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tions, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG-series
reports and technical reports prepared by other Federal agencies and reports prepared by the
Atomic Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include alt open literature
items, such as books, joumal articles, and transactions. Federal Reg / ster notices, Federal
and State legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC con-
forence proceedings are available for purchase from the organization sponsoring the publica-
tion cited.

Single copies of NRC draft reports are available free, to the extent of supply, upon written
request to the Office of Administration, Distribution and Mail Services Section, U.S. Nuclear
Regulatory Commission, Washington, DC 20555-0001.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory
process are maintained at the NRC Library, Two White Flint North,11545 Rockville Pike, Rock-
ville, MD 20852-2738, for use by the public. Codes and standards are usually copyrighted
and may be purchased from the originating organization or, if they are American National
Standards, from the American National Standards institute,1430 Broadway, New York, NY
10018-3308.
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ABSTRACT

In order to better review a potential license assumed probability distributions. The results
application to construct and operate a geologic from the consequence models were then used to
repository for spent nuclear fuel and high-level generate Complementary Cumulative Distribution
radioactive waste (HLW), the Nuclear Regulatory Functions (CCDFs) for either release to the
Commission staff (and its contractor) has ex- accessible environment or effective dose equiva-
panded and improved its eapability to conduct lents to a target population. CCDFs were calcu-
performance assessments. ,Dus report documents lated for probabilistically significant combinations
the demonstration of the second phase of this (scenarios) of four disruptive events; drilling,
capability. The demonstration made use of the

. pluvial climate, seismicity and magmatism. Sensi-
scenario selection procedure developed by Sandia tivity and uncertainty analyses of the calculated
National Laboratories to provide a set of releases and effective dose equivalents were alsoscenarios, with correspondmg probabilities, for used to determme the importance of the param-

.

use in the consequence analysis of a potential
IILW disposal site in unsaturated tuff. Models of eters. Because of the preliminary nature of the

release of radionuclides from the waste form and analysis and the lack of an adequate data base,

transport in ground water, air and by direct path _ the results and conclusions presented in this

ways provided preliminary estimates of releases to report should be carefully interpreted. They
should not be m,sconstrued to represent thethe accessible environment for a 10,(X)0 year i

period. The input values of parameters necessary actual performance of the proposed Yucca
for the consequence models were sampled numer- Mountain repository nor serve as an endorsement
ous times using Latin Ilypercube Sampling from of the methods used.

l

l

|
.

|
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EXECUTIVE SUMMARY

I Introduction and Background development than Phase 1, including:(1) the
preparation of an executive module to control and

Phase 2 of the Nuclear Regulatory Commission operate the computational modules comprising ,

Iterative Performance Assessment (IPA) program the total-system performance assessment (TPA)
is the second major effort undertaken by the NRC computer code;(2) the use of a much more .

staff and its contractor, the Center for Nuclear mechanistic and detailed source term model and |

Waste Regulatory Analyses (CNWRA), to computer code;(3) more refined modeling of flow |
demonstrate the capability to review a and transport in both saturated and unsaturated I

performance assessment for a proposed geologic media, including the addition of gas flow to the l
lrepository for spent nuclear fuel and high-level transport analysis; (4) the inclusion of seismic and

radioactive waste (HLW) at Yucca Mountain, magmatic disruptive scenarios; and (5) the
Nevada. The primary objective of the IPA addition of a dose assessment capability. Many of
program is to develop, maintain, and enhance the the improvements to the IPA Phase 2 analysis
NRC staff capability to review effectively were based, in part, on the preliminary !

performance ass:ssments submitted for support recommendations made as a result of the insights
of the U.S. Department of Energy's (DOE's) gained from the Phase 1 effort. Planning for IPA
prelicensing activities such as site Phase 2 began before the publication of the Phase
characterization, and for the license application. 1 results. The IPA Phase 2 technical work began
Additional and related objectives include: in 1991, was completed in 1993, and the

documentation and review process continued into
Evaluating the ongoing DOE site 1994,o
characterization program (including field
studies, laboratory studies, and analyses, and It should be noted that the results presented in
interim performance assessments generated the following chapters have had limited formal
by DOE or its contractors). review, are based on numerous simplifying )

assumptions, and use only limited site-specific
o Evaluating the implementability of the data; thus, the numerical results should not be

10 CFR Part 60 performance objectives. taken as representative of the performance of the
proposed repository at Yucca Mountain, Nevada,

Providing input to the ongoing evolution of The analysis is also replete with uncertaintieso
the radiation protection standard for the regarding conceptual models for consequences
geologic repository, set forth by the U.S. and scenarios. In the conduct of this limited
Environmental Protection Agency (EPA)in study, the authors did not encounte. any
40 CFR Part 191, which is incorporated by definitive indications that the EPA standard could !

reference in 10 CFR Part 60. not be implemented. However, because of the |
incomplete scenario analysis in this

o Providing input to regulatory guidance and demonstration, not all aspects of the EPA
other regulatory products related to standard were tested (e.g., the difficulties in
performance assessment, especially the staff's estimating scenario probabilities). Therefore,
License Application Review Plan (LARP). taking these tentative results of a preliminary

analysis out of context, or separating these
Assisting in the definition of the Office of tentative results from these caveats, may lead too
Nuclear Material Sa'ety and Safeguards the inappropriate interpretation and use of the
(NMSS) technical assistance and research results.
programs in the area of HLW.

Finally, this report should be considered as an
IPA Phase 1, completed in 1990 and published in interim demonstration of some of the methodsi

1992, was performed jointly by staff members that the NRC staff might use to review a

| from NMSS and the Office of Nuclear Regulatory performance assessment submitted by DOE as
Research. IPA Phase 2 involved considerably part of any potential license application. Thus, at'

more sophistication in model and computer code the conclusion of some future phase of the IPA

xxi NUREG-1464
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Executive Summary

Providing insights into the needs of siteeffort, instruction to the NRC staff on which e

specific compliance determination methods will characterization; and

be used to review a DOE performance assessment
will be developed and documented in the LARP. Proviciing a smooth transition of contractor.In the future, this work may also aid in developing

support from SNL to the CNWRA.guidance to DOE.

