
constants for specified temperature, bicarbonate concentration, and pH, assuming that activities of schoepite
and H,0 differ negligibly from 1.0 and that ratios of activity coefficients in mass action relations are equal
to 1.0. In this sensitivity study, the flux of uranium out of the system is assumed to be given by the product
of the water flux and the calculated uranium concentration at equilibrium with schoepite. Fluxes of other
radioelements contained in schoepite are assumed to be released according to their proportion relative to
uranium in SF. Release from the gap and grain boundary inventories are discussed in the subsequent
sections.

EBSREL allows the user to choose from among four release rate models: (i) Eq. (8-10);
(ii) Eq. (8-11); (iii) a constant rate of release; or (iv) the schoepite equilibrium model. The w;; (¢) term
in Eq. (8-1) is calculated by multiplying the SF dissolution rates obtained from Eq. (8-10), Eq. (8-11), or

the constant rate option by the SF surface area for models 1, 2, and 3. For model 4, the SF dissolution rate
is calculated as the product of uranium concentration in kg m™ and flow rate through the WP in m® yr™'.

For all four release rate models, a portion of the radionuclide inventory is assumed to be held
loosely on the grain boundaries, cladding/fuel gap, and cladding, referred to collectively as gap inventories.
These inventories are available for instantaneous release, which could be a major contributor to peak dose.
The gap and grain boundary inventories for each radionuclide are specified by the user as an input
parameter in the #pa.inp file.

8.3.5 Spent Fuel Surface Area

Two models for determining the SF surface area are available in the #pa.inp file. The first model
determines surface area using fragmented pellets (i.e., particles), and the second model uses SF grain size
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Table 8-2. Parameters for the Van’t Hoff equation

Reaction Number AH® (kJ mol ™) Log, K, JI
0 -50.46 10.30 1
1 -19.70 0.65
2 -47.90 3.71
3 -4.90 9.38
4 -50.39 4.81

criterion. The particle model assumes that SF in a WP is fragmented into small spherical particles
(~1 mm diameter), and the intergranular porosity does not contribute to the surface area. The total surface
area for the particle model is then computed as

A, = %—SPL X AT 7 | Fuer (8-13)

where

M r %nrﬁo Pgo (particle mass [kg])

A, — particle surface area [m?]

My, — SF inventory/WP [kg]

Tpo — particle radius [m]

Ppo — density of oxidized SF [kg m™]

Sfoet — volume fraction of SF immersed in the WP water

If subgranular fragmentation of the SF takes place through fuel conversion from UO, to UO,,
and U,0q, a smaller particle size (i.e., equivalent) can be considered in the SF particle model to represent
additional exposed surface area. In the case of the second model, in which SF grains are exposed, the
following expression is used to compute the total surface area:

- M 2 3
A, =4x10"%n —M—SE- (rg - w) + —(3r82w -3r,w* + w3) et (8-14)
P Te
where
A, — grain surface area [m’]
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r — SF grain radius [pm]

w — width of the oxidized zone [pm]

The surface area available for leaching is held constant throughout the leaching period even though
the radius of the unoxidized fuel grains or particles would diminish with time. In addition, preferential
attacks of grain boundaries in the fuel particles were not considered.

In deriving these equations, the effects of ionizing radiation have not been considered explicitly.
These effects are complex, potentially leading to higher release rates. Factors such as the age of the waste,
thickness of water films, cladding protection, and protectiveness of secondary mineral layers on the fuel
would have to be considered to take ionizing radiation into account.

8.3.6 Cladding

SF cladding may protect the bare SF matrix from exposure to water in the WP and reduce release
rates significantly. The failure mechanisms of cladding include (i) mechanical failure by external forces
such as rockfalls, (ii) localized corrosion, (iii) creep, (iv) hydrogen-induced failure, (v) splitting by matrix
volume expansion, and (vi) stress corrosion cracking.

It is assumed that cladding reduces the fraction of the total SF surface exposed to water entering
the WP. In the TPA Version 4.0 code, the fraction of SF surface area affected by cladding protection is
controlled by a factor in the #pa.inp file, which specifies the fraction of fuel that is unprotected by cladding,
and thus does not inhibit release (CladdingCorrectionFactor = 1 indicates no cladding protection, and 0
indicates complete cladding protection and no release). Currently, cladding protection is assumed to remain
constant and unaffected by additional failure mechanisms or disruptive events.

8.3.7 Water Dripping Abstraction

The dripping abstraction determines the quantity of liquid water, g,, , eventually entering the WP.

It is assumed that there is a net downward percolation of meteoric water at the site after thermal reflux and
that water will flow in fractures within the emplacement unit.

The dripping abstraction is represented by sampled distributions rather than a model embedded in
the code. This approach is computationally efficient and is more easily and transparently factored into
sensitivity analysis than an embedded model. Furthermore, this approach allows incorporation of alternative
conceptual flow models such as structural control of wetting along faults or fracture zones without requiring
code changes.

The WP infiltration flow rate is
9din = qF ow F, mult (8-15)
where

q — groundwater flow rate at the repository horizon after thermal reflux of water from
deep percolation and reflux [m*/yr]
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F, — factor to account for large-scale focusing/diversion

Foat — factor to account for near- and in-drift flow diversion

When the factor, F,, , is multiplied by the groundwater flux, ¢ , and the plan area of the WP, the resulting
product defines the flow rate that potentially reaches a wetted WP. F_, represents focusing of flow when
it is assigned a value greater than one and diverging of flow when less than one. F, is correlated with

another factor, F , which is the fraction of a WP receiving a dripping flux greater than zero. This

approach assumes the number of WPs wetted is invariant in a given run and does not take into consideration
that dripping locations may change with time. The dripping of water on the WP is delayed (i.e., g,, = 0)
until after the failure of the drip shield. The time of drip shield failure is a sampled parameter specified in
the #pa.inp file (DripShieldFailureTime[yr]).

The flow diversion factor, F,

dripping water that will enter the WP and contribute to the release and transport of radionuclides. Only a
fraction of the water intercepting the drifts is expected to come into direct contact with the WPs. Only a
portion of the water dripping onto the WPs is expected to get inside where it can interact with the waste
form. The effect of the size of the through-going hole on the drip shield controls the amount of water

entering the WP, which is factored into the calculation while deriving the F_ , factor presented in

ult » Which ranges from 0 to 1, is defined as the fraction of potentially

appendix F. Elements considered in F; include

. The reduction in flow to a WP because water is diverted around a drift is based on the
presence of a capillary barrier. Water flow into the drift will face a capillary barrier if the
fractures are small enough and the fracture network has adequate connectivity. Water
cannot easily move across the capillary barrier and can be diverted in the fracture around
the drift opening.

. Water flow crossing the capillary barrier into the drift can drip from the ceiling or from
protuberances along the drift. Some of the water, however, is likely to be diverted as sheet
flow along the drift walls rather than drip from the ceiling onto the containers. The closer
to the crest of the tunnel, the greater the propensity to drip. Away from the crest, the slope
of the tunnel walls would divert water to sheet flow along the walls.

. With the drip shield as an added barrier to flow, water dripping from the ceiling would
have to fall onto the drip shield and the WP in such a way that it could enter the co-axial,
open holes. If a drop of water is directly in the path of co-axial open holes (e.g., such as
those resulting from corrosion by dripping water), then this condition would be fulfilled.

. A few drops could enter a corrosion hole but may be unable to enter the canister because
of the presence of corrosion products. These corrosion products may be flaky, porous, or
gel-like, and their densities will be considerably less than the alloy itself. Without a high
rate of water flux, there will be no mechanism to remove them from the location where
they form. If the corrosion products remain in place, then water dripping into the corrosion
hole would have difficulty entering the canister and would simply flow off. Holes at the
crest will have a higher probability that water would enter because there would be a smaller
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propensity for water to flow off. Holes on the side will have higher probability that the
water would flow off rather than enter.

A more detailed explanation of the derivation of F, , and F_, (and appropriate values for them) is
contained in appendix F.

8.3.8 Computational Approach

The first step in the calculation is to determine when a liquid release starts. The release calculation
includes the computation of the radionuclide inventory in the solid mass, radionuclide releases from the
solid mass into the liquid surrounding the waste form, the generation of the new radionuclide inventory in
the liquid because of radioactive ingrowth, advective release of mass from water leaving the WP, and
diffusive losses into the medium surrounding the WP.

At each time step, the inventory of the elements is computed as the sum of the mass of all the
isotopes of that element. At any given time, the concentration of an element in the WP water is calculated
by dividing the element inventory by the volume of water in the WP. If the concentration of that element
in the WP water exceeds its solubility limit, then the calculated concentration value is discarded and the
solubility limit is assigned to the concentration of the element. Release of an individual nuclide occurs at
a rate proportional to the mass fraction of all the isotopes of the element.

The number of WPs undergoing initially defective failure is read from the #pa.inp file, while the
number of WPs actually being considered for faulting, IA, and seismic failure are determined in the
consequence modules. The times of initially defective, faulting, IA, and seismic failure are specified in the
tpa.inp file, whereas the time of corrosion failure is calculated in EBSFAIL. If the corrosion failure occurs
before the faulting, IA, or seismic failure, then the number of WP undergoing faulting, IA, or seismic failure
is reset to zero. If the corrosion failure occurs after the faulting, IA, or seismic failure, then calculations of
release from the faulting, IA, or seismic failure are performed.

Liquid release of contaminants arises only from the wetted fraction of the SF in a WP.
Radionuclides are released from the waste form at a rate proportional to the dissolution rate of the fuel
(congruent release), into the volume of water present in the WP. Release of radionuclides from the WP by
advection and diffusion may be limited subsequently by the elemental solubility of the radionuclides in the
WP water.

At the end of this calculation, the cumulative release is recorded for each nuclide. After advancing
the time, the calculation is repeated for the next time step. The calculation continues until all radionuclides
are depleted from the solid SF and the water in the WP or the end of the simulation is reached, whichever
occurs first. Release calculations focus on release from a single WP for each WP failure category; thus, to
obtain the total release in the final calculations, the release from one WP is multiplied by the total number
of wetted WPs for each failure category in a subarea.

8.3.9 EBSFILT Model for Transport of Radionuclides through the Invert

EBSFILT (EBS FILTer) works in conjunction with the EBSREL module to simulate transport by
advection and diffusion of radionuclides in the near field, especially through the invert and backfill.
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EBSFILT takes the output of the EBSREL code and passes it through a filter, or transfer function, derived
from an analytical model of advection and diffusion in 1D steady flow.

Releases from the WP will travel through the invert before entering the tunnel wall. Current design
shows the WP on steel supports over a porous invert made of steel with sand or gravel ballast
(see table 1-1). Water running off or passing through the WP would fall onto the invert. The invert
material could sorb some of the radionuclide species, thereby providing an additional barrier to their release
into the geosphere proper.

If flow of groundwater through the invert can be considered to be at steady state and the material
properties of the invert constant and uniform, then the transport flux of a single nuclide by advection and
molecular diffusion at the end of the invert from an instantaneous impulse release of one unit at ¢ =0 at
the top would be

2
x+tut/R, (x—ut/Rd)
F(z) = = exp| - -\t (8-16)
4D’/ R, 4Dt/ R,
where
F (t) — transfer function [yr ']
X —_ distance of flow through the invert [m]
u — pore velocity of water through invert [m/yr]
t — time [yr]
R, —_ retardation coefficient [unitless]
D — diffusion coefficient [m*/yr]
A — decay coefficient [yr ']

For an arbitrary release of radionuclides at the top of the invert, Eq. (8-16) can be generalized using
convolution:

W(t)= | f(r)F(z-1)dr (8-17)

© Cmm—

where W is the release rate at the bottom of the invert [Ci/yr] and f is the release rate from the WP
[Ci/yr]. For each value of time, #, Eq. (8-17) is integrated using Simpson’s rule. For maximum efficiency
and precision, the integration range is narrowed to take advantage of the kernel being close to zero over
much of the range.

EBSFILT is invoked in the TPA Version 4.0 code by specifying the parameter

InvertBypass(O=ebsfilt,1=bypass_ebsfilt) in the zpa.inp file equal to 0. Parameters that must be specified
in the fpa.inp file are InvertRockPorosity, InvertThickness[m], InvertMatrixPermeability[m*2], and the
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retardation coefficients of the invert material (e.g., RD_Invert_Cm). The pore velocity through the invert
material, u, is calculated from the average water flux, Q,, divided by the porosity. At present, Q,; is defined
as the flux of infiltrating water per WP averaged over the time period of interest chosen for the run
(e.g., 10,000 yr) divided by the plan area of the WP. The code has the provision that, if Q, exceeds the
hydraulic conductivity of the invert material, the invert model will become a simple pass-through with no
holdup or retardation. Under the current design, with a porous medium invert, this bypass is unlikely.

84 ASSUMPTIONS AND CONSERVATISM OF THE EBSREL APPROACH

EBSREL is an abstraction of the processes that will take place in a failed waste container. The main
processes that control releases of radionuclides from the SF to the boundary with the geosphere are
(i) protection of the SF by cladding, (ii) degradation of the SF by air and water vapor, (iii) contact of the
SF by liquid water, (iv) mobilization of radionuclides from the SF to the liquid water, (v) transport of
dissolved or otherwise mobilized (colloids) radionuclides in the water to the outside of the WP, and
(vi) transport of dissolved radionuclides in the water through the invert material to the outside of the EBS.

There is no mechanistic model for cladding protection. Instead, cladding protection is specified as
a factor between zero and one, representing the fraction of the surface area of the fuel exposed to
dissolution. In most cases, it is conservatively assumed that no cladding protection exists. Some runs have
considered substantial protection by cladding with only 0.5 percent of the available surface area of the fuel
exposed. These values were derived empirically from laboratory leaching studies with deliberately failed
fuel-rod samples (Wilson, 1990).

EBSREL does not consider degradation of fuel by air and water vapor explicitly. There are no
mechanistic models of degradation by air and water vapor in the model. The SF is assumed to be in a
degraded state upon contact with liquid water. It is assumed there can be no transport of radionuclides from
the SF until liquid water contacts the fuel. This is a conservative yet reasonable approach, because it is
expected that most exposed fuel will degrade in the period between exposure to air and liquid water contact.

The contact of exposed fuel by liquid water is assumed to be controlled by either the bathtub or the
flow-through model. In the bathtub model, the fraction of fuel exposed is presumed to be controlled by the
water height in the container. In the flow-through model, contact is independent of the water level. It seems
clear that if water were to pool in the container, the submerged fuel would be in contact with liquid water.
Aside from submersion, contact of fuel with liquid water would be controlled by complex and ill-defined
processes occurring inside the container, such as dripping, water films on the fuel controlled by surface
tension, evaporation, and thermal reflux.

The fraction of fuel contacted may or may not be important, depending if the radionuclides
contributing most to the dose are limited by solubility. If solubility controls the release, the fraction of fuel
contacted is unimportant and the flow rate of water in contact with the fuel is important. Conversely, if
solubility is not the limiting factor, the fraction of fuel exposed to liquid water is important.

The amount of water that a WP can contain (i.e., bathtub height) is uniquely assigned to each failure
type (in some cases, for each subarea) and is treated as a sampled parameter. EBSREL assumes the nature
of the openings for water to enter the WP are the same for all failure types and subareas. This implies that
if the corrosion failure results in a pinhole, then other failures will also result in pinholes for water entry.
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Thus the flow diversion factor, as specified by F , , is the same for all failure types. This could be
nonconservative for some failure types, such as from seismicity or faulting.

Released radionuclides are assumed to be transported by advection to the geosphere by water
leaving the WP except when the option for flow through the invert is turned on, in which case both
advective and diffusive transport takes place. There is no accounting for the possibility that radionuclides
in the water might be captured along the liquid-water pathway by precipitation or sorption on material
inside the WP. If backfill is considered part of the EBSREL model, sorption of radionuclides from the
flowing water might offer a significant reduction in releases. Molecular diffusion through backfill or rock
is considered a minor factor and may be eliminated in future versions of the TPA code.

There are specific assumptions and conservatism related to the EBSREL module:

. Liquid release calculations focus on release from a representative WP in each subarea. It
is assumed that the release environment within the subarea is not affected by the location
or the geometric configuration of other WPs. Therefore, to obtain the total release in the
final calculations, the release from a representative WP is multiplied by the number of WPs
for each applicable WP failure category in the subarea.

. EBSREL considers only radionuclide releases from SF; no consideration is given to
radionuclide releases from vitrified waste or the DOE SF.

. Colloidal transport is not explicitly considered, which could be nonconservative.
d The surface area of SF exposed to water during the leaching process is constant even if
shrinking of particles takes place with time. Preferential attacks of grain boundaries have

not been considered.

o For the bathtub model, all fuel below the water level is assumed to come in contact with
water uniformly.

. No new pits are formed with time that would alter the volume of the bathtub. Once the
water reaches the level of the exit hole, it can leave the WP unimpeded.

. There is no radionuclide release from SF above the water level, which could be
nonconservative.
. The change in water chemistry in the WP caused by corrosion of container material is not

explicitly considered, but can be taken into account by adjusting the parameters of the
leaching rate equation.

. Gaseous release occurs only from dry SF, but is not used in dose calculations because
gaseous contributions to dose are negligible.

. The congruent release mode is considered for SF leaching with the exception of model 4
in which radionuclide release is tied to the dissolution of schoepite and not to the SF
matrix.



In ebsfilt.f, the transfer function model requires the pore velocity, u, to be steady. The
model cannot accommodate a time-varying flow rate because transfer functions must be
time-invariant. Although a numerical integration solution such as finite difference or finite
element could accommodate time-varying properties, the increased complexity and
execution times accompanying these approaches were not considered justifiable at this
time.

The transfer function model, as presented in ebsfilt.f , is for a single radionuclide and does
not accommodate chain decay. There are some other close-form and Laplace transform
domain solutions available for chain decay, but they are more complicated. The approach
is nonconservative because ingrowth is negligible; however, it is believed that most of the
radionuclides important to dose (e.g., "I, ®Tc, and 2’Np) will not be significantly affected
by this simplification.









9 UZFT MODULE DESCRIPTION

The UZFT module determines the release rate of radionuclides into the SZ below the repository footprint
by simulating the transport of radionuclides in the UZ between the repository and the water table taking into
account fracture versus matrix flow and retardation because of adsorption and ion exchange.

9.1 INFORMATION FLOW WITHIN TPA

9.1.1 Information Supplied to UZFT

EXEC passes to UZFT the time-varying release rates computed in EBSREL of all groundwater
pathway nuclides and the time history of the volumetric flow rate from UZFLOW into the subarea. Other
inputs to UZFT, such as hydrologic properties of stratigraphic units and retardation coefficients, are
specified in the UZFT section of the #pa.inp file.

9.1.2 Information Provided by UZFT

UZFT outputs for the time-varying groundwater release rates of all groundwater pathway nuclides
as a function of time from the UZ are passed back to EXEC along with the groundwater travel time
(GWTT) for the UZ. Although GWTT values are used only for reporting purposes, the release rate histories
are provided as input to SZFT.

9.2 INTERMEDIATE RESULTS

The UZFT intermediate outputs provide information on the flow field and the overall transport of
radionuclides. An averaged UZ GWTT (averaged over time) is computed for each repository subarea and
accessed in the gwttuzsz.res output file. The cumulative release of radionuclides from the UZ (summed over
all repository subareas and the simulation period) for each radionuclide is available in the cumrel.res and
cumrel_c.res files. The gwttuzsz.res, cumrel.res, and cumrel_c.res files are described in detail in tables 20-1
and 20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
UZFT inputs and outputs are written to the uzft.ech, uzft.rit, and nefiiuz.cum files. The deep percolation
from UZFLOW and the EBS releases from EBSREL for all times are included in the uzft.ech file. The time
history of UZ releases for all groundwater radionuclides is provided in the uzft.r/t file. The output from the
stand-alone code nefmks.f for all subareas and realizations is available in the nefiiuz.cum file. A complete
description of these files is provided in section 20.3.

The UZFT module generates intermediate input and output data transfer files while executing the
nefmks.f stand-alone code. These files contain information only for the final realization and subarea
available at the end of the TPA Version 4.0 code execution. UZFT intermediate input data transfer files are
nefiiuz.inp, nefiiuz.vel, and nefiiuz.src. All UZFT parameters specified in the fpa.inp file are accessed
through the nefiiuz.inp file. The file nefiiuz.vel contains the groundwater flow velocity for each nefmks.f
transport leg. The EBS release rates from EBSREL are available in the nefiiuz.src file. Intermediate output
data transfer files from UZFT include nefiiuz.dis and nefiiuz.out. The UZ release rates for all groundwater

9-1



radionuclides can be accessed in the nefiiuz.dis file. The file nefiiuz.out provides the nefmks.f output file.
Contents of all UZFT intermediate data transfer files are further described in appendix E.

9.3 CONCEPTUAL MODEL

The UZFT module provides the temporal and spatial variation of deep percolation and radionuclide
transport from the repository horizon to the water table. UZFT uses the stand-alone code NEFTRAN II
(Olague et al., 1991) to track contaminant transport through the UZ below the repository.

UZ flow and RT are complicated by geologic heterogeneities, at a variety of spatial scales, in the
hydrologic and geochemical properties of the fractures and matrix and in temporal variation in deep
percolation. Although these complications affect accurate predictions at the small scale (on the order of
meters), the emphasis is on estimating performance of the overall behavior of the repository. Therefore, an
approach is used that considers flow and transport at a larger scale which is on the order of tens to hundreds
of meters. The effect of large-scale heterogeneities is included only to the extent that different stratigraphic
layers are uniquely identified via thickness and unique hydrologic and transport properties that vary among
the ten modeled subareas. Although the approach neglects the spatial and temporal heterogeneities at
smaller scales, it is assumed to be appropriate owing to the conservativeness in the conceptual modeled.
The UZFT module captures a sufficient level of detail in the properties of the UZ such that performance
calculations will provide insight on how variations in hydrologic and geochemical properties of the UZ
affect overall performance.

9.3.1 Unsaturated Zone Flow Model

UZ flow is the primary mechanism for transporting dissolved radionuclides from the repository to
the water table below the repository. Fracture versus matrix flow, groundwater velocity, and moisture
content are the characteristics of the UZ flow used in UZFT. Spatial and temporal variability of these
characteristics are considered using a simplified approach: spatial variability is accounted for by using
10 repository subareas where each subarea has a distinct stratigraphy and deep percolation, and each
stratigraphic unit has its own hydrologic and geochemical properties (see table 9-1 for stratigraphic
thicknesses for each of the ten repository subareas), and temporal variation is accounted for by using the
time-varying deep percolation determined in UZFLOW. This simplified approach assumes there is no lateral
diversion between the repository and the water table (i.e., flow is 1D and vertical), the UZ flow field is in
equilibrium (i.e., time variations in the flow field occur rapidly in the UZ), and thermal perturbations on
UZ flow do not affect the deep percolation below the repository (the waste containers are considered to be
mostly intact at early times when this assumption is most in question).

The hydrostratigraphic layer thicknesses (table 9-1) used in the UZFT module are derived from the
Geologic Framework Model 3.1 [Civilian Radioactive Waste Management System, Management and
Operating Contractor, (1999) (Integrated Site Model Process Model Report)] by aggregating thicknesses
of thermal-mechanical stratigraphic layers of similar hydrologic properties. The thicknesses are taken from
a representative location (i.e., center) in each subarea. Conversions are made from the UTM NAD27 (m)
projection used for the subarea outlines in TPA Version 4.0 code to the State Plane NAD27 (ft) projection
used by the Geologic Framework Model 3.1. Calico Hills nonwelded vitric and nonwelded zeolitic
thicknesses are estimated from the interpolation of thicknesses from borehole interpretations that consider
zeolite percent and degree of welding (Winterle et al., 1999a,b). There are uncertainties in vitric thickness
variations across the repository footprint. Estimates of minimum vitric thicknesses (minimum of all
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Table 9-1. Hydrostratigraphic thicknesses (m) for each of the 10 repository subareas extending from
the repository horizon to the water table

Subareas 1 2 3 4 5 6 7 8 9 10
Topopah Springs, welded | 100 | 161 | 79 | 144 | 58 85 138 | 163 91 138
Calico Hills, vitric 19 2 24 17 31 37 44 0 10 0
Calico Hills, zeolitic 72 108 | 55 88 49 58 63 120 | 128 | 137
Prow Pass, welded 50 50 52 56 65 66 66 25 28 0
Upper Crater Flat 57 18 68 61 71 81 67 0 9 0
Bullfrog, welded 22 0 81 0 101 51 0 0 0 0
TOTAL 320 | 339 | 359 | 366 | 375 | 379 | 377 | 308 | 267 | 275

interpolated values within a subarea) are provided in table 9-1; these estimates are considered reasonably
conservative with regard to dose estimates. Provision also exists in the TPA code to sample these
parameters. The upper and lower boundaries of UZ transport are the drift elevations and the water table.
EDA 1I lays out drifts horizontally in the east-west direction but sloping downward to the north 75 m,; this
slope is incorporated in the estimation of the thicknesses of the Topopah Springs welded layer. Based on
borehole data (Farrell et al., 1999), the water table elevation varies across the drift footprint by at least
45 m. The southeasterly slope of the water table is taken into account for the calculation of the bottom layer
thicknesses.

Determination of fracture versus matrix flow is considered the most important aspect of the UZ
flow model because water velocity in fractures tends to be large relative to velocity in the matrix because
of differences in porosity (generally one to two orders of magnitude) and retardation of radionuclides within
fractures is generally considered to be much smaller than retardation in the matrix because of the much
larger surface area available for sorption in the matrix compared to the fracture. For each stratigraphic unit
in the UZ, a determination is made in the UZFT module if fracture or matrix flow properties will be used
by comparing the deep percolation with the saturated hydraulic conductivity of the matrix. Fracture flow
properties are used for transporting radionuclides when the deep percolation exceeds the saturated hydraulic
conductivity of the matrix. This conceptualization assumes that the flow conditions (fracture versus matrix
flow) remain the same within a particular stratigraphic unit and that any transition between matrix and
fracture flow occurs only at the interface between stratigraphic units. Thus, each stratigraphic sequence has
its own associated velocity and saturation characteristic of either the fracture or the matrix continuum.

Calculation of the water velocity and moisture content uses the van Genuchten (1980) characteristic
curve to represent the relationship between saturation and hydraulic conductivity:

K, = «/_[1 - Ss"*) ] (9-1)
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where

K, — relative hydraulic conductivity [unitless]
S — saturation [unitless]
1
A = 1-—
B
B — fitting parameter [unitless] specified in the #pa.inp file.