2 Purpose 3 Scope

As noted above, the primary purpose of IPA The scope of IPA Phase 2 consisted of the same
Phase 2 was to improve the capability of the NRL, basic steps as were performed for Phase 1
staff to conduct and evaluate calculations of key including: system and subsystem definitions;

,

aspects of a total-system performance assessment scenario analysis; and consequence analysis,,

for a proposed geologic repository. An inde- including disruptive scenarios, analyses of results,
pendent assessment capability is considered to be and documentation. The IPA Phase 2 study
an important aspect of the b,eensm, j review to be included many improvements over Phase 1, which
conducted by the NRC staff. Specific goals of IPA expanded the scope and are discussed in Section
I hase 2 were to: 1.2.5 of this report. The auxiliary analyses

performed for IPA Phase 2 were performed by
Use the Tuff Performance Assessment both NRC and CNWRA technical staff memberse

Methodology developed by the Sandia and supported modeling in the areas of regional
National Laboratories (SNL); hydrology, site infiltration analysis, model testing,

geochemistry, and source term.
Provide for preliminary dose assessmente

#E 'I; The results of IPA Phase 2 included total and
conditional complementary cumulative

Prov.de a gas source term and transport distribution functions (CCDFs) for summede i

capability; normalized releases to the accessible environment
and effective dose equivalents for the exposed

Provide an executive module to control run population. Maximum concentrations ofe

parameters; radionuclides in ground water were not compared
with drinking water standards, and maximum

improve the existing IPA source term code; doses to individuals were only calculatede
approximately. Screenmg analyses were per-

. . formed, with the results of the calculations, to
e include the saturated zone in the evaluation investigate the relationship between subsystem

of the ground-water pathway; and performance and overall system performance.
Recommendations in the areas of additional

include more disruptive scenarios in the scientific input (research), modeling improve-e

performance assessment. ments, and supporting analyses were formulated
from the IPA Phase 2 work. The results of the

in addition, IPA Phase 2 achieved some sensitivity and uncertainty analyses were also
worthwhile secondary goals, including: factored into the recommendations.

Limited evaluation of existing analytical tools Development of all total-system performance*

to conduct a performance assessment (both assessment (TPA) computational modules,
methodologies and computer codes); supporting analyses, and analyses of results are

documented in the IPA Phase 2 report. In
Obtaining insight into the needs for the addition, the values of parameters used, includinge

improvement of existing, or the development the statistical distributions, are included in the
of new methodologies; appendices.
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Executive Summary

l

4 Elements of the IPA Phase 2 with disruptions caused by single disruptive
events.Total-System Performance

'

Assessment p;o, ,,g 7y,,,,,,, ,,,,,,,,

This report is largely structured along the same The Dow and transport analysis described in
lines used to conduct IPA Phase 2, as noted Chapter 4 consisted of constructing models of

below: radionuclide transport from the source term
through both liquid and gaseous pathways. For
the liquid pathways, the repository was divided

TfA Computer Code Derciopment mto seven distinct regions, to represent the spatial

The TPA computer code described in Chapter 2 variability. Radionuclide transport in ground

consists of an erecutive module and several water was assumed to be vertical in the

computational modules, which are linked together unsaturated zone and primarily horizontal along
the water table in the saturated zone. Thus, ato calculate, in a Monte Carlo probabilistic I

manner, the total-system performance of a water transport pathway, for a particular region,
consisted of a series of individual one-dimensional I

geologic repository. Both cumulative releases to
the accessible environment and radiologic segments, each representing a hydrologic unit |

population dose are computed. In addition to associated with that region. The matrix-fracture ;
flow characteristics of these one-dimensional flow |controlling the execution of the various modules,

the executive module computed the total CCDF paths, used for the TPA code simulations, were
'

by combining the results from the consequence based on a detailed modeling of unsaturated flow,

modules and the probabilities of various scenario using a dual-continuum approach, to represent

classes, which were determined separately. The the fracture and matrix system. Gaseous transport

TPA executive module also controlled data
was modeled in two dimensions, using the

transfer between modules, including: (a) global time-varying temperature distribution which

data common to all modules; (b) sampled data, resulted from the repository thermal loading to
determine a set of time-de endent vek> city fields.parameters sampled from a Latin Hypercube Time-varying releases of IpC from the source term

Sampling (LHS) module (see Appendix A); and
model were tracked from the repository to the

(c) special input files for the various scenarios or atmosphere, to determine the release over theparticular consequence modules. The modular
construction of the systems code is expected to performance assessment period and to provide

allow for relatively easy modification or input to the dose assessment model. The TPA

replacement of the various consequence modules, system code provided sampled hydrologic

without changing the overall structure of the TPA parameters (described in Appendices A and B) to

computer code. both the liquid- and the gas transport models, for
each simulation.

Scenario Analysis Source Term Analysis

Scenario analysis is comprised of scenario The source term module described in Chapter 5
identification, scenario screening, and estimates of mechanistically modeled the interaction between

i

i scenario probabilities. As noted in Chapter 3, waste packages and their immediate environment.
four fundamental events were combined to form Failure of waste package containers was modeled

.

'

I

16 mutually exclusive scenario classes. These as occurring in three categories: (1) due to initial
j fundamental events are:(1) change to a pluvial defects;(2)via corrosion of the waste package,

| climate; (2) human intrusion by exploratory follosved by buckling; and (3) failures due to
drilling; (3) seismic disruption; and (4) magmatic disruptive wents. The initiation of corrosion was
disruption. Only four scenarios classes were assumed to require the presence of water in the
selected for inclusion in the simulations to liquid state, which in turn was assumed to depend
estimate the radionuclide release CCDF on whether the temperature computed for a
representing repository performance. Of the location had dropped below the boiling point.

; remaining 11 scenario classes, another 5 were After initiation, corrosion proceeded according to
,

included in the simulations for the purpose of sampled corrosion parameters supplied by the
comparing undisturbed repository performance TPA system code. Modeling of spent nuclear fuel
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1

alteration, dissolution, and near-field transport Sensitirity and Uncertainty Analysis
(the last two processes for releases in tiie liquid With the simulation results from nine scenario
pathway only) was employed to determme the classes and 4W realizations from the sampled

,

time-varying h, quid and gaseous releases for use parameters, sensitivity and uncertainty analyses
,

by the transport models. were performed. These analyses included
regression and differential analyses described in
Chapter 8 of this report. The regression analyses

Disruptive Consequence Analysis included stepwise regression analysis to identify
, ,

the most significant parameter., and the con-
Disruptive consequence modeling described in struction of hnear and transformed regression
Chapter 6 estimated the effects of four disruptive models, to test the ability of regression modehng
events on the performance of the geologic to emulate the performance calculation with a

,

repository. The drilling model assumed a random limited set of parameters. A number of
process to determine the number, kration, and cmfficients were computed from the regression
time-of drilling for boreholes, and whether a ,

waste package canister was hit for each simulated analysis, to represent sensitivity and uncertamty.

borehole. Excavated waste or contaminated rock
Differential analysis was performed usmg
additional system code runs with selected input

provided a surface release for transfer to the total p rameters (without sampling). Sensitivity andrelease and dose calculations. The seismo,
uncertainty parameters were calculated directlymechanical model determined waste package
and compared with those determmed from thefailure of the corrosion-weakened waste package ,

canisters from a randomly-sampled earthquake regression analysis.

acceleration and supplied the information to the jy,fy,j,,f g,,yff,
source term code, to calculate releases. 'Ihe
magmatic model randomly selected the time of Analyses of the results of the TPA system code
the magmatic event, its size, k> cation, and simulations also included scatter plots of the
orientation. Distributions for these parameters releases from various disruptive scenarios
were based on geologic evidence. The intersection compared with the base case releases; sensitivity
of these magmatic features, both dikes and cones, plots showing the sensitivity of the CCDF to
with the repository layout, determined the amount various screening criteria; and histograms of
of the emplaced inventory contributing to the calculated parameters such as approximations to

releases to the accessible environment (either to waste package failure times and ground-water
the groundwater or surface, or, in the case of travel times. These analyses are presented
extrusive magmatic events, airborne release). primarily in Chapter 9 of this report.
Climate change was modeled by a shift in the
distribution assumed for infiltration, and the Fourteen auxiliary analyses were also conducted

. depth to the water table under the repository to support the tasks listed above. Most of the
! horizon. auxihary analyses support modeh,ng m the areas
J of regional hydrology, k> cal infiltration,

geochemistry, and radionuclide transport. These
! Dose Assessment analyses provided inputs to the performance

assessment consequence models such as the
A dose assessment capability was included as transport characteristics of flow paths, elevation
part of the TPA system code activity; this of the pluvial case water table, and geochemical
assessment capability is described in Chapter 7. parameters for liquid and gas transport. Other
The dose assessment provided estimates of analyses supported the source term model by
population and individual effective dose determining volatile radionuclides that could be
equivalent for each simulation. The dose model released during a magmatic event, and providing
employed a static biosphere and determined dose a basis for using a representative waste package
to 1;umans from five exposure pathways:(1) for the source term for each of the seven
inhalation: (2) air submersion; (3) ingestion of repository regions modeled. The results of these
vegetable crops;(4) ingestion of animal products: analyses are summarized in Chapters 4,5, and 8.
and (5) ground-shine. Dose related parameters Details regarding how 12 of the 14 auxiliary
were not sampled in the analyses. analyses were conducted are described in detail as
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Appendices C to M of this report. Also described was not directly evaluated. The relationship
in the text of the report are other short analyses, between release and waste package lifetime was
as well as analyses that have been published found to be strong, with significant sensitivity of
clsewhere. the CCDF to waste package lifetimes in the 300 to

1000-year range. Little correlation was found
5 Overall System and Subsystem between the EBS release rate criterion and the

Performance Assessment Results normalized EPA release. Meeting the EBS release
rate criterion alone did not guarantee a

The results of the TPA computer code simulations normalized EPA release less than 1.0. The
using the parameter distributions provided in correlation of consequences with various potential
Appendix A of this report and the scenario measures of subsystem performance is discussed

probabilities provided in Chapter 3 are presented in Section 9.5 of this report.
m Chapter 9 m Figures 9-7a,9-7b,9-8a, and
9-8b. The results as shown in these figures 6 Insights and Conclusions From
indicate non-compliance with the EPA release Model Development and the
standard, where the probability of release Sensitivity and Uncertainty
exceeding the EPA limit is greater than 0.1. Analyses
Median population Effective Dose Equivalents
exceed 10 person-rems. The dominant The most significant information gained from the5

14C, IPA Phase 2 study was determined to be insights |contributor to the EPA Nonnalized Release is
primarily in the gaseous pathway. The primary and conclusions regarding the evaluation of the '

contributor to population dose is from the liquid IPA Phase 2 methodology and analyses, aspects of

pathway and the ingestion of beef raised on a the site and repository design that might be
farm 5 kilometers from the repository. Major important to performance, and the results of the
radionuclides identified as contributing to dose overall system and subsystem performance
include 94Nb, 210Pb, 243Am, and Np. assessments. These items are discussed in more237

detail in Chapter 10 of this report.
NRC's subsystem performance requirements (10 In regard to the adequacy of the IPA Phase 2CFR 60.113)* are designed to add to the ethodology, it was concluded that although theconfidence that the overCl system requirements

methodology can and must be improved aswill be met. Even though no direct quantitative
correlation between subsystem requirements and performance assessments become more detailed

the overall system requirement is stipulated in the and sophisticated, the present methodology is

NRC regulation, an effort was made to determine adequate to identify important parameters and

how subsystem performance contributed, to or processes, gam insights regarding model
development and repository performance, andwas related to, overall system performance. For evaluate research and techm, cal assistance needs.

these analyses, only the CCDF of normalized
release was used. Four measures of liquid or The scientific basis for analysis, that is the
hydraulic travel times were considered: (1) fastest published information regarding the site and
path; (2) average; (3) most flux; and (4) flux repository design, was not considered adequate to
weighted. Evaluation of each of these potential represent the performance of the repository in
measures showed that long hydrauhe travel tmies regard to compliance. For this reason, the most
were generally correlated with smaller cumulative important information gained from the
releases. However, the nature of the travel time performance calculations is considered to be the
distribution for the fastest path and most flux identification of important parameters and
were such that most travel times were 800 and processes and the relative effects of events and

,

1200 years. The distribution for average and criteria on the CCDFs.
flux-weighted travel times showed no vectors with
travel times less than 10.000 years. For these Significant insights and conclusions from model
reasons, the appropriateness of any given criterion development and the sensitivity and uncertainty

analysis include the following:

The fractured unsaturated matrix of the site'h regul tions in 10 CI R 60.113 establish specific performance e
objectnes for the followmg repstory subsystems: (1) the engi- Can greally influence Tepositoly performance

.

nected barrier system (Ens); and (2) the geologic setting.
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!

Regional hydrogeology will have to beby providing pathways for fast transport of e

liquids and vapor. The fractured unsaturated
understood sufficiently to determine the

matrix is also difficult to model realistically. effects of disruptive events on site water
levels and hydrologic boundary conditions.

o Percolation rate was identified as the most A relationship correlating percolation with
important parameter, from the sensitivity- e

uncertainty analysis in scenarios where there precipitation at the site needs to be

was a distribution of both matrix and developed by DOE. This may allow the

fracture flow (the non-pluvial scenario incorporation of expert judgment or future
climate modeling into the estimation of the

classes). base case and pluvial climate percolation

Abstracted flow models used in IPA Phase 2
range and distribution.

o
probably do not include all of the important The effects of high humidity and/or watercharacteristics of the flow system and should

with high ionic strength on waste package
e

be supported by three-dimensional, corrosion need to be quantitatively
non-isothermal, two-phase models. understood for incorporation into the waste

Package failure component of the source term
Fracture geochemistry oppears to be more model.o
important than geochemistry for the matrix
for gas and liquid transport. Realistic source term modeling will require*

input from near-field hydrothermal research,
o Corrosion and dissolution-related param- which may need to consider alternative waste

eters were found to be important, in all Package designs and placement
scenario classes, for dose and release. configurations.