The velocity and saturation calculation assumes that deep percolation is occurring in either the matrix or
the fracture, but not both. This approach represents a simplification of the approach used in the NRC
IPA Phase 2 effort (Wescott et al., 1995), which accounted for the partitioning of fracture and matrix flow.
The simplification was done to improve efficiency in the UZ flow and transport module to accommodate
other improvements considered more important (e.g., time-varying deep percolation and simulation periods
beyond 10,000 yr). Additionally, the partitioning of fracture and matrix flow is not considered as important
to performance given the higher estimates for deep percolation (stratigraphic units will be either primarily
fracture flow or matrix flow).

As mentioned previously, time-varying deep percolation is determined in UZFLOW. A time-varying
velocity is calculated for each stratigraphic unit from the time-varying deep percolation using

W)= o) 9-2)

AnS
where

v(t) — time-varying velocity for the stratigraphic unit [m/yr]

oYy — time-varying deep percolation rate [m’/yr]

n — porosity of the stratigraphic unit corresponding to either the matrix porosity or the
fracture porosity [unitless]

S - saturation of the stratigraphic unit corresponding to either the matrix saturation or
the fracture saturation [unitless]

A — cross-sectional area of subarea [m’]

To aid in the computational efficiency of the NEFTRAN II code, the velocities are artificially limited to
an upper bound corresponding to a 5-yr residence time for a given stratigraphic unit. This restriction should
not have a significant effect on the dose calculation.

From the time-varying velocities, the time-varying residence times are determined for each

stratigraphic unit using:

X
= — 9-3
t,() v (9-3)
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where

4t — time-varying residence time [yr]
x — thickness of the stratigraphic unit [m]
v(t) — time-varying velocity for the stratigraphic unit [m/yr]

The mean residence time, T, for each stratigraphic unit is determined as a weighted average of the
time-varying residence times over the time period of interest. A simple trapezoidal integration of the
residence time is used for the calculation. In addition, the sum of the mean residence time for each
stratigraphic unit is summed to obtain the total residence time for the UZ (i.e.,  T7). The mean residence
time of a stratigraphic unit is used to select which stratigraphic units satisfy a set of criteria that maintains
the computational efficiency of the NEFTRAN II code. That is, stratigraphic units where X T is less than
10 yr or that have a T less than X 7-/10 are removed from consideration for the transport of radionuclides.
These criteria should not have a significant effect on the dose calculation.

The time-varying velocities for each contributing stratigraphic unit are output to file nefii.vel for
input to NEFTRAN II. The UZ residence time, X T, for each subarea is written to the file gwttuzsz.res as
an intermediate result. The content of this file is described further in chapter 20.

9.3.2 Unsaturated Transport

Transport of radionuclides in geologic media is often retarded relative to the water velocity because
of geochemical reactions (e.g., adsorption and ion exchange) between the dissolved radionuclides and the
geologic materials. Retardation factors (ratio of the water velocity to the velocity of a dissolved
radionuclide) are determined for the matrix using the following distribution coefficient or K, approach:

p(1-n)
Rf = 1.0+ TKd 9-4)

where

— retardation factor [unitless]
— grain density of porous matrix [kg/m’]
porosity of matrix [unitless]

— moisture content of matrix [unitless]
— distribution coefficient (radionuclide and stratigraphic unit specific) [m*/kg]

QL>:c1>='o\>::
|

Retardation within fractures in the UZ is considered constrained by the limited surface area
available for ion exchange and adsorption. Therefore, the K, approach noted previously was not considered
appropriate for fracture flow and a retardation factor is used to characterize retardation in fractures in the
tpa.inp file. The use of a retardation factor for fracture transport was included in UZFT for completeness
in the event that sufficient evidence becomes available that supports retardation of radionuclides within
fractures. It is expected, however, the retardation factor would typically be set for no retardation (value of
1.0).
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NEFTRAN II

NEFTRAN II (Olague et al., 1991) uses the following three files: (i) the standard NEFTRAN II
input file that specifies the radionuclides, transport path lengths, and transport path properties (nefii.inp
file); (ii) the time history of the transport velocity developed in UZFT using hydrologic parameters specified
in the #pa.inp file and time history of deep percolation determined in UZFLOW (nefii.vel file); and (ii1) the
time history of radionuclide releases from the repository provided by EBSREL (sotnef.dat file). NEFTRAN
IT uses a series of 1D transport paths or legs (each representing a particular stratigraphic unit) that are
defined by their length, velocity, saturation, porosity, dispersion length, and retardation. (Note: matrix
diffusion is a process contained in the NEFTRAN II program, however, this process was not included in
the UZ transport because of the uncertainty in assigning parameter values that determine the magnitude of
its effect.) As described in the previous sections, UZFT calculates velocity, saturation, and retardation
factors. NEFTRAN II uses this information as well as input parameters (porosity and dispersion length) to
simulate advection and hydrodynamic dispersion of dissolved radionuclides using a distributed velocity
method (DVM). DVM is similar to a particular tracking approach where discrete particles are used to
simulate contaminant movement; however, DVM calculates a distribution of velocities for each radionuclide
and each leg, based on the mean velocity and the dispersion length, and uses the velocity distribution to
transport groups or packets of particles. The formulation used in calculating the velocity distribution is

2dv v
vyme, 9-5)
LR, Ky
where
v e J™ interval of the velocity distribution (seven intervals are used to represent the
distribution) [m/yr]
€; — j™ abscissa from a standard normal distribution [unitless]
d — dispersion length [m]
Vi — mean velocity (velocity calculated in UZFT and used as input to NEFTRAN II is
assumed to be the mean velocity) [m/yr]
R, — retardation factor [unitless]
t — time to exit the leg' [yr]

Figure 9-1 illustrates the implementation of the 1D legs or transport paths in NEFTRAN II to
represent the UZs and SZs at YM. The UZFT module provides the radionuclide releases to the water table
at discrete times. This information is then used by the SZFT module for the SZ transport calculation.

!The use of the exit time is a departure from the original NEFTRAN II formula that used the value for the time step. When used
in conjunction with time-varying velocity field, the time step approach led to unrealistic velocity distributions—the mean velocity
was small, the time step was small, and a velocity distribution was dependent on the time step of the simulation rather than the
physical properties of the leg. The revised formula, using the time to exit the leg, corrected these deficiencies and is considered a
more appropriate approach for determining the velocity distribution.
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9.3.3 Efficiency of Simulating Flow and Transport

Efficiency in simulating flow and transport in the UZ were considered in development of the UZFT
module owing to potentially long run times associated with long-term performance periods (much greater
than 10,000 yr) together with additional processes such as matrix diffusion. Long simulation times can
occur when the transport velocity is such that the use of a small time step over the simulation period is
required. A resolution to this problem was to bypass consideration of stratigraphic units that had short
residence times (less than 10 yr or less than 10 percent of the residence time of all legs). When the velocity
in a particular leg results in a short residence time, the leg is not included in the NEFTRAN II simulation.
If all the legs for a particular subarea are bypassed, the entire UZ transport calculation is bypassed, and
releases from the repository are provided directly to the SZ transport module, SZFT.

Additionally, the time intervals over which the velocity varies, as provided by UZFLOW, can affect
simulation times (e.g., short intervals resulting in long run times). Therefore, the UZFT module varies the
velocity over a time interval dictated by a minimum change in the velocity field (an input parameter
specifies the UZ minimum velocity change factor), where a small fractional change will result in shorter
time intervals and associated longer simulation time.

94 ASSUMPTIONS AND CONSERVATISM OF THE UZFT APPROACH

The UZFT module is an abstraction of groundwater flow and RT from the repository to the SZ. The
main attributes of the UZ that control transport of radionuclides are (i) the transport velocity of
radionuclides in groundwater, (ii) radionuclide sorption, (iii) matrix diffusion, and (iv) the hydrologic
stratigraphy. The transport velocity of radionuclides in groundwater is influenced by the presence or
absence of fracture flow. Because of differences in porosity between the fracture and matrix, transport
velocities can be much larger (up to 2-3 orders of magnitude) in the fractures than in the matrix for the
same flux. The transport velocity within a specific hydrostratigraphic unit (e.g., Calico Hills zeolitic) is
determined by assuming vertical flow below the repository and comparing the vertical flow to the saturated
hydraulic conductivity of the matrix (if the vertical flow exceeds the saturated conductivity any time during
the simulation, fracture transport velocities are used). This approach is considered a reasonable
representation for the bulk behavior of a number of hydrologic units at YM because saturated hydraulic
conductivity of the matrix is either significantly above or below the net flux (e.g., Calico Hills zeolitic,
Calico Hills vitric, and Topopah Springs welded). While this approach does not account for spatial
variability of flow caused by heterogeneities in the hydrologic properties of the fractures and matrix, or the
episodic nature of the infiltration, the approach generally yields short travel times to the SZ, using the
current hydraulic properties and infiltration estimates. Short travel times are considered consistent with the
presence of **Cl at multiple locations in the Exploratory Studies Facility (ESF) at YM. The degree of
conservatism in these travel times cannot be determined until site investigations including the **Cl data
are complete.

Transport of radionuclides can be significantly slowed by the sorption of radionuclides on mineral
and rock surfaces. Retardation of radionuclides is considered limited within fractures relative to the matrix
because retardation of radionuclides is assumed largely affected by the surface area available for sorption,
while flow through the matrix encounters significantly more surface area than fracture flow. Although the
TPA Version 4.0 code has the capability to represent retardation of radionuclides within fractures, fracture
retardation factors have been set to 1.0 (i.e., no retardation) in the data set. This is a conservative approach
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considered to have limited impact on the results, given the assumption that sorption of radionuclides within
fractures will be limited.

Transport of radionuclides within fractures can be delayed by diffusion of radionuclides within the
fractures into the matrix. The rate of diffusion of radionuclides is affected by the variation in fracture and
matrix flow, the concentration gradient between the fracture and matrix water, and the nature of the fracture
surface (e.g., permeability of fracture coatings). Within the TPA Version 4.0 code, it is conservatively
assumed that matrix diffusion does not occur in the UZ. Overall, this assumption in UZFT is consistent with
little, if any, delay of radionuclides moving large distances in the UZ over short time scales, as evidenced
by the presence of **Cl at multiple locations in the ESF at YM. Moreover, the observed differences in water
chemistry between matrix and fracture water would not be present if matrix diffusion was significant. The
degree of conservatism in this assumption will be determined based on the ongoing site investigations.

It is obvious from the previous discussions that transport in the UZ will be sensitive to the
occurrence of fracture flow. Fracture flow will dominate in a unit with low matrix conductivity (e.g., Calico
Hills zeolitic), while matrix flow will dominate in a unit with high matrix hydraulic conductivity
(e.g., Calico Hills vitric). Thus, the presence or absence of particular units below the repository and the
assumption that the flow is primarily vertical has a strong influence in determining the occurrence of
fracture flow. The abstraction for stratigraphy uses 10 subareas to account for the spatial variability in the
thickness of the hydrostratigraphic units (primarily based on the spatial variability of the Calico Hills vitric
and zeolitic units). This approach was used to provide a general representation of the UZ and does not
represent thin stratigraphic units (i.e., on the order of a few meters). Although the inclusion of some of these
thin units could increase travel times, through lateral diversion or matrix-only flow, they are not included
in the current approach.

There are specific assumptions related to unsaturated flow:

. Spatial heterogeneities are accounted for at the scale of the stratigraphic units. Although
smaller scale heterogeneities are neglected, the approach is considered appropriate because
of the conservatisms built into the conceptual model.

. Flow is downward toward the water table with no lateral diversion.

. The UZ flow field is time varying but in equilibrium (temporal variation in the near surface
infiltration, because of climate variation, equilibrates rapidly in the UZ).

. Deep percolation between the repository and the water table is not affected by thermal
reflux. During the highest thermal period, when this assumption is most uncertain, it is
reasonable to assume that few, if any, containers will fail.

. Fracture flow occurs only when the percolation exceeds the saturated conductivity of the
matrix; when this occurs, it is assumed the interconnected fractures are capable of
conducting the remaining flow.

. Transition between matrix and fracture flow occurs only at the interface between

stratigraphic units (the amount of fracture and matrix flow is uniform within a stratigraphic
unit).
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There are specific assumptions related to UZ transport:

. It is assumed that radionuclides are transported in either the fractures or the matrix and are
not partitioned when flow occurs in the fractures and the matrix (fracture flow is used
when the deep percolation exceeds the saturated matrix hydraulic conductivity of the
matrix). This transport does not account for the partitioning of flow between the fractures
and the matrix and will be conservative when fracture flow is a small percentage of matrix

flow
. Retardation within fractures does not significantly delay RT in the UZ.
. Matrix diffusion does not significantly delay RT in the UZ.
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10 SZFT MODULE DESCRIPTION

The SZFT module describes RT in the SZ from the location at which radionuclides enter the water table
immediately below the repository to a receptor location. The SZ transport model consists of an array of 1D
streamtubes originating at the water table below the repository and terminating at a receptor location. RT
in the SZFT module is simulated using the NEFTRAN II code (Olague et al., 1991), which calculates the
radionuclide release rate (Ci/yr) at the down-gradient receptor location. In the SZFT module, there are three
SZ streamtubes each connecting to one or more UZ streamtubes (Figure 10-1).