Research in magmatism, including the role ofNear-field hydrothermal processes mayo
,

e
greatly mfluence contamer lifetime m terms volatiles, multiple dike intrusions, pre-existing
of wettmg time and corrosion rate. geologic structure, and uncertainty in

geochronological data, needs to be
Repository heat load is likely to be an undertaken.e

- important parameter and should be evaluated
in terms of performance sensitivity, in future in Section 10.4.2 of this report, additional
IPA analyses. recommendations resulting from the IPA Phase 2

work are listed by chapter. The types of rec-
Uncertainty regarding the probability and ommendations vary, from being very model-e
consequences of the existing model, for oriented, in the modeling chapters (4 to 6), to
magmatism, justifies more sophisticated requiring additional analyses or procedures such
modeling efforts. as in Chapters 2,7, and 8. The recommendations

for modeling improvements and/or supporting

7 Recommendations analysis by chapter are:

Recommendations concerning the TPARecommendations for additional scientific input e

generally follow the insights and conclusions computer code (Chapter 2) included better
determined from model development and the adherence to software quality assurance
sensitivity and uncertainty analyses. These procedures, the need for greater model
recommendations described in Section 10.4.1 of abstraction, and need for the TPA computer
this report include: code be continually upgraded.

Recommendations in the area of scenarioResearch regarding fracture-matrix hydraulic e*

and geochemical interactions, including those analysis (Chapter 3) consisted of the need to
affecting gas transport, should be undertaken reassess staff judgments and probabilities
or continued, assumed in the screening of events and
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processes, and the need to examine release modeling, such as accounting for
partitioning of scenario classes. spatial and temporal variability, improved

14gaseous C releases, and improved
Flow and transport recommendations dissolution modeling.o

(Chapter 4) include model improvements in
Recommendations associated with disruptive

.

ethe area of unsaturated flow, including more
complex modeling of fracture-matrix consequence modules (Chapter 6) include the

,

interactions, two-phase fluid movement, and need to improve the drilhng, seismic, and
,

y leanism models. There is also a recommen-
the effects of fracture imbibitian on
percolation. Also recommended is a closer dation to include recently obtained informa-

,

examination of hydrogeologic features and tion from expert judgment in the pluvial

heterogeneity in the unsaturated zone, to find chmate consequence simulations.

possible fast pathways or "short circuits.'' Dose assessment recommendations (Chaptere
The recommendations also call for 7) include improvements to the input and
improvements m saturated zone modeling, means of presentation of the DITIYcode
after evaluating more alternative approaches results, and the need to perform sensitivity
and adding more output (from intermediate and uncertainty analysis on the dose
calculations) to the computer models, to assessment parameters. It is also recom-
better interpret results, mended that other dose assessment codes be

evaluated, as well as methods employed by
Source terra recommendations (Chapter 5) international organizations.e

include modeling improvements in the waste
Recommendations from the area of sensitivitypackage area, such as near-field e

hydrothermal and heat transfer modeling, and uncertainty analysis (Chapter 8) consist
more mechanistic corrosion models, and of developing techniques specifically for ,

more realistic waste package failure models. evaluating probabilistic quantities and the |
Also included in the source term need to incorporate correlation between
recommendations were improvements in the parameters into the regression model. ;

|

|

|

l
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TABLE SHOWING ENGLISH/ METRIC SYSTEM
1

; CONVERSION FACTORS
a

,

The preferred system of measurement today is The following table provides the appropriate
3

: the "Systsm Internationale" or the metric sys- conversion factors to allow the user to switch
tem. However, for some physical quantities, between these two systems of measure. Not all

i; many scientists and engineers prefer the units nor methods of conversion are shown.
familiar and continue to use the English Unit abbreviations are shown in parentheses.

i; system (foot pound units). With few excep- All conversion factors are approximate.
; tio.u, all units of measure cited in this report

are usually in the metric system.

I

,

!

;

,

i

i

!

:
4
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QUANTITY TO INCH-POUND UNITS FROM METRIC UNITS' CONWRSION MCTolt2
. . . , - - -

SPACE AND TIME

length statute mile (mi) kilometer (km) 06214
foot (ft) meter (m) 3.2808
inch (in) centimeter (cm) 0.3937

2 2area square mile (m ) square kilometer (km ) 0.3861
acre square kilometer 247.1

vluare foot (ftz))
2square meter (m ) 10.7639

2square inch (in square centimeter (cm ) 0.1550

volume cubic yard (yd') cubic meter (m ) 1.30803

cubic foot (ft ) cubic meter 35.3147
liter (1) 0 0353

cubic inch (in') centimeter (cm') 0.0610

vekicity feet /second (ft/sec) meters /second (m/sec) 3.2808

2 2acceleration feet / square second (ft/sec ) meteis/ square second (m/sec ) 3.2808

MECIIANICS

mass (weight) pounds (Ib) kilogram (kg) 2.2046
short ton metric ton (t) 1.1023

density pounds / cubic foot (Ibs/ft ) kilograms / cubic meter (kg/m') 0.0624i

force pound-force (Ibf) Newton (N) 0.2248
5dyne (dyn) .2248 X 10 l

*

pressure atmosphere (atm) kilopascal (kPa) 0.0099
pound-force / square foot dyne / square centimeter 0.(X121

2
(Ib/ftz) (dyn/cm )

power horsepower (hp) kilowatts (kW) 1.3405

work footpound-force (ft-lbf) joule (J) 0.7376
,

IIEAT

temperature degrees Fahrenheit ('F) degrees Celsius ('C) *F = 1.8'C + 32 |
degrees Kelvin (*K) *F = 1.8'K - 459.67

IONIZING RADIATION

activity ct.rie (Ci) megabecquerel(Mllq) 2.7027 X 10-5
(of a radionuclide)

absorbed dose rad gray (Gy) 1(X)

dose equivalent rem sievert (Sv) 1(X)

8Not all metric units are shown. Most metric units can be arrived at by multiplying the value by 10a.
2 Multiply quantity in metric umts by the appropriate convers;on factor to obtain inch-pound units. I'or additional unit conversions, refer
to C.J. Pennyeuick, Convenion Iscron: SI Umts and Many Othen. Chicago, ne Unisersity of Chicago Press,1988.
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1 INTRODUCTION

a final decision on the issuance of a construction
1.1 NRC's Iterative Performance authorization for a geologic repository for HLW

Assessment Program no later than 3 years after DOE's license
application is submitted, although the

1.1.1 Background Commission may extend this deadline for 12
months, for good cause, in accordance with the

Work performed under the first demonstration of NWPA, as amended. Meeting this schedule
the staff's capability to execute critical parts of a depends greatly on the following:(1) early and