10.1 INFORMATION FLOW WITHIN TPA

10.1.1 Information Supplied to SZFT

From EXEC, the SZFT receives the radionuclide release rate as a function of time from the UZ as
computed by the UZFT module. Other inputs to SZFT are specified in the SZFT section of the #pa.inp file
or in the strmtube.dat file. The strmtube.dat file provides the streamtube widths as functions of position and
the flow rates for each streamtube. Data provided by the #pa.inp file include hydrologic properties,
retardation factors, matrix diffusion parameters, and the fraction of the flow path through fractured volcanic
tuff versus alluvium. The user selects either 10 km or 20 km as the distance to the receptor group in the
tpa.inp file.

10.1.2 Information Provided by SZFT

SZFT computes estimates of the total activity of the radionuclides transported to the receptor
location as a function of time in Ci/yr. SZFT results for the time-varying release rates from the SZ are
passed to EXEC along with the GWTT for the SZ for subsequent use in DCAGW for dose calculations.

10.2 INTERMEDIATE RESULTS

The SZFT intermediate outputs provide information on the flow field and the overall transport of
radionuclides. An averaged SZ GWTT (averaged over time) is computed for each repository subarea and
written to the gwrtuzsz.res output file. The cumulative release of radionuclides from the SZ (summed over
all repository subareas and the simulation period) is calculated for each radionuclide and is available in the
cumrel.res and cumrel_c.res files. Additionally, the normalized SZ releases presented as a CCDF are
contained in the gwccdf.res and gwecedf c.res files. The gwttuzsz.res, cumrel.res, cumrel_c.res, gwecdfres,
and gwceedf c.res files are described in detail in tables 20-1 and 20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
SZFT inputs are written to the szft.ech file and outputs to the szft.r/t file. The UZFT releases for all times
and groundwater radionuclides are included in the szft.ech file. The time history of SZ releases for all
groundwater radionuclides is available in the szft.7/t file. A complete description of these files is provided
in section 20.3.

The SZFT module generates intermediate input and output data transfer files while executing the

nefmks.f stand-alone transport code. These files contain information only for the final realization and
subarea available at the end of the TPA Version 4.0 code execution. SZFT intermediate input data transfer
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Figure 10-1. Saturated zone streamtubes model showing three streamtubes from just upgradient of
the repository footprint southward to the proposed 20-km compliance boundary
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files are nefiisz.inp and nefiisz.src. All SZFT parameters specified in the fpa.inp file are accessed through
the nefiisz.inp file. Inputs to SZFT are the UZ groundwater release rates from UZFT and are available in
the nefiisz.src file. Intermediate output data transfer files from SZFT include the nefiisz.dis and nefiisz.out
files. The SZ release rates for all groundwater radionuclides are accessed in the nefii.dis file. The file
nefiisz.out provides the nefimks.f output file. Contents of all SZFT intermediate data transfer files are further
described in appendix E.

10.3 CONCEPTUAL MODEL

The SZFT module describes the temporal and spatial variation of radionuclide mass transport from
the water table at a location immediately below the repository to the receptor location. SZFT uses the
stand-alone code NEFTRAN II (Olague et al., 1991) to track radionuclide mass transport.

Transport of radionuclides in the SZ is complicated by (i) spatial variability in the geochemical
properties of the fracture surfaces and rock matrix, (ii) heterogeneity of pore-scale to formation-scale
transport pathways, (iii) temporal variations in the flow field caused by climatic change and pumping for
water use, and (iv) variability in the rate at which radionuclides transiting the UZ reach the water table. The
extent to which these features and processes are incorporated into predictive models affect the accuracy of
point estimates of radionuclide concentrations in the aquifer. The approach adopted in DCAGW
(chapter 11) for determining the radionuclide concentration of water consumed at the receptor location
allows the SZFT model to neglect many of the high-resolution spatial and temporal variations in transport
processes.

Radionuclide mass (activity) release rates at the receptor location are converted into radionuclide
concentrations by multiplying the mass release rate by the fraction of mass captured by a well or well field
and then dividing this product by the volume of water that is pumped. In DCAGW, simplified well capture
zone relationships are used to determine the fraction of mass captured by low-discharge wells or well fields.
At high-discharge well fields used to supply irrigation water, it is assumed that all radionuclides are
captured. Therefore, SZFT does not need to accurately describe the 3D distribution of radionuclide
concentrations at the receptor location. The SZFT module needs only to predict the mean trajectory and
travel times of radionuclides in the SZ and take into account the variation in geochemical properties along
the transport path. Although temporal changes in the flow field caused by climatic change and variations
in pumping rates may affect transport, in SZFT it is assumed that a steady-state representation of the flow
field is sufficient.

10.3.1 Saturated Zone Flow Model

For the TPA Version 4.0 code, a 2D horizontal flow-net approach was used to abstract the
steady-state velocity field used in the SZFT module for the SZ region from below the repository to the
receptor location. The abstraction is made by constructing three streamtubes that emanate from the vertical
projection of the repository lateral boundary onto the water table and terminate at the appropriate receptor
location. Differences in the mean travel time along each of the four streamtubes arise from differences in
streamtube input fluxes, lengths, and three sampled values: effective porosity of the tuff, effective porosity
of the alluvium, and the fraction of the streamtube occupied by each.

The flow net approach is based on an interpretation by Winterle et al. (2000) of horizontal hydraulic
gradients in the uppermost aquifer between the repository and the 20-km compliance boundary. The

10-3



potentiometric surface map, shown in figure 10-1, was obtained by hand drawing lines of equal hydraulic
head to match static well-water levels in the YMR reported by DOE and Nye County investigators
(e.g., Czarnecki et al., 1997; Graves et al., 1997; Graves, 1998; Nye County, 1999). This hand-contouring
approach allows use of judgement and consideration of structural and stratigraphic features. Additionally,
this approach avoids the need to calibrate a model to observed hydraulic heads, as done in the previous
version of the TPA code, which used a 2D numerical-modeling approach (Baca et al., 1996). The greatest
uncertainty in the interpretation of the potentiometric surface lies in areas of sparse data west of
Fortymile Wash and along the southern portion of the distance between the repository and the 20-km
compliance point.

Streamtube boundaries were drawn assuming that groundwater flow is in the direction of the
hydraulic gradient, which is true only in the case of a horizontally isotropic aquifer. The northernmost and
southernmost streamtube boundaries were selected to be tangential to the respective ends of the repository
footprint. Between these two boundaries occur two ridges of higher water-level elevations, just east of the
repository, forming groundwater divides, which act as logical and convenient delineations for two additional
streamtube boundaries. These four streamtube boundaries form three adjacent streamtubes. All water
passing beneath the repository must flow through one of these streamtubes.

Streamtube fluxes were calculated based on the hydraulic gradient and transmissivity. In the area
from 3-5 km east of the repository, reliable transmissivity estimates for the scale of interest have been
obtained from testing at the C-Holes Complex (Winterle and La Femina, 1999), and there are numerous
monitor wells to constrain the local hydraulic gradient. Aquifer transmissivity in this vicinity is on the order
of 1,000 m?/d, and the hydraulic gradient is on the order of 0.0003. Based on streamtube widths in this area
and an estimated 400-m aquifer thickness,' calculated volumetric flow in the three streamtubes, from south
to north, is calculated to be 600, 730, and 470 m’/yr per meter of aquifer thickness. Because steady-state
groundwater volumetric flow rate is constant throughout the length of a 1D streamtube, the groundwater
volumetric flow rate calculated from data near the C-holes can be extended to areas along the streamtubes
where fewer data are available. For the basecase strmtube.dat file, it is conservatively assumed that
radionuclide release rate calculated by the UZFT module is diluted only by the water in the top 1 m of
aquifer thickness.

Because a constant volumetric flow rate is specified for each streamtube, variations in streamtube
widths cause Darcy velocities to vary from about 0.25 to 1.9 m/yr. This variability is abstracted in TPA by
specifying streamtube widths at 20 points along each path line in the strmtube.dat file. The greatest Darcy
velocities would occur to the south, where all three streamtubes narrow to about 400 m. It should be noted,
however, that streamtube widths in this area are poorly constrained for lack of water-level data in southern
portion of the compliance area. Darcy velocities are translated into mean transport velocities by dividing
by the kinematic (effective) porosities. Thus, uncertainty in Darcy velocity estimates is incorporated into
the range and distribution of effective porosities specified in the #pa.inp file. Sampled effective porosity
varies from 0.001 to 0.01 for the fractured-tuff portion of the streamtube, and from 0.10 to 0.15 for the
alluvial portion.

A new feature of the TPA Version 4.0 code is that the projected radionuclide transport path-length
from the repository footprint to the tuff-alluvium contact (via the fractured tuff aquifer) is now a sampled

!Calculated mean distance from the water table to the top of the Tram bedded tuff layer, which is believed to be approximately at
the top of the lower volcanic confining layer
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parameter with a distribution specified in the #pa.inp file. The remainder of the transport path-length to the
compliance boundary is assumed to occur through the alluvial aquifer system. This change was incorporated
because of the existing uncertainty regarding the zone where groundwater (and hence transported
radionuclides) flowing through the repository footprint transitions from the tuff aquifer system to the
alluvial aquifer system.

10.3.2 Saturated Zone Transport Model

Sampled transport parameters whose probability distribution or sampling range is defined in the
tpa.inp file include (i) longitudinal dispersivity, sampled as a fraction of the transport path length;
(ii) retardation coefficients for each radionuclide; (iii) a diffusion coefficient for matrix diffusion in
saturated tuffs; (iv) effective flow porosities for saturated tuff and alluvium; (v) matrix (immobile) porosity
of the saturated tuff unit; (vi) an immobile porosity penetration fraction for the saturated tuff unit; and
(vii) porosity of saturated alluvium.

Longitudinal macrodispersivity is generally assumed to increase with the scale of the contaminant
plume until an asymptotic upper bound is attained (Gelhar, 1993). As such, it is incorrect to assign a
separate dispersivity value to each NEFTRAN II transport leg. Consequently, a single value is sampled, the
value of which is dependant on the distance to the critical group location. The retardation coefficients set
in the fpa.inp file depend on the dominant mineralogy of the medium in the transport leg as well as the
particular radionuclide being transported.

NEFTRAN II has the capability to account for the migration of dissolved contaminants from
flowing pores and fractures into the more-or-less immobile water within the rock matrix pores. The
governing equation used in NEFTRAN II to account for the rate of change of concentration in the immobile
phase is (Olague et al., 1991)

9C(x,?)
0, R,—S——= B[C.(x.t) = Cy(x.1)] (10-1)
where

0, e immobile (stagnant) porosity [unitless]
R, e retardation factor [unitless]
C — volume-averaged solute concentration in stagnant region [mass per unit volume]
x — distance in direction of flow [length]
t — time [yr]
B — mass-transfer rate coefficient [1/yr]
C, — dynamic (mobile) solute concentration [mass per unit volume]

This process is commonly referred to as matrix diffusion. However, the mass transfer rate coefficient (B)
is not so much a fundamental physical parameter but rather a parameter somewhat unique to the NEFTRAN
IT computer code. Therefore, the #pa.inp file contains parameters that are more commonly used to describe
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matrix diffusion. These parameters are used to calculate the mass transfer rate coefficient and effective
immobile porosity using the following formula:

0.D

p=—e s
oo 1) e

2n

where

D — diffusion coefficient [length® per time]
f — fraction of immobile porosity in which matrix diffusion occurs [unitless]
n

— number of fractures per meter [1/length]
(measured perpendicular to the fracture assuming regular spaced fractures)
0.28 — shape factor used for parallel planar matrix blocks [unitless]

Equation (10-2) is based on a formula derived by van Genuchten (1985) for estimating first-order,
mass-transfer coefficients according to rates of diffusion and flow system geometry. The original formula
of van Genuchten was modified to include the factor s, an immobile porosity penetration fraction. This

fraction accounts for the fact that matrix blocks may not be fully permeated by diffusing solutes if time
scales for transport to the receptor location are short relative to the time scale for diffusion to the matrix
block center. The fraction f is also used to scale the effective immobile porosity to a lower value using

the formula

0, =s6, (10-3)
where 6, is total rock matrix porosity [unitless]

The immobile porosity penetration fraction, £, is a difficult parameter to estimate because it is a

nonlinear function of several variables, including matrix block size, advection velocity, and solute-specific
diffusion rates. Accordingly, for purposes of the TPA basecase abstraction, this penetration fraction is
sampled from a loguniform distribution over a range of conservatively low values from 0.01 to 0.1.

10.4 ASSUMPTIONS AND CONSERVATISM OF THE SZFT APPROACH

The abstracted model implemented in the SZFT module is assumed to adequately capture the range
of processes and features that control and affect the transport of dissolved radionuclides from the SZ below
the repository to the receptor location. Processes simulated by the SZFT module include (i) advective
transport through the tuff and alluvial aquifers, (ii) longitudinal dispersion during transport, (iii) chemical
sorptive processes that retard the transport of radionuclides in the alluvial aquifer and in the matrix of the
tuff aquifer, and (iv) diffusion of radionuclides from the fractures to the matrix in the tuff aquifer.

Because the estimated magnitude of water-well pumping for irrigation at the receptor location is
sufficient to capture most radionuclides emanating from the repository (Fedors and Wittmeyer, 1998), a
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relatively simple 1D model can be used to convey radionuclides directly from the repository to the receptor
location. Transport velocities along the flow tubes are equal to the ratio of the Darcy velocity to the
effective porosity. Uncertainty regarding estimated groundwater velocities is addressed by performing TPA
calculations over a range of effective porosities from 0.001 to 0.01 in the tuft aquifer and from 0.10 to 0.15
in the alluvial aquifer.