,

performance assessment for a geologic repository open pre-licensing consultation between NRC and
for high level radioactive waste (IILW)1 was DOE on the information that would be needed
intended as an initial step in a sequence of for licensing:(2) adequate DOE site
planned iterative performance assessments (IPAs) characterization plans and activities; (3) DOE's
to be undertaken by the U.S. Nuclear Regulatory submission of a complete and high-quality license
Commission staff and its contractor-the Center application; and (4) effective NRC staff
for Nuclear Waste Regulatory Analyses preparation for the license application review
(CNWRA). This report describes the results of process, by having its technical assessment
the second phase (designated " IPA Phase 2") of capability in place.
the continumg demonstration of the development

j of the NRC staff's capability to review a The overall objective of NRC's IPA program,
performance assessment for a geologic repository. therefore, is to maintain and enhance the staff'

i This capability helps the NRC staff assess capabilities necessary to support these geologic
whether the U.S. Department of Energy's (DOE's) repository program activities. During the
site characterization activities are adequate, pre licensing phase, the specific objectives of
during the pre-licensing phase, and, later, helps NRC's IPA program thus include:.

the staff review a potential license application to
Evaluating the ongoing DOE site; construct a geologic repository for HLW. e

characterization program (including field
; As its name indicates, IPA involves repeated studies, laboratory studies, and analyses, and

! iterations directed at improving both the NRC interim performance assessments generated
staff's capability for reviewing DOE's by DOE or its contractors).'

; demonstration of repository performance and the
Evaluating ways to implement the 10 CFRstaff's understanding of combined systems and e

events and processes that are key to repository Part 60 performance objectives.-

i performance. Performance assessment of a
Providing input to the ongoing evolution ofi geologic repository, like other systematic e

safety-assessment methodologies, benefits the radiation protection standard for thei

substantially by being conducted in an iterative geologic repository, set forth by the U.S.~

manner, primarily because the lessons learned Environmental Protection Agency (EPA)in
j regarding modeling improvements, data needs, 40 CFR Part 191 (Code of Fedemi
j and methodology can be addressed in subsequent Regulations, Title 40, " Protection of

iterations. Environment") which is incorporated by
reference in 10 CFR Part 60.q

i 1.1.2 Objectives Providing input to regulatory guidance and
. .

*

Under Section 114(d)(2) of the Nuclear Waste other regulatory products related to
Policy Act of 1982 (NWPA), as amended (Public performance assessment, especially the Draft
Law 97-425), the Commission is required to issue License Application Review Plan (see NRC,

1994).

Assisting in the definition of the Office ofe
IAs used in this document,IIDV includes nt nuclear fuel and
transuranic wasics. unless otherwise specif cally stated. Nuclear Material Safety and Safeguards

1-1 NUREG-1464
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1. Introduction

(NMSS) technical assistance and research regulatory requirement) after permanent closure
programs in the area of HLW. of the geologic repository.3

Additional specific objectives of NRC's IPA 10 CFR Part 60 incorporates 40 CFR Part 191 as

program, during the licensing phase, include: the overall performance requirement for a
,

geologic repository. The requirements in 10 CFR
Tb provide an independent calculation of key 60.112 set an overall system performance objectiveo
aspects of DOE's total-system performance that amounts to meeting EPA's containment
assessments submitted as part of a license requirements, whereas certain other sections (10

application. CFR 60.113) set forth subsystem performance
objectives. (The use of subsystem performance

lb probe DOE's assessment for potential objectives is consistent with the Commission'so
weakness, based on a familiarity with the multiple barrier, defense-in-depth concept and
methods, data, and assumptions used in the contributes to developing reasonable assurance
perbrmance assessments. that the EPA standards will be met.)

40 CFR Part 191 specifies three broad quanti-
tative performance requiranents for the overall1.1.3 Regulatory liasis for IPA
geologic repository system:

NRC's basic licensing and related regulatory
Limits on the cumulative release of radio-authority are provided by the Atomic Energy Act e

of 1954 (Public Law 83-703), as amended. This activity at the boundary of the accessible

authority applies to certain facilities of DOE (as environment over 10,(XX) years (40 CFR

successor to the Energy Research and Develop. 191.13-contamment requirements).
,

ment Administration) under Section 202 of the e Limits on dose to mdividuals f.or the first
.

Energy Reorganization Act of 1974 (Public Law 1000 years (40 CFR 191.15 ,mdividual
93-438). Congress further defined NRC's role, as
it relates to the disposal of HLW in geologic protection requirements),

repositories,in NWPA and the Nuclear Waste Limits on permissible concentrations ofe
Pohey Amendments Act of 1987(Public Law radionuclides in special sources of ground
E 203). water for the first 100() years (40 CFR

I9LI6-ground-water protection
Section 121(a) of NWPA, as amended, called for regmrements).

.

EPA to promulgate generally applicable
environmental standards for the management, As for the subsystem performance objectives, the
storage, and disposal of HLW. In addition, NWPA regulations in 10 CFR 60.113 establish specific
prescribed (Section 121(b)) that the EPA performance objectives for the following
standards be implemented by NRC as part of the repository subsystems: (1) the EBS and (2) the
procedural and techmcal regulations it was to
promulgate for the licensing of geologic 3 Currency, a revised set of standards specirie to the Yucca Moun-

i" "" ovisions f
@i f'e ''$ ige,Tf992 $'d "" *ibhjhef, brepositories for the disposal of HLW. The EPA

promulgated its standard in the form of 40 CFR <rubhc ifw 102-486), ajp roved ociober 24,1932 directs NRCi pmuuisate a rule. nu ifying 10 CrR rari 60 of iis regulations,Part 191 (EPA,1985);2 the NRC standard is in the ulations are consistent with EPAs public health
so that these redards for protection of the public from releases toform of 10 CFR Part 60 (NRC,1981 and 1983). and safety stan
the accessible environment from radioactive materials stored or

. disposed of at Yucca Mountain, Nevada, consistent with the
40 CFR Part 191 establishes contamment findings and recommendations made by the National Academy of

requirements that limit releases of radioactive Science 5 'o EP^ on issue $ relatmg to the environmentai standards
" ' " ' " ' ' ' "

material to the " accessible environment"(10 CFR C'd"@eI'siin"5"d S"r"ihe Yu $?u'n'ta i s eI no be
60.2), weighted by a factor approximately substantially different from those currently contained in 40 CFR