The effects of lateral dispersion on vertical spreading of the plume are not explicitly accounted in
the streamtube approach. Since vertical dispersion would likely reduce in situ radionuclide concentrations
or reduce the fraction of mass captured by the pumping well, neglecting its effects is conservative. The
effects of longitudinal dispersion are included in the model; however, the value of longitudinal dispersivity
used in the SZFT abstraction is conservatively assumed to be 0.01 of total transport distance for saturated
tuff and 0.1 for saturated alluvium.

Transport of radionuclides can be significantly retarded by sorption of radionuclides on mineral
surfaces. Retardation of radionuclides is considered to be much more limited in fractures than in the matrix
because sorption is assumed to be primarily controlled by the mineral surface area, which is much greater
in the rock matrix. Although the TPA Version 4.0 code has the capability to represent retardation of
radionuclides within fractures, fracture retardation factors have been set to 1.0 (i.e., no retardation) in the
data set. This is a conservative approach considered to have a limited impact on the results assuming that
sorption of radionuclides within fractures will be limited. Retardation caused by sorption of radionuclides
on the abundant clays and iron minerals in the alluvium is assumed to be significant and is included in the
SZFT model abstraction.

Transport of radionuclides in the tuff aquifer can be delayed by diffusion of radionuclides from the
fractures into the matrix. The rate of diffusion of radionuclides is affected by variations in fracture and
matrix flow, the concentration gradient between the fracture and matrix water, and the permeability of
mineral coatings on the fracture surface. Matrix diffusion can be accounted for in the tuff aquifer; however,
it is conservatively limited to a small fraction of the total matrix porosity. The degree of conservatism in
this assumption cannot be assessed until ongoing site investigations are complete.

Because of the significant differences between the radionuclide transport properties of the fractured
tuff and alluvium, the relative transport distance through each aquifer system has been recognized as
important to repository performance. Limited data, however, are available to identify the zone of transition
between the tuff and alluvial aquifers. This uncertainty is increased by the fact that the abstracted
streamtubes do not account for possible horizontal anisotropy in the fractured tuff aquifer, caused by the
predominant north-northeast trend of fractures and faults in the area. Horizontal anisotropy could reasonably
be expected to divert flow in the tuff aquifer more to the south, which would result in a greater fraction of
the transport distance through fractured tuff. To account for this uncertainty, the TPA Version 4.0 code
includes the fraction of transport distance through tuff versus alluvium as a new sampled parameter in the
tpa.inp file.

The flow-net analysis used to abstract the three SZ transport streamtubes is based on several
assumptions:

. Differences in water levels in wells are representative of changes in hydraulic head and can

be used to infer horizontal hydraulic gradients in the uppermost parts of the tuff and
alluvial aquifers.
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Flow in the tuff and alluvial aquifer systems occurs in the direction of the horizontal
hydraulic gradient.

Climate change during the period of repository performance has no effect on the regional
groundwater flow.

There are also several assumptions regarding transport in the SZ:

The velocity field can be adequately modeled by dividing the region into three flow tubes
whose lateral boundaries are defined by streamlines emanating from either edge of the
repository.

Within the tuff aquifer, advective transport takes place primarily through interconnected
fractures.

Radionuclides entering a flow tube are uniformly mixed across the width of the flow tube.

The longitudinal dispersivity is related to the length of the transport path.

There are conservatisms adopted in SZFT:

Use of relatively small longitudinal dispersivities reduces mixing during transport.
Assumption of steady-state flow precludes dispersion of the radionuclide plume caused by

changes in the magnitude and direction of the mean velocity field through pumping and
climatic change.
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11 DCAGW MODULE DESCRIPTION—FARMING RECEPTOR
GROUP

The DCAGW module calculates the annual TEDE to an average member of a receptor group from exposure
to radionuclide concentrations in groundwater. The receptor group can be either a farming group or a
residential group. The primary differences in the calculation of the dose to these two groups is that a
different model is used to determine the concentration of radionuclides in the well water and that more
pathways are considered for the farming group. The models and assumptions used to calculate the dose to
the farming receptor group are described in this chapter, while the models and assumptions used to calculate
the dose to the residential receptor group are described in chapter 12.

11.1 INFORMATION FLOW WITHIN TPA

11.1.1 Information Supplied to DCAGW

DCAGW receives information passed from the EXEC and various data files so dilution and dose
conversion calculations can be executed. For dilution calculations, time-varying release rates computed in
SZFT for each radionuclide released through groundwater are passed to DCAGW by EXEC. Radionuclide
groundwater concentrations are calculated from the release rates using the dilution volume. For the dose
calculations, important reference biosphere and receptor group parameters are sampled in EXEC from the
tpa.inp file and passed to DCAGW. The remaining dose parameters are constants but can be modified by
editing the ggenii.def and gdefault.def files (shown in appendix G). A list of default parameter values for
the tpa.inp file is provided in appendix A.

A number of default data files provide important information for the calculations in the
GENTPA Version 1.0 code. For the multiple pathway DCF calculations applicable to a farming receptor,
these files include: gftrans.def (food transfer factors and leaching factor), gdefault.def (default parameters),
ggamen.dat (gamma energies), ggrdf.dat (external dose coefficients), gbioacl.dat (bioaccumulation factors
for fresh and salt water organisms), ggenii.def (primary input parameter file), grmdlib.dat (radionuclide
library), gnewdf.dat (inhalation and ingestion dose coefficients), gdosinc2.dat (header file), and filename.dat
(data file directory structure). These files relate to data files used for the GENII Version 1.485 code (remove
the initial letter of each filename to determine the applicable GENII file name) (Napier et al., 1988).

Modifications to these data files for TPA use include populating the gftrans.def file with the transfer
factors described in LaPlante and Poor (1997), updating the leaching factors in the gftrans.def file by
recalculation using the tpa.inp file input, adding '®"Ag and the relevant physical information to the
grmdlib.dat and ggamen.dat files, and updating external dose coefficients in the ggrdf.dat file using values
from Federal Guidance Report (FGR) 12 (U.S. Environmental Protection Agency, 1993). The use of a new
dose coefficient data file, gnewdf.dat, to calculate DCFs from intakes provided by the env.exe program
replaces the use of the dosinc.dat file and the dose.exe program (from GENII Version 1.485 code). Unlike
the dosinc.dat file, the data file gnewdf.dat can be read and edited by the user when updates are needed,
and the gnewdf.dat file contains age-dependent dose coefficients from ICRP Publication 72 (International
Commission on Radiological Protection, 1996) as well as adult (default) dose coefficients from FGR 11
(U.S. Environmental Protection Agency, 1988). The filename.dat and gdosinc2.dat files are necessary for
the GENTPA Version 1.0 code to execute correctly; however, it is not anticipated the user will need to view
or modify these files for TPA use.
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11.1.2 Information Provided by DCAGW

The groundwater pathway dose for each radionuclide as a function of time is passed to EXEC. The
dose results are applicable to the receptor age group selected in the zpa.inp file: infant, toddler, preteen,
teen, or adult based on ICRP Publication 72 (International Commission on Radiological Protection, 1996)
or an alternate adult selection based on FGR 11 (U.S. Environmental Protection Agency, 1988).

11.2 INTERMEDIATE RESULTS

Groundwater pathway DCFs, output from DCAGW and used in determining doses from
radionuclide concentrations for a farming receptor group located 20 km from YM coincident with the
location of the groundwater releases, are contained in two data files: gw_cb_ad.dat and gw_pb_ad.dat. Each
file pertains to different climatic conditions (either current biosphere designated by cb or pluvial biosphere
designated by pb in the file names). These files contain separate DCFs for direct exposure, inhalation, and
ingestion of animal products, terrestrial products, drinking water, and milk.

The groundwater doses for all radionuclides are accessed in the npkdoset.res, npkdst_c.res,
gwpkdos.res, and gwpkdos_c.res files. The npkdoset.res and npkdst_c.res files provide the peak groundwater
dose and the time of the peak dose for each radionuclide. The overall peak groundwater dose from all
nuclides, the time of the peak dose, and the contribution to the peak groundwater dose from each
radionuclide are contained in the gwpkds.res and gwpkdos_c.res files. Also, the time history of total dose
from the groundwater is included in the totdos.res and totdose_c.res files along with the pumping volume
used in calculating the radionuclide concentration at the wellhead. The npkdoset.res, npkdst_c.res,
gwpkdos.res, gwpkds_c.res, totdose.res, and totdos_c.res files are described in detail in tables 20-1 and
20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
DCAGW inputs are written to the dcagw.ech file and outputs to the dcagw.rlt file. The SZ releases from
SZFT for all times are included in the dcagw.ech file. The time history of groundwater doses for all
radionuclides and the plume mass fraction captured are available in the dcagw.rlt file. Additionally,
groundwater doses can be accessed in the rgwna.tpa, rgwnr.tpa, rgwsa.tpa, rgwsr.tpa, and rgwgssa.tpa files.
The file genv.cum provides radionuclide specific intakes (Ci/yr) for each realization by pathway including
leafy vegetables, other vegetables, soil, fruit, grain, beef, poultry, milk, eggs, drinking water, and inhalation.
The genv.cum file also provides information on external exposure. The file ggenii.cum contains the input
parameter echo from GENTPA Version 1.0 code for all realizations. This input parameter echo can be used
to verify the parameters used in the DCF calculations for each realization. The dcf.cum file echos the
contents of the gw_cb_ad.dat and gw_pb_ad.dat files for each realization. A complete description of these
files is provided in section 20.3 and table 20-6.

11.3 CONCEPTUAL MODEL

The dilution volume at the pumping well is calculated using intermediate results and parameters
specified in the tpa.inp file. However, the user has the option of specifying a value for the dilution volume
by activating a flag in the #pa.inp file. In the dilution volume calculations, the DCAGW module utilizes the
water use characteristics of the farming receptor group. The receptor group, a farming community at
distances at least 20 km from YM, is to be consistent with draft 10 CFR Part 63. Once the dilution volume

11-2



is determined, the module converts the activity released from the saturated zone per unit time values
calculated by SZFT to activity per unit volume of water by dividing by the pumping rate. DCFs are then
calculated and used to determine dose to the average member of the receptor group. The streamtube
information used in SZFT and the DCF files are tied to the location of the receptor group. Therefore, any
change to the location of the receptor group must be consistent with the streamtube data files.

For each time step, the product of each radionuclide concentration and DCF are summed within and
among groundwater pathways and radionuclides to calculate total doses. In addition to summary doses,
selected output is stratified by realization, time step, and radionuclide. The EXEC uses results from all
realizations to identify and report peak doses. The output files indicate which age group has been selected
for the calculations.

11.3.1 Development of Radionuclide Concentrations in Water for a Farming Receptor
Group

For the farming receptor group, the volume of water into which the released radionuclides are
diluted is the greater of the flow rate of water within the uppermost producing horizon in the pumped
aquifer and the volumetric flow rate of water pumped for household and agricultural needs of the receptor
group location. The flow rate of water within the uppermost horizon is set to the greater of the UZ flow rate
and SZ flow rate. This condition sets a reasonable lower limit for the dilution volume consistent with the
assumption that the combined well discharge rates at the farming location are large enough to capture all
released radionuclides. Borehole concentrations at the farming location are computed by dividing the
radionuclide release rate by the appropriate dilution flow rate. Although the well discharge rates are
assumed to be large enough to capture the entire radionuclide plume, the user may specify the fraction of
the radionuclide plume captured by activating a flag in the pa.inp file.

For the farming receptor group location, there are no readily available data that can be used to
assess the variation in hydraulic conductivity or borehole inflow with depth. The nearest wells completed
in alluvium from which there is detailed lithologic information are located in the northwestern Amargosa
Valley near the Beatty low-level waste facility. The soil texture varies from clay to gravel in this area;
however, drillers’ logs indicate that the predominant soil texture classes are sands and gravels. Data
compiled from drillers’ logs by Oatfield and Czarnecki (1991) show that the fraction of coarse-grained
sediments in the Amargosa Farms area ranges from 0.50 to 0.70. Since sands and gravels are the
predominant alluvial facies, it is reasonable to assume wells are screened over their entire depth. In fact,
statistics on water well screen depths and lengths suggest that the typical well in the Amargosa Farms
region is continuously screened over the lower 75 percent of the saturated section penetrated by the
borehole. The mean and standard deviation of the thickness of the uppermost producing horizon, which here
is defined as extending from the water table to the bottom of the well screen, are 55 and 32 m. The
minimum and maximum values of the producing horizon thickness are 8.5 and 158 m.

The distribution of the producing horizon thickness for the farming receptor group is positively
skewed and may be suitably represented by a lognormal or gamma distribution; however, it is assumed to
be uniform. For producing horizon thicknesses of 20, 80, and 140 m, the flow rates in the uppermost
producing horizon in the alluvial aquifer are 40,940, 163,760, and 286,580 m*/yr. Expected flow rates for
farming are much greater than those for residential use. Assuming that the primary water use is for
center-pivot irrigation of quarter-section alfalfa fields, a reasonable range of consumptive water use is
6,222,230 to 17,973,330 m */yr (13 and 27 quarter-section alfalfa fields, 126 irrigated acres per
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quarter-section, and 3.1-4.38 ft of water applied each growing season)."? Clearly, the volumetric flow rate
of water pumped exceeds the flow rate of water within the uppermost producing horizon.

11.3.2 Development of Dose Conversion Factors

The DCAGW module contains the executable pathway dose code GENTPA Version 1.0, which is
based on the GENII Version 1.485 code (Napier et al., 1988) that generates radionuclide and
pathway-specific annual intake rates for the selected receptor age group. DCAGW uses the intake rates to
calculate DCFs designed to convert groundwater concentrations to TEDEs for the average member of the
receptor group. DCAGW multiplies the intake rates from GENTPA Version 1.0 code to the applicable dose
coefficients in the gnewdf.dat file to generate the DCFs. Selection of the desired age category in the tpa.inp
file (i.e., by using the ReceptorAgeGroup parameter) ensures the correct age-dependent input parameters
(e.g., consumption rates) and dose coefficients (from the gnewdf.dat file) are used to calculate DCFs.

The default age group is an adult based on inhalation and ingestion dose coefficients provided in
FGR 11 (U.S. Environmental Protection Agency, 1988). All other receptor age group calculations involve
inhalation and ingestion dose coefficients from ICRP Publication 72 (International Commission on
Radiological Protection, 1996). ICRP Publication 72 (International Commission on Radiological Protection,
1996) provides inhalation and ingestion dose coefficients for the following age groups: 3 months, 1 yr, 5 yr,
10 yr, 15 yr, and adult. For TPA modeling , the coefficients were assumed to relate to the midpoints of
following age ranges, respectively: <1 yr, 1-3 yrs, 3-7 yrs, 7-12 yrs, 12-17 yrs, and >17 yrs. Considering
the age stratification of available age-dependent consumption rate information (discussed below), the ICRP
based age groups were collapsed into five groups: <1 yr, 1-7 yrs, 7-12 yrs, 12-17 yrs, and >17 yrs. Dose
coefficients for 1-3 yr and 3-7 yr were averaged to combine the categories into one. The resulting age
groups were given the following titles: Infant, Toddler, Pre-Teen, Teen, and Adult. Information on the age
group classifications is summarized in table 11-1. Based on ICRP Publication 72, (International Commission
on Radiological Protection, 1996) the adult age category (greater than 17 yr) dose coefficients are provided
to allow for comparison of adult doses with pre-adult age group doses using consistent dosimetry
methodology and intake rates. For all other adult dose calculations, the FGR 11 dose coefficients
(U.S. Environmental Protection Agency, 1988), used for the adult FGR 11 age category, are recommended.

A new feature for DCF calculation in the TPA Version 4.0 code is the ability to account for buildup
of radionuclides in the soil from prior years of irrigation. This feature is controlled by an input parameter
in the fpa.inp file which represents the number of years of irrigation water deposition prior to the intake
period. The user specifies how many years prior to the year of intake (i.e., the year of the DCF calculation)
that irrigation with contaminated groundwater is expected to occur, and GENTPA Version 1.0 code
calculates the additional soil radionuclide concentration from the deposition, decay, and leaching that
occurred during the number of prior years specified. It is assumed that the concentration of radionuclides
in the water during prior years of irrigation is the same as the concentration in the current year. Because
of the transient nature of farming in the Amargosa Valley region, it is assumed to be unlikely that farming
will occur on the same plot of land continuously for more than 15 or 20 yr.

'3.1 ft/yr near Los Angeles, California [table 14-2, p. 377 (Linsley and Franzini, 1979)]

?4.38 ft/yr in Mesa, Arizona [table 2-50, p. 99 (van der Leeden et al., 1990)]
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Table 11-1. Categories used for age-dependent dose calculations for farming receptor group

Age Group Age (y)
Infant <1
Toddler 1-7
Pre-Teen 7-12
Teen 12-17
Adult greater than 17

The DCAGW module calculates DCFs designed to convert groundwater concentrations to TEDEs
for the average member of the receptor group. A farming receptor group is reasonable because site-specific
information indicates farms exist down-gradient of YM. Two climate regimes are assumed for the
biosphere, one based on the present climatic conditions in the Amargosa Valley area and a second based
on a future pluvial climate (i.e., a cooler and wetter climate). DCAGW switches from use of current
(nonpluvial) condition DCFs to pluvial condition DCFs at a time specified by the user in tpa.inp. DCAGW
stores the climate conditions (MAP and MAT) that exist when this transition to pluvial conditions takes
place. If future climate conditions (MAP and MAT) fall below this transitional threshold, DCAGW
automatically reverts to using the nonpluvial DCFs.

Pluvial DCFs reflect estimated changes to the biosphere as described in LaPlante and Poor (1997).
Estimated pluvial conditions do not change receptor groups or exposure pathways considered in DCF
calculations (i.e., similar types of farming activities are expected under both estimated climate states).
Pluvial conditions include a reduced well pumping rate, based on the reduced pumping rate at analog sites
described in LaPlante and Poor (1997).

The exposure pathways considered in the farming scenario are depicted in figure 11-1 and include
ingestion (of contaminated water, crops, animal products, and soil), inhalation (from resuspension of
contaminated soil), and direct exposure. The following assumptions apply to the farming receptor group.
The farmer grows alfalfa (for beef and milk cow feed), vegetables, fruits, and grains for personal
consumption and feed for egg-laying hens. Drinking and irrigation water is pumped from a groundwater
well at the farm. Water is consumed at a rate of 2 L/d pumped from a groundwater well; however, TPA
provides the flexibility for the user to sample or change the value of this parameter. The mass load above
soil in Amargosa Valley is sampled in the DCAGS module, but it is also used to calculate dose from the
inhalation pathway in DCAGW. Additional details of methods and assumptions used in the exposure
scenarios for DCF calculations are provided in the succeeding sections and in LaPlante and Poor (1997).

11.4 ASSUMPTIONS AND CONSERVATISM OF DCAGW APPROACH

DCAGW is an abstraction of complex and uncertain processes occurring in the biosphere. The
conversion of groundwater concentrations to receptor dose involves assumptions about (i) the location of
the receptor group, (ii) the lifestyle characteristics of the receptor group that form the basis for exposure
pathways, (iii) processes that determine fate and transport of contaminants in the biosphere, (iv) calculation
of human doses from factors that convert exposure to contaminated media to effective dose equivalents, and
(v) well pumping rates.
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Receptor location is based on the assumption that present physical constraints (i.e., topography,
depth to water table, and soil conditions) that limit present farming to the Amargosa Valley area will
continue to limit farming south of YM to within approximately 20 km from the proposed repository site.
Because the receptor location and lifestyle assumption relates to potential human behavior, it is speculative
but considered reasonably conservative for PA calculations.

The conversion of groundwater concentrations to receptor dose requires conceptualization of
potential exposure pathways based on the site-specific characteristics of the release pathway, YM biosphere,
and receptor group. When groundwater is the source of contamination, the potential exposure pathways are
assumed to be those resulting from pumping (including dilution) and agricultural use of water consistent
with present farming conditions south of YM. These pathways include ingestion (of contaminated water,
crops, and animal products), inhalation (from resuspension of soil contaminated by irrigation), and direct
exposure to contaminated soil.

The assumed diet of locally produced food is important to estimating the dose for a farming
receptor group. The farmer is assumed to grow alfalfa (for beef and milk cow feed), vegetables, fruits, and
grains for personal consumption and feed for egg-laying hens. The practices the farmer is presumed to
engage in have been confirmed to exist in areas south of YM; however, it appears unlikely that all activities
identified would be practiced by a single individual. Therefore, the doses calculated from such assumptions
are expected to be greater than might occur under current conditions. Since bartering is known to exist
among community members,’ it is reasonable to project that for the most highly exposed group, a significant
portion of diet could be obtained from local sources. Thus, the assumption is conservative, but not
excessively so. These assumptions may change when additional information on local consumption patterns
is made available.

Modeling the fate and transport of radionuclides in the biosphere involves consideration of
radionuclide deposition (from groundwater) to soil using local irrigation rates, determination of crop
concentrations using soil/plant uptake factors, determination of air concentrations from resuspended
contamination using a mass load model, and accounting for feed intake and transfer of contamination to
livestock.

Radionuclide deposition from irrigation of crops is calculated from the irrigation rate, irrigation
duration, and radionuclide concentration in groundwater. The irrigation rate and duration are relevant to
local conditions in the Amargosa farms area of Nye County. Loss of contaminants to deeper soil layers from
leaching is accounted for by a K, based model that includes factors that contribute to infiltration, such as
rainfall and evapotranspiration. Rainfall and evapotranspiration rates are obtained from local or regional
information sources, and K, values are relevant to the general soil texture classification reported for
Amargosa farming soils. Full documentation of parameters is provided in LaPlante and Poor (1997).
Additional details are provided in the (bulleted) list of assumptions.

Crop concentrations are based on transfer factors that represent the ratio of plant and soil
concentrations for a class of crops grown in contaminated soil. Food transfer factors are generic values
based primarily on a large survey of the literature (International Atomic Energy Agency, 1994) or
supplemental sources when needed (Baes et al., 1982). Because of the lack of site-specific information, it

3Eisenberg, N.A. Staff Visit to Amargosa Valley: Trip Report. Memorandum (May 14) to M. Federline, U.S. Nuclear Regulatory
Commission. Washington DC: U.S. Nuclear Regulatory Commission. 1996.
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is reasonable to use generic values; however, they may not be representative of arid conditions that exist
in southern Nevada. The selected factors are expected values and have not been arbitrarily increased for
conservatism. The transfer coefficients are varied by the use of scale factors that account for variation and
uncertainty in the expected values.

Air concentrations from resuspended contamination are calculated by applying a mass loading
model. This model uses a mass loading factor that is the amount of airborne dust in the air and assumes that
the concentration of radionuclides in the airborne dust is equal to the concentration of the radionuclides in
the surface soil. The resuspension process is highly uncertain and is influenced by a number of factors
including wind speed, surface roughness, resuspended particle size and density, and the moisture content
of soil. Because the GENTPA Version 1.0 code does not provide a mass loading model for crop deposition,
a resuspension model was used with an adjusted mass loading factor.

Determination of radionuclide concentrations in livestock products is done by quantifying the intake
of contaminated feed and applying a transfer coefficient. The animal transfer coefficients are based on
studies that measure radionuclide concentrations in livestock based on measured intake. The coefficients
are element and livestock specific and are based on a large survey of available literature (International
Atomic Energy Agency, 1994) or a supplemental source (Baes et al., 1982). The transfer coefficients are
varied by the use of scale factors that account for variation and uncertainty in the expected values.

Calculation of human dose is accomplished through the use of dose coefficients that convert the
estimated concentrations in water, food, air, and soil, together with the corresponding intakes and residence
times to TEDE. The dosimetry models that form the basis for the default adult dose coefficients are
consistent with those described in the ICRP Publication 30 (International Commission on Radiological
Protection, 1979). The dosimetry models represent state-of-the-art techniques and methodologies at the time
the publication was released. Refinements to dosimetry models have since been published by the ICRP but
have not yet been adopted by the U.S. Government and are, therefore, not used in DCAGW. Age-dependent
dose coefficients for alternative receptors are from ICRP Publication 72 (International Commission on
Radiological Protection, 1996). The source materials (International Commission on Radiological Protection,
1996) should be consulted for a detailed description of dosimetry assumptions used for the age-dependent
dose coefficients.

For the farming receptor group, sampled cumulative well discharge rates are based on assumed
ranges of irrigated acreage (13-27 quarter-sections) and consumptive water use (3.1-4.38 ft of water per
year for alfalfa). It is assumed that the radionuclide plume emanating from the repository would be
completely captured by any configuration of wells whose total discharge equals the sample discharge rate.
Borehole concentrations at the farming receptor locations are calculated by dividing the radionuclide mass
release rate by the cumulative well discharge rate.

More specific assumptions for DCAGW are provided in the following list and in LaPlante and Poor
(1997).

. The dose calculation from consumption of crops does not account for washing of fruits and
vegetables prior to consumption and is, therefore, conservative.

. Food transfer factors are generic values based primarily on a large survey of the literature
(International Atomic Energy Agency, 1994). Because of the lack of site-specific
information, it is reasonable to use generic values; however, they may not be representative

11-8



of arid conditions that exist in southern Nevada. The selected factors are expected values
and have not been arbitrarily increased for conservatism. These factors are varied by using
scale factors derived from a review of the applicable uncertainty factors provided in
relevant reference material (International Union of Radioecologists, 1989) as discussed in
LaPlante and Poor (1997). For a given realization, the sampled value for each scale factor
(plant uptake scale factor, animal uptake scale factor) adjusts the tabulated expected values
of transfer coefficients by the same amount. Because transfer coefficients vary across
radioelements and food product types to different degrees, the implementation of the
scaling approach in DCAGW is a simplification that implicitly assumes correlations among
transfer coefficients, which may result in higher estimated doses.

Food consumption rates for the default adult receptor are based on a survey of Amargosa
Valley residents (Civilian Radioactive Waste Management System, Management &
Operations, 2000). The survey provides the best available information on local food
consumption practices. The consumption rates are representative of average consumption
practices of residents who have food gardens that supply a portion of the food consumed
annually. Consumption rates applicable to the default adult receptor are provided in
appendix A. Age-dependent consumption rates are also provided in appendix A. It is
recommended that the age-dependent values be used for comparison purposes only.
Comparison dose calculations should not be done between the adult based in ICRP
Publication 72 (International Commission on Radiological Protection, 1996) and the default
adult based on FGR 11 (U.S. Environmental Protection Agency, 1998) because the
dosimetry models employed for these receptors are not comparable.