.. Part 191, particularly as they pertain to the need to conduct a
proportional to radiotoxicity, and integrated over quantitative performance assessment as the means to estimate

a period of time (10,000 years is the current posiciosure performance of the repository system.
'As used here, the repository system refers to the combination of:(i)
emplaced wastes; (ii) the engineered barrier system (Ens): (iii) the

fng tNe he I gcft2 0 CFR Part 191 was vacated b the U.s. Court of Appeals for the4 o rat ns ar a ( o fc ty ( e ,
First Circuit and remanded to t e EPA for further consideration. within t e controlled area).
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i

geologic setting. These performance objectives 1.1.4 Steps in Performing a Total-System !
require the following: Performance Assessment

o Substantially complete containment of waste The general approach to developing and analyzing
in the waste packages for a minimum period a total-system performance assessment can be
of 300 to 1(XX) years after closure (10 CFR defined by the following steps, outlined below,
60.113(aX1XiiXA)). and shown in Figure 1-1. For both the IPA Phase |

1 and Phase 2 efforts, all these steps were |

o Controlled fractional release rate from the performed to various levels of detail. |
|EBS, based on the inventory at 1(XX) years

after closure (10 CFR 60.113(aX1XiiXB)). S,cy uy. j _Sy,,em ne,crj ffony

o Pre-waste-emplacement ground-water travel The repository is broken into its component
time (GWTF) of at least 1000 years (10 CFR parts for the purposes of modeling. These
6(1113(aX2)). components include the waste form, the

mined geologic repository system (including
Because the EPA standard is probability-based, the engineered barriers such as the waste

the demonstration of compliance must also be package), and the portion of the geosphere

probability-based. However, a probabilistic surrounding the geologic repository through :

cvaluation is useful regardless of the nature of the which the radionuclides, in time, may
standard because of large uncertainties. migrate. The system description therefore
Accordingly, the measure of total system should include information that supports the j

performance for a geologic repository can be development of models describing repository
'

expressed by the complementary cumulative performance, and should identify data and ;

distribution function (CCDF) for cumulative parameters for the models used to support |
normalized radioactive releases to the accessible the Scenario Analysis (Step No. 2-described

environment over 10.(XX) years. The representation below).
of repository performance by a CCDF
incorparates: Step No. 2-Scenario Analysis

o Consideration of the various parameters Scenarios representing alternative possible
affecting the performance of the geologic future states of the environment, as they
repository; and reflect the repository, are identified and

screened. For this analysis, scenarios are

o Consideration of a range of anticipated and formulated based on classes of events and

unanticipated processes. conditions, and processes external to the repository system.
events that could affect future geologic (Events and processes internal to the

repository performance. repository system are treated in the Conse-
quence Analysis (Step No. 3-described
below).) Probabilities were estimated for theIn conducting a total-system performance
selected scenarios.assessment, the analysis needs to account for the

various uncertainties that are inherent in those
processes, conditions, and events considered. The Step No. 3-Consequence Analysis (release,
present performance assessment approach transport, and dose modeling)
undertaken by the staff in its IPA effort
incorporates both parameter uncertainty and Models are developed to describe the
scenario probability into a single CCDE performance of the subsystems of the
Alternative representations show the entire set of geologic repository and are linked to describe
single-vector CCDFs or single conditional CCDFs overall performance. Overall repository
for each scenario. Both of these alternatives are performance, in terms of cumulative releases
capable of representing parameter uncertainty of radionuclides to the accessible
and scenario probability as separate factors. environment, over a specified time period (in

1-3 NUREG-1464
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1. Introduction
,

this study,10,000 years), is calculated for 1.2 IPA Phase 2: Overview
each scenario, using numerous simulations of ,

possible ranges of parameter values. In 1.2.1 Purpose and Scope
addition to the CCDF for cumulative releases
(Step No. 4), other types of system As noted earlier, the primary purpose ofIPA
performance measures, such as maximum Phase 2 was to enhance and improve the
doses to individuals, can also be considered. capability of the NRC staff to conduct and

evaluate calculations of key aspects of repository
performance by performing a limited total-system |

Step No. 4-Probabilistic Performance performance assessment. It is believed that the
Measure Calculation (the CCDF) NRC staff's capability to perform an independent

assessment will be an important aspect of its ,

For each scenario identified in Step No. 2, licensing review. He specific goals of IPA Phase 2 ;the consequences,in terms of normalized were to:
cumulative releases of radionuclides to the
environment over a specified period of time, o Use the 1bff Performance Assessment

'

are calculated and the results displayed m, a !Methodology developed by Sandia National
plot of total releases versus the probability Laboratories (SNL);
that such consequences are exceeded (i.e., the
CCDF of total releases to the accessible Provide for a preliminary dose assessmente
environment for 10,000 years, normalized by capability;
the EPA release limit for each radionuclide
and summed over all contributing pathways). Provide a gas source term and transport*

He total results incorporating scenario capability;
probability are compared with release limits

* Provide an executive module to control runestablished by the EPA standard.
parameters;

tep . 5-Sensitivity and Uncerfainty Improve the existing IPA source term code;e

Include the saturated zone in the evaluationeA sensitivity analysis is conducted to evaluate

| the fractional change in calculated results of the ground-water pathway; and

i caused by incremental changes in the values Include consideration of additional disruptivee
. . .

| of input parameters and data. An uncertainty scenanos.
; analysis is also conducted to quantify the
; uncertainty in performance estimates in In addition, IPA Phase 2 achieved some.

terms of the major sources of uncertainty,in worthwhile secondary goals, including:
mput parameters. Uncertainty m modelmg,;

i however, including conceptual model Limited evaluation of existing analytical toolse
uncenamty and uncertainty regarding the for conducting a performance assessment

: probability of future states, was not (both methodologies and computer codes);
quantified m, either IPA Phase 1 or Phase 2. and

Insight into the need for the improvement of| Step No. 6-Documentation e
existing methodologies or the development of

Documentation is developed to clarify the new ones. I

assumptions used in the analysis, their bases, |

and the implications of their uses. An IPA Phase 2 also provided a smooth transition of;

important aspect is documentation of contractor support from SNL to the CNWRA-

auxiliary analyses, which evaluate the
i adequacy of the consequence modules and The scope of IPA Phase 2 consisted of the same ,

'

the assumptions underlying them, synthesize basic steps (described in Section 1.1.4) as were
,

i data into parameters, and provide other performed for IPA Phase 1, including: system
insights. description, scenario analysis, consequence analysus,

,

! 1-5 NUREG-1464
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i

CCDF calculation, and documentation. The IPA regardless of organizational affiliations and
Phase 2 study included many improvements, over focused on individual technical capabilities.
IPA Phase 1, which expanded the scope and are
discussed ira Section 1.2.5. The auxiliary analyses The project manager and technical coordinators
undertaken for IPA Phase 2 were performed by facilitated communication amo ig the various task
both NRC (NMSS and the Office of Nuclear leaders and technical participants. The technical
Regulatory Research (RES)) and CNWRA coordinators also proposed plans for technical
technical staff members, and supported modeling activities, schedules, and staffing for IPA Phase 2,
in the areas of regional hydrology, site infiltration for approval by the IPA Management Board. The
analysis, model testing, geochemistry, and source IPA Management Board was comprised of
term. M. Federline (NMSS) (succeeding R. Ballard);

M. Silberberg (RES/ Waste Management Branch

The results computed in the total-system (WMB)); and B. Sagar, succeeding W. Patrick

performance assessment included total and (CNWRA).
conditional CCDFs for summed normalized
releases and effective dose equivalents for the Each of the six major divisions of technical
exposed population. Maximum concentrations of activity was assigned to a working group with a
radionuclides in groundwater were not compared designated task leader. The principal staff
with drinking water standards and maximum (including task leads) assigned to each of these
doses to individuals were only calculated working groups is indicated in the "Thble of
approximately. Screening analyses were Contents" of this report: these staff were
performed, with the results of the calculations, to responsible for conducting the respective analyses
investigate the relationship between subsystem and documenting the results. The specific staff
performance and total system performance. responsible for the TPA module development is
Recommendations in the areas of additional described in Section 2.13 of this report.
scientific input (research), modeling
improvements, and supporting analyses were However, other NMSS, RES/WMB, and CNWRA
formulated from the IPA Phase 2 work. De staff made substantial contributions during the
results of the sensitivity and uncertainty analyses formative stages of the IPA Phase 2 analysis, as
were also factored into the recommendations. indicated below. Those additional staff members

that participated in the initial scoping
Development of all computational modules, deliberations for the scenario analysis described
supporting analyses, and analyses of results are in Section 3.3 of this report are listed in Table 1-1.
documented in the IPA Phase 2 report. In Similarly,in Chapter 5 (" Source Term Module"),
addition, the values of parameters used, including important contributions to the analysis were made
the statistical distributions, are included in the by: P. Nair, G. Cragnolino, and N. Sridhar of the
appendices. CNWRA: T. Torng of the Southwest Research

Institute (SwRI); and K. Chang and N. Eisenberg
of NMSS. Finally, in Chapter 6 (" Disruptive

1.2.2 IPA Organization and Staffing Consequence Analysis"), the Phase 2 analysis
benefited from contributions made by those

NRC staff members from both NMSS and RES, additional staff listed in Table 1-2.
and the CNWRA participated in IPA Phase 2.
He technical staff involved in IPA Phase 2 came
from all three organizations. To coordinate the 1.23 Quality Assurance
efforts of the three participating organizations, the
organizers designated a technical project manager The following discussion is intended to briefly
from NMSS (M. Lee), and three technical outline the quality assurance (OA) measures

coordinators: one respectively from NMSS (R. applied to the software for the IPA Phase 2
Wescott succeeding N. Eisenberg); RES computational modules.
(T McCartin); and the CNWRA (R. Baca
succeeding B. Sagar). The assignment of staff to As noted earlier, IPA Phase 2 was performed
the technical efforts in Phase 2 was done jointly by NMSS, RES, and CNWRA staff. IPA

NUREG-1464 1-6
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Table 1-1 Staff Participating in the IPA Phase 2 Scenario Analysis
__

individuallorganization Discipline (s)

G. Birchard/RES geochemistry

J. Bradbury/NMSS geochemistry

P. Brooks /NMSS performance assessment

R. Cady/RES waste package / engineered barrier system

K. Chang /NMSS waste package / engineered barrier system

D. Chery/NMSS hydrology, climatology

R. Codell/NMSS performance assessment

N. Eisenberg/NMSS performance assessment

B. Gureghian/CNWRA hydrology, elimatology

R. Hofmann/CNWRA geophysics
.

!
|

A-B lbrahim/NMSS geophysics I
l

H. Lefevre/NMSS economic geology

L. Kovach/RES geology, volcanism

T McCartin/RES hydrology

M. Miklas/CNWRA geology / climatology

E. O'Donnell/RES geology

G. Stirewalt/CNWRA geology

J. Park /NMSS performance assessment

J. Trapp/NMSS geology
,

D. Turner /CNWRA geology

j

1-7 NUREG-1464
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Table 1-2 Staff Participating in the Analysis of Scenarios used in the IPA
Phase 2 Consequence Analysis

Scenario Class Analysis Team *lOrganization

Clirnate M. Miklas/CNWRA
J. Park /NMSS

N. Eisenberg/NMSS
B. Sagar/CNWRA

Drilling N. Eisenberg/NMSS

J. Firth /NMSS
A. Drake /CNWRA ,

'

C. Frietas/SwRI
J. Park /NMSS <

B. Sagar/CNWRA

Seismicity N. Eisenberg/NMSS

R. Codell/NMSS
K. Chang /NMSS

A. Chowdhury/CNWRA
D. Dancer /NMSS

C. Frietas/SwRI
A-B lbrahim/NMSS
!. Nair/CNWRA
B. Sagar/CNWRA

Volcanism R. Baca/CNWRA
L. Abramson/RES
L. I2ncaster/RES
R. Codell/NMSS
R. Drake /SwRI

N. Eisenberg/NMSS
L. Kovach/RES

' T Margulies/RES
J. Park /NMSS

B. Sagar/CNWRA
J. Trapp/NMSS
C. Lin/SwRI

*Ikild type designates principal investigator.

NUREG-1464 1-8
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1. Introduction

Phase 2 planning and development was performed hiodeling of radioactive transport to thee
in accordance with QA guidelines established in biosphere; and
the draft IPA Phase 2 Program Plan. The
computer programming performed was under the Analysis of the sensitivity and uncertainty in*

controls of the CNWRA's OA program to avoid data, models, and performance estimates.
the necessity of developing equivalent NhiSS/
RES procedures for this activity. The CNWRA's This report is largely structured along the same
implementing procedure in the area of computer lines used to organize the work. Chapters 2
codes is Technical Operating Procedure through 8 of this report describe the work
(TOP)-018 (CNWRA,1991). This procedure Performed by the various working groups, as
imposes methods for configuration management noted below: |

of the scientific and engineering software (e.g.,
computer codes) acquired, developed, and/or
modified and used by NhfSS, RES, and CNWRA Chapter Title
staff. The procedure is intended to ensure the
integrity of such codes by maintaining an 2 " Total-System Performanceauditable and traceable record of any needed
changes. Assessment Computer Code"

3 " Scenario Analysis"
It should be noted that QA requirements 4 " Flow and Transport hiodule"
contained in TOP-018 conform to the broader

5 " Source Term hiodule"QA guidance contamed in NUREG-0856 (Sillm.g,
1983). NUREG-0856 recommends guidelines for 6 " Disruptive Consequence Analysis"
DOE to use when preparing the documentation 7 " Dose Assessment hiodule"
for scientific and engineering software used in
those analyses submitted in support of any DOE 8 "Sens. ivity and Uncertaintyit
license application for a geologic repository for Analysis ,
HLW.