For human dosimetry modeling, the average member of the receptor group is an adult
consistent with the EPA proposed Federal Radiation Protection Guidance for Exposure of
the General Public (U.S. Environmental Protection Agency, 1994). The individual is
presumed to have physiology consistent with the assumptions of reference man
(International Commission on Radiological Protection, 1975). Age-dependent dose
coefficients for alternative receptors are from ICRP Publication 72 (International
Commission on Radiological Protection, 1996). The source materials (International
Commission on Radiological Protection, 1996) should be consulted for a detailed
description of dosimetry assumptions used for the age-dependent dose coefficients.

Internal DCFs for DCAGW are calculated using dose coefficients consistent with Federal
FGR 11 (U.S. Environmental Protection Agency, 1988) for the default adult receptor and
ICRP Publication 72 (International Commission on Radiological Protection, 1996) for all
other age-dependent receptor groups. Where choices for lung classes and blood uptake
fractions exist, dose coefficients that result in the highest doses are used. The rationale for
using the highest internal dose coefficient values for DCAGW is that, in general, the
contaminant chemical species most soluble in water, and thus most likely to transport in
groundwater to the receptor group, fall within the same chemical classes associated with
the greatest internal dose coefficients. Therefore, the high-dose coefficients are based on
chemical classes that are generally consistent with expected chemistry of transportable
radioactive contaminants. External DCFs are calculated using dose coefficients that are
consistent with FGR 12 (U.S. Environmental Protection Agency, 1993).
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Inhalation and external exposure times are based on generic information provided in
Kennedy and Strenge (1992). For the farming group, 55 percent of total time is assumed
to be spent inside the residence, 20 percent outside of residence, 24 percent at offsite work,
and 1 percent gardening and farming alfalfa, which is not a labor intensive crop to farm.
These activity times are considered conservative for acommon residential setting (Kennedy
and Strenge, 1992) but may not be for a more active farming resident.

Resuspension of contaminated soil applies to crop deposition, inhalation, and external dose
modeling. A mass loading model is applicable to a homogeneously mixed layer of
contamination in the soil, and, therefore, a reasonable mass loading factor from a review
of applicable literature is used (Rognon, 1991; Tegen and Fung, 1994; Anspaugh et al.,
1975; Soldat et al., 1973; and Sehmel, 1977). For crop deposition, the GENTPA Version
1.0 code uses a resuspension model with the selected mass loading factor being converted
to a resuspension factor using an equation presented in the GENII-S user manual (Napier
et al., 1988). The mass loading and resuspension models are abstractions of complex and
varying processes. Thus, considerable uncertainty exists in applying them to YM
conditions.

For pluvial climate conditions, the biosphere is assumed similar to that of northern Nevada
and southeastern Idaho. These areas have average annual rainfall and monthly temperature
profiles similar to predictions of future YM climate made from analysis of local
paleoclimatic studies (U.S. Nuclear Regulatory Commission, 1997).

Use of a concentration of radionuclides uniformly mixed in water for household and
agricultural needs of the critical group is assumed appropriate for estimating doses to the
average member of the critical group. Although some variation in concentrations would be
expected between specific locations and well characteristics, assuming all crops within the
farming community are irrigated with water containing radionuclides, a concentration
uniformly mixed in the volume pumped by the farming community is considered a
reasonable approach for estimating average exposure conditions.

Age-dependent consumption rates and ranges were derived from information provided in
the EPA Exposure Factors Handbook (U.S. Environmental Protection Agency, 1997),
which summarizes a large amount of information on U.S. food consumption. The handbook
draws on information from peer-reviewed, scientific literature and nationwide population
surveys conducted by the U.S. Department of Agriculture (1992). Because food
consumption patterns change over time, values were selected from the most recent data
sources reported in the EPA Exposure Factors Handbook. In some cases, the reported age
ranges in the handbook did not exactly match the age groups used for this analysis. The
data, however, were found to be generally consistent with the age groups. For some
reported values, age categories were collapsed by averaging the rates for two or three
groups to correspond to the required age range for the analysis. Selected consumption rates
are mean values except for drinking water, where a median was reported in the source data.
Where information was presented by gender, the more conservative (higher) male values
were selected. Standard errors were provided for a limited number of data sets, often not
for the most recent data, therefore, the best available information was selected for
determining distribution ranges. While EPA provides no information on the population
distributions from the survey data, all were assumed lognormal because reported arithmetic

11-10



means were always well above the median, and other studies suggest consumption rates are
lognormally distributed (Hoffman et al., 1982).

Age-dependent intake parameters, provided in appendix A, assume that an infant does not
eat solid food during the first 12 months of life. Most of the diet is assumed to be from
consumption of baby formula mixed with water and milk. When any pre-adult receptor
group is selected, all behaviors other than intake of foods and liquids (and air) are assumed
to be similar to adult behaviors unless the user makes additional parameter changes. This
will not affect most parameters; however, the external dose calculations are based on adult
outdoor activity fractions, and these calculations are applied to all age groups unless
changed. Because the external dose is a small fraction of the internal doses, using adult
outdoor activity fraction should not bias results to any significant degree.

DCAGW uses ground surface external dose coefficients directly from FGR 12 (U.S.
Environmental Protection Agency, 1993). The original GENII Version 1.485 code divides
the dose coefficients read from the grdf.dat file by 0.15 m (the depth of the contaminated
soil layer) for use with volume-based dose coefficients (Napier et al., 1988). The new
external dose coefficients from FGR 12 (U.S. Environmental Protection Agency, 1993)
used for the TPA Version 4.0 Code are area based (ground surface). Therefore, the 0.15-m
value was removed from the calculations.
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12 DCAGW MODULE DESCRIPTION—RESIDENTIAL RECEPTOR
GROUP

The DCAGW module calculates annual TEDE to an average member of a receptor group from exposure
to radionuclide concentrations in groundwater. The receptor group can be either a farming group or a
residential group. The primary differences in the calculation of the dose to these two groups are that a
different model is used to determine the concentration of radionuclides in the well water, and more
pathways are considered for the farming group. The models and assumptions used to calculate the dose to
the residential receptor group are described in this section, while the models and assumptions used to
calculate the dose to the farming receptor group are described in chapter 11.

12.1 INFORMATION FLOW WITHIN TPA

12.1.1 Information Supplied to DCAGW

DCAGW receives information passed from the EXEC and various data files so dilution and dose
calculations can be executed. For dilution calculations, time-varying release rates computed in SZFT for
each radionuclide released through groundwater are passed to DCAGW by EXEC. Radionuclide
concentrations in groundwater are calculated from the release rates using the dilution volume and the mass
fraction of the groundwater contaminant plume captured by an average member of the residential receptor
group. For the dose calculations, important reference biosphere and receptor group parameters are sampled
in EXEC from the #pa.inp file and passed to DCAGW. The remaining dose parameters are constants but
can be modified by editing the ggenii.def and gdefault.def files (shown in appendix G). A list of default
parameter values for the #pa.inp file is provided in appendix A.

For less than 20 km from the site, a detailed calculation is used to determine the portion of the
plume that enters the residential receptor group water supply. Parameters that specify the pumping rates of
the residential receptor group, location of the receptor group, location of the conductive zone being pumped,
and plume thickness are specified in the #pa.inp file. Other input parameters are read from the DCAGW
section of the #pa.inp file. Residential receptor parameters entered in the #pa.inp file are written to the
ggenii.inp file.

A number of default data files provide important information for the calculations in GENTPA
Version 1.0 code. For the drinking water calculations applicable to a residential receptor, these files include:
ggenii.def (primary input parameter file), grmdlib.dat (radionuclide library), gnewdf.dat (inhalation and
ingestion dose coefficients), and filename.dat (data file directory structure). These files relate to the
following files used for the GENII Version 1.485 code: genii.in, rmdlib.dat, dosinc.dat, and filename.dat
(Napier et al., 1988). Modifications to these data files for TPA include the addition of '®™Ag and the
relevant physical information to the grmdlib.dat. file. The dose coefficient data file gnewdf.dat to calculate
DCFs from intakes provided by the env.exe program replaces the use of the dosinc.dat file and the dose.exe
program from GENII Version 1.485 code. Unlike the dosinc.dat file, the data file gnewdf.dat can be read
and edited by the user when updates are needed. The gnewdf.dat file contains age-dependent dose
coefficients as well as adult (default) dose coefficients. The filename.dat file is necessary for GENTPA
Version 1.0 code to execute correctly; however, it is not anticipated the user will need to modify this file
for TPA use.
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12.1.2 Information Provided by DCAGW

The groundwater pathway dose for each radionuclide as a function of time is passed to EXEC. The
dose results are applicable to the receptor age group selected in the #pa.inp file: infant, toddler, pre-teen,
teen, or adult based on ICRP Publication 72 (International Commission on Radiological Protection, 1996)
or an alternate adult selection based on FGR 11 (U.S. Environmental Protection Agency, 1988).

12.2 INTERMEDIATE RESULTS

Groundwater pathway DCFs used in determining doses from radionuclide concentrations for a
residential receptor group located less than 20 km from YM, coincident with the location of the
groundwater releases, are contained in two data files: gw_cb_ci.dat and gw_pb_ci.dat. Each file pertains
to different climatic conditions (either current biosphere, designated by cb, or pluvial biosphere, designated
by pb in file names).

The groundwater doses for all radionuclides can be accessed in the npkdoset.res, npkdst_c.res,
gwpkdos.res, and gwpkdos_c.res files. The npkdoset.res and npkdst_c.res files provide the peak groundwater
dose and the time of the peak dose for each radionuclide. The overall peak groundwater dose from all
nuclides, the time of the peak dose, and the contribution to the peak groundwater dose from each
radionuclide are contained in the gwpkdos.res and gwpkds_c.res files. Also, the time history of total dose
from the groundwater is included in the totdose.res and totdos_c.res files along with the dilution volume
used in calculating concentration at the wellhead. The npkdoset.res, npkdst c.res, gwpkdos.res,
gwpkds_c.res, totdose.res, and totdos_c.res files are described in detail in tables 20-1 and 20-2.

When the append option is turned on in the #pa.inp file to create additional intermediate outputs,
DCAGW inputs are written to the dcagw.ech file and outputs to the dcagw.rlt file. The SZ releases from
SZFT for all times are included in the dcagw.ech file. The time history of groundwater doses for all
radionuclides and the plume mass fraction captured are available in the dcagw.rlt file. Additionally,
groundwater doses can be accessed in the rgwna.tpa, rgwnr.tpa, rgwsa.tpa, rgwsr.tpa, and rgwgssa.tpa files.
The file genv.cum provides radionuclide specific intakes (Ci/yr) for each realization by pathway including
leafy vegetables, other vegetables, fruit, grain, beef, poultry, milk, eggs, drinking water, and inhalation. For
the residential receptor, only the drinking water pathway applies. The file ggenii.cum contains the input
parameter echo from GENTPA for all realizations. This input parameter echo can be used to verify the
parameters used in the DCF calculations for each realization (note in the current implementation the default
data file echo will not be correct). The dcf.cum file echoes the contents of the gw cb_ad.dat and
gw_pb_ad.dat files for each realization. A complete description of these files is provided in section 20.3
and table 20-6.

12.3 CONCEPTUAL MODEL

The dilution volume at the pumping well is calculated using intermediate results and parameters
specified in the #pa.inp file. However, the user has the option of specifying a value for the dilution volume
by activating a flag in the #pa.inp file. In the dilution volume calculations, the DCAGW module uses the
water use characteristics of the residential receptor group. The receptor group is represented by a residential
community at a distance less than 20 km from YM. Once the pumping volume is determined, the module
converts the activity per unit time values calculated by SZFT to activity per unit volume of water using a
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site-specific mass fraction of radionuclides captured by the receptor group. DCFs are then calculated and
used to determine dose to the average member of the residential receptor group. The streamtube information
used in SZFT and the DCF files are tied to the location of the receptor group. Therefore, any change to the
location of the receptor group must be consistent with the streamtube data files.

For each timestep, the products of each radionuclide concentration and DCF are summed within
and among groundwater pathways and radionuclides to calculate total doses. In addition to summary doses,
selected output is stratified by realization, timestep, and radionuclide. The EXEC uses results from all
realizations to identify and report peak doses. The output files indicate which age group has been selected
for the calculations.

12.3.1 Development of Radionuclide Concentrations in Water for a Residential
Receptor Group

At the residential receptor group location (assumed between 5 and 20 km from YM), the fraction
of the radionuclide plume captured in the well withdrawal is either calculated or specified by the user when
a flag is activated in the fpa.inp file. The calculation for determining the fraction of the radionuclide plume
captured uses sampled values of well discharge, aquifer thickness, and plume thickness, steady-state well
hydraulics equations are solved to determine the fraction of the radionuclide plume that is captured.
Borehole concentrations at the residential location are computed by multiplying the radionuclide release
rate by the capture fraction and dividing the product by the volumetric flow rate for the well.

It is assumed the tuff aquifer extends from below the repository to the residential receptor location,
and is homogenous and isotropic with a hydraulic conductivity of 1 m/d and a regional gradient of 0.00125.
The radionuclide plume in the SZ below the repository is assumed to have a width equal to the width of
the four streamtubes described in section 10.7. It is also assumed that all wells have an effective radius of
0.254 m.

After sampled values are obtained for the volumetric flow rate at the well and the thickness of the
aquifer, an estimate of the appropriate well screen length is interpolated from a table of values determined
using Thiem’s equations for steady state, confined radial flow (Lohman, 1972), and Muskat’s adjustment
for partially penetrating wells (McWhorter and Sunada, 1977). Using the analytic element model GFLOW
(Haitjema, 1995), tables of capture zone thickness and capture zone width, as functions of pumping rate and
aquifer thickness, were constructed. After interpolated values of capture zone thickness and width are
obtained from the look-up tables for the sampled pumping rate and aquifer thickness, the fraction of mass
captured is determined using one of three procedures listed.

. If the screen length is greater than the sampled plume thickness, or if the capture zone
thickness is greater than 90 percent of the aquifer thickness, the fraction of mass captured
is equal to the ratio of the capture zone width to the plume width.

. If the screen length is less than the plume thickness, but the capture zone thickness is
greater than the plume thickness, the fraction of mass captured is equal to the ratio of the
capture area within the plume to the cross-sectional area of the plume. The capture area
within the plume is composed of two parts: (i) that portion of the plume lying above the
bottom of the well screen and (ii) that portion of the half-elliptical section of the capture
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zone that lies below the bottom of the well screen and above the lower vertical extent of
the plume.

. If the screen length and capture zone thickness are less than the plume thickness, the
fraction of the mass captured is equal to the ratio of the cross-sectional area of the capture
zone to the cross-sectional area of the plume. The capture area within the plume is
composed of two parts: (i) that portion of the plume lying above the bottom of the well
screen and (ii) the area of the half-elliptical section of the capture zone that lies below the
bottom of the well screen.

The radionuclide concentration at the wellhead is computed by multiplying the radionuclide activity release
rate by the fraction of mass captured and dividing this product by the volumetric pumping rate.

It is assumed that all water at the residential receptor group location is supplied by a single, partially
penetrating well in an aquifer of specified thickness. Pumping rates are sampled from a uniform distribution
with a range of 1.5 x 10* to 2.64 x 10° gal. per day (gpd). The minimum value for the distribution is based
on a community with a population of 100 persons with a per capita daily water use of 150 gal., while the
maximum value is based on a community of 880 persons with a daily per capita water use of 300 gal.'? The
range of 150-300 gpd encompasses local estimates of per capita water use: (i) 210 gpd for Nye County
(Basse, 1990); (ii) 182 gpd from 1995 metering for Beatty, Nevada (Buqo, 1996); and (iii) 319 gpd by
assuming 1 ac-ft/yr and 2.8 people per household for Amargosa Valley, Nevada (Buqo, 1996).

Data from flowmeter surveys conducted at boreholes penetrating the saturated tuffs at YM indicate
that flow is confined to a few, relatively thin, interconnected fracture zones. In conformance with the
assumptions underlying the vertically averaged, 2D flow model used to define the flow tubes in SZFT, it
is assumed these highly conductive fracture zones can be represented by an equivalent aquifer. At YM the
saturated tuffs are divided into two fractured tuff aquifers separated by an aquitard composed of bedded
ash-fall tuffs. The upper volcanic aquifer is composed of the Topopah Spring member of the Paintbrush
Group and is underlain by the upper volcanic confining unit composed of the Calico Hills Formation, which
is, in turn, underlain by the lower volcanic aquifer composed of the Prow Pass, Bullfrog, and Tram
members of the Crater Flat Group (Luckey et al., 1996). These hydrogeologic units are separated from the
underlying Paleozoic carbonate aquifer by the lower volcanic confining unit composed of the Lithic Ridge
tuff and older tuffs (Luckey et al., 1996).

As noted in Luckey et al. (1996), the upper volcanic aquifer is present east of YM at water supply
wells J-12 and J-13, where 70 percent of the aquifer is saturated, south of YM near boreholes USW WT#11
and UE-25 WT#12, where the lower 8-15 percent of the aquifer is saturated, and in Crater Flat at VH-1
where the aquifer is fully saturated. In the region immediately below the proposed repository, only the lower
volcanic aquifer is saturated. Therefore, radionuclides released from the repository will most likely be
transported within the lower volcanic aquifer until they encounter major north-trending faults across which
there is significant offset of hydrostratigraphic units. Although site-scale transport modeling studies
(Baca et al., 1996; Cohen et al., 1997) indicate that faults may have a significant effect on the vertical and
horizontal spreading of the radionuclide plume, these effects were not incorporated into the SZFT or

'Per capita daily water use for Tucson, Arizona, is 149 gal. [table 5-16, p. 319 (van der Leeden et al., 1990)].

2Per capita daily water use for Las Vegas, Nevada, is 300 gal. [table 5-16, p. 319 (van der Leeden et al., 1990)].
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DCAGW modules. It is assumed, however, that the upper and lower volcanic aquifers function as a single
composite aquifer. It is also presumed that vertical mixing in this composite tuff aquifer is greater than
would be expected in a relatively homogeneous sand and gravel aquifer owing to heterogeneities at a variety
of scales.

Data from Luckey et al. (1996) indicate that the composite saturated thickness of the upper and
lower volcanic aquifers ranges from 337 to 719 m. It is therefore assumed that the aquifer thickness is
uniformly distributed with a minimum of 300 m and a maximum of 700 m.

Compilations of dispersivity values estimated from laboratory and field data suggest that
longitudinal dispersivity is approximately equal to one-tenth of the distance traveled by the contaminant
plume (de Marsily, 1986). Data compiled by Gelhar et al. (1992) suggest that horizontal transverse
dispersivities are an order of magnitude smaller than longitudinal dispersivities, and vertical transverse
dispersivities are one to two orders of magnitude smaller than horizontal transverse dispersivities. The
length of the mean particle trajectory from the repository to a 5-km boundary is approximately 7 km. Using
the empirical method suggested previously, the estimated vertical transverse dispersivity ranges from 7 to
70 m. In the final report of the Saturated Zone Flow and Transport Expert Elicitation Project (Geomatrix
Consultants, Inc., 1998), one member of the expert panel (Lynn Gelhar) estimated a mean (geometric)
longitudinal dispersivity of 50 m, but estimated that the mean (geometric) horizontal transverse dispersivity
is 0.5 m and the vertical transverse dispersivity is 0.005 m. Gelhar’s estimates of transverse dispersivity
were primarily based on data from the Cape Cod and Borden test site experiments, which were both
conducted in relatively homogeneous sand and gravel aquifers (Geomatrix Consultants, Inc., 1998) and may
be too small to apply to the complex fractured and faulted tuff units at YM.

Assuming a mean Darcy velocity of 0.46 m/yr, kinematic porosities ranging from 0.001 to 0.01, a
plume trajectory 7 km in length, and vertical transverse dispersivities ranging from 7 to 70 m, the one

standard deviation vertical spreading thickness (G, ) of a point source Gaussian plume at a 5-km receptor

location varies from 104 m to 330 m.* Using the same calculational procedure but substituting the vertical
transverse dispersivity estimate of 0.005 m provided by Gelhar, the one standard deviation vertical
spreading thickness is 8.4 m. Because there are no site-specific data for vertical transverse dispersivities,
it is extremely difficult to select an appropriate distribution for the thickness of the plume at the receptor
location. Although it may appear to be conservative to select a distribution of plume thicknesses that
maximizes the likelihood that a low-discharge well captures the entire plume, even the smallest pump
discharge rate considered (1.5 x 10* gpd) creates a capture zone more than 150 m thick. Based partly on
the bounding calculations described previously and on a need to account for variability in this important
parameter, plume thickness was assumed to be uniformly distributed between 10 and 100 m. Although this
analysis at 5 km was used in determining fpa.inp parameters, the same methodology applies to all
distances of the residential group in the TPA Version 3.2 code.

12.3.2 Calculation of Dose Conversion Factors

The DCAGW module contains an executable pathway dose code GENTPA Version 1.0 code based
on the GENII Version 1.485 code (Napier et al., 1988) that generates radionuclide and pathway specific

1/2
336 z = (2a sz) , where @, is the vertical dispersivity, V the linear groundwater velocity, and 7 the mean travel time.
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annual intake rates for the selected receptor age group. DCAGW uses the intake rates to calculate DCFs
designed to convert groundwater concentrations to TEDEs for the average member of the receptor group.
DCAGW multiplies the intake rates from GENTPA Version 1.0 code to the applicable dose coefficients
in the gnewd]f.dat file to generate the DCFs. Selection of the desired age category in the #pa.inp file ensures
the correct age-dependent input parameters (e.g., consumption rates from the #pa.inp file) and dose
coefficients (from the gnewdf.dat file) are used to calculate DCFs.

The default age group is an adult based on inhalation and ingestion dose coefficients provided in
FGR 11 (U.S. Environmental Protection Agency, 1988). All other receptor age group calculations use
inhalation and ingestion dose coefficients from ICRP Publication 72 (International Commission on
Radiological Protection, 1996). ICRP Publication 72 (International Commission on Radiological Protection,
1996) provides inhalation and ingestion dose coefficients for the following age groups: 3 mo, 1 yr, 5 yr,
10 yr, 15 yr, and adult. For TPA modeling , the coefficients were assumed to relate to the midpoints of
following age ranges: <1 yr, 1-3 yrs, 3—7 yrs, 7-12 yrs, 12-17 yrs, and >17 yrs. Considering the age
stratification of available age-dependent consumption rate information (discussed below), the ICRP-based
age groups were collapsed into five groups: <1 yr, 1-7 yrs, 7-12 yrs, 12-17 yrs, and >17 yrs. Dose
coefficients for 1-3 yrs and 3—7 yrs were averaged to combine the categories into one. The resulting age
groups were given the following titles: Infant, Toddler, Pre-Teen, Teen, and Adult. Information on the age
group classifications is summarized in table 12-1. Based on ICRP Publication 72 (International Commission
on Radiological Protection, 1996), the adult age category (17 yr and above) dose coefficients are provided
to allow comparison of adult doses with pre-adult age group doses using consistent dosimetry methodology.
For all other adult dose calculations, the FGR 11 dose coefficients (U.S. Environmental Protection Agency,
1988) are recommended.

Site-specific information indicates that residential dwellings exist down-gradient of YM. Two
climate regimes are assumed for the biosphere in the TPA Version 4.0 code. For the residential exposure
group, the exposure pathway (drinking water) is not expected to be affected by the predicted biosphere
changes. Thus, no biosphere variations are included in the exposure pathway calculations for this receptor
group. The following assumptions apply to the residential receptor group. The residential exposure
pathways are limited to groundwater consumption. Water pumped from a well is consumed at a rate of 2
L/d; however, TPA provides the flexibility for the user to sample or change the value of this parameter.
Additional details of methods and assumptions used in the exposure scenarios for DCF calculations are
provided in the succeeding sections and in LaPlante and Poor (1997).

12.4 ASSUMPTIONS AND CONSERVATISM OF DCAGW APPROACH

The DCAGW module for the residential receptor group converts groundwater radionuclide
concentrations to residential receptor dose. Therefore, the module involves assumptions about (i) the
location of the receptor group, (ii) the lifestyle characteristics of the receptor group that form the basis for
exposure pathways, (iii) the conversion of intake to dose, and (iv) well pumping rates.

The residential receptor is based on an assumption that local topography and the economics of
groundwater extraction allows for a potential nonfarming residential receptor group to exist closer to the
potential repository site than a farming receptor group. Because this assumption relates to potential human
behavior, it is speculative.
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Table 12-1. Categories used for age-dependent dose calculations for residential receptor group

Agg Group Ag_Ay)
Infant <1
Toddler 1-7
Pre-Teen 7-12
Teen 12-17
Adult __greater than 17

Dose calculation involves consideration of only the drinking water ingestion dose pathway because
this pathway is the primary route of exposure for residential uses. Other household uses are not included
in the dose calculation because it is assumed the ingestion dose will far exceed that caused by bathing and
other uses.

The drinking water dose is calculated from the well head concentration, drinking water consumption
rate, and the ingestion dose conversion factor. The consumption rate is assumed conservatively to be 2 L/d
and the default adult dose coefficient is from FGR 11 (U.S. Environmental Protection Agency, 1988).
Age-dependent dose coefficients for alternative receptors are from ICRP Publication 72 (International
Commission on Radiological Protection, 1996).

The source materials (International Commission on Radiological Protection, 1996) should be
consulted for a detailed description of dosimetry assumptions used for the age-dependent dose coefficients.

The range of pumping rates for the residential community is based on a population assumed to vary
from 100 to 880 persons, having a per capita daily water use that varies from 150 to 300 gal. Corresponding
daily well discharge rates for the residential receptor location vary from 57 to 1,000 m*d. Analytical
methods are used to calculate the fraction of the radionuclide plume of a given thickness that would be
captured by a single well having the sampled daily discharge rate. Borehole radionuclide concentrations are
calculated by dividing the product of the radionuclide mass release rate and the fraction captured by the
well discharge rate.

There are specific assumptions and conservatism in DCAGW:

. For human dosimetry modeling, the average member of the receptor group is an adult
consistent with the EPA proposed Federal Radiation Protection Guidance for Exposure of
the General Public (U.S. Environmental Protection Agency, 1994). The individual is
presumed to have physiology consistent with the assumptions of reference man
(International Commission on Radiological Protection, 1975). Age-dependent dose
coefficients for alternative receptors are from ICRP Publication 72 (International
Commission on Radiological Protection, 1996). The source materials (International
Commission on Radiological Protecti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>