However, it should be noted that Users' Guides A computer code was used to provide the
for all computational modules are planned and/or computational algorithms to estimate values of
under development at this time, to satisfy the the various performance measures and to
requirements of TOP-018. performing the calculations leading to an estimate

of the CCDF for normalized release and dose.5
This computer code takes into account a number

; 1.2.4 Approach and Content of the Report of the interactions studied among subsystems,

An interdisciplinary, integrated approach was components, future states, and processes

used to conduct the IPA Phase 2 analyses. associated with the geolog,c repository. Chapter 2i

Working groups or teams of NhfSS, RES, and of this report provides a description of this

CNWRA staff were organized that roughly computer code.

; correspond to the methodological steps for a One of the IPA Phase 2 activities was a
; performance assessment shown in Figure 1-1. In demonstration of the estimation of the totalIPA Phase 2, the areas of m, vestigation meluded:

,

system performance measure (cumulative releases
to the accessible environment), as well as some

o Scenario analysis and selection; calculation of estimates of those measures related,

to the performance of natural and engineered
o Simulation of ground-water flow and barriers. Analytical results from the IPA Phase 2

radionuclide transport; demonstration and analysis are presented in
; Chapter 9.
~

o Calculation of radionuclide source terms;

. Nhe concepts of normalized release and dose are described in sec-
o Analys.is of disruptive events; iions 9.2.1 and 9.2.3, respectively.

I
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Chapter 10(" Conclusions and Recommendations methodologies available and field and
for Further Work") presents some preliminary laboratory data, for arriving at estimates of
thoughts on the adequacy of the staff's current repository performance.
performance assessment capability, as well as
some recommendations on the direction of future Table 1-3 summarizes the IPA Phase 1

recommendations and the extent to which theseNRC IPA efforts.
recommendations were treated in IPA Phase 2.
llowever, some of these recommendations were

Finally, auxiliary analyses were conducted as part
of the investigations described above to examine not implemented, and to the extent that they still

specific processes and factors that may be apply, they are discussed in Chapter 10 of this

important to total system performance. Auxiliary report. Refer to Chapters 2 through 8 of this

analyses support the performance assessment by report for a more detailed discussion of these

using more detailed models to: improvements.

Total-System Performance Assessment (TPA)
Provide greater insight into cause-and-effcct Computer Code (Chapter 2)

o
relationships;

In IPA Phase 1, the staff developed a system code
Evaluate conservatism of model assumptions; to process externally generated informationo

needed to construct the CCDF to represent the
Evaluate alternate modeling approaches: performance of the geologic repository for ao
and/or limited set of scenario classes. In IPA Phase 2, the

staff developed a more sophisticated computer
Interpret field and laboratory data. code to control the flow of data to and from theo

computational modules and the sequencing of
Summary descriptions of these auxiliary analyses their execution. This arrangement is believed to
are given in Chapters 4,5, and 8. offer advantages in climinating potential data

transfer errors and provides an easier means of
m king changes that affect several modules.

1.2.5 Improvements Since Phase 1
The principal features of the staff's more

The followm.g discussion summarizes the sophisticated computer code in IPA Phase 2 are:
improvements achieved during IPA Phase 2 in the
staff capability to execute a performance e The execution of the various scenarios is
assessment for a geologic repository for IllR performed under the control of the TPA
This summary is structured along the same lines executive module, with consistent data
used to organize the work. It should be noted, (including sampled variables) provided
though, that some of these improvements were automatically to all the consequence modules;
based, in part, on the preliminary and
recommendations made as a result of the insights
gained from the IPA Phase 1 effort (see The system executive is responsible fore

" Preliminary Suggestions for Further Work"in invoking modules automatically and
Codell et al.,1992). The suggestions for technical processing release values to construct a
improvements were grouped into three categories: CCDF for each run (by nuclide, pathway,

zone, module, vector, scenario, and overall, as
o Suggestions to improve or extend the specified).

modeling capability for reviewing
performance assessments; In summary, the IPA Phase 1 analysis relied

heavily on manual manipulation of files rather
Suggestions for ref' ing or adding auxiliary than the relatively high degree of automationo m
analyses to help better evaluate the Provided by the system driver for Phase 2.
performance estimates; and

Scenan. Analyss. (Chapter 3)o s

o Suggestions for refinements or additions to As noted above, only a limited set of scenario
the scientific bases, including the classes was considered in IPA Phase 1. These

NUREG-1464 1-10
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Table 1-3 IPA Phase 1 Recommendations Implemented during IPA Phase 2

Implementatson in
IPA Phase i Recommendatson IPA Phase 2* W $1PA Phase 2 Report

Improvements and Extensions to Afodeling-

General

Add the capability for modeling additional scenario classes. Umited Sections 6.2 and 6.4

Control the CCDF generation with the system code, using the consequence codes as Full Chapter 2
subroutines, instead of generating data sets external to the system code.

Acquire, test, and evaluate codes that SNL developed for a repository in the unsaturated Full Chapter 4, Appendices C, G,
zone. and J

Evaluate additional computer codes, which could not be acquired and evaluated during Umited Chapter 4, Appendices C, G,
the IPA Phase 1 effort, to determine whether existing codes can meet the NRC modeling and J

_

L needs, or whether additional code development is needed.
-

Explore, with the CNWRA, the adaptation of the Fast Probabilistic Performance Limited Section 8.8
Assessment methodology to generate the total system CCDE

Perform a sensitivity analysis, using both drilling and groundwater transport parameters. No longer applicable

Row and 11ansport

Refine groundwater modeling (e.g., by considering more dimensions). Umited Chapter 4

Incorporate a model of gas-pathway transport in the calculation of the CCDE Full Section 4.3

Include flow and transport through the saturated zone. Full Chapter 4

Use a more sophisticated computational model for transport through partially saturated, Umited Chapter 4
fractured rock. g

Z -

3 '
C
h k
d 6"timited* and " full" are relative terms intended to convey the degree of modeling improvement between IPA Phase 1 and Fhase 2. The term " limited" suggests only marginal modeling c:

e improvement over IPA Phase 1, whereas " full * suggests significant modeling improvement over IPA Phase 1. E
~ o

- - - - - -_ - -- - _
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h Table 1-3 (continued) $
0 E
.L 2

y Implementation in E
"

IPA Phase 1 Recommendation IPA Phase 2 Section cfIPA Phase 2 Report

Source Term

Attempt to develop or use a previously developed mechanistic model of waste-package Limited Chapter 5
failure.

Treat the repository as a source of radionuclides distributed in time and space. Full Chapters 4 and 5

Improvements and Extensions to Auxiliary Analyses:

Perform detailed geochemical analyses to investigate the use of Kas in estimating Limited Appendix D
radionuclide transport.

Evaluate the importance of thermally and barometrically driven air flow on repository Limited Sections 43,5.4.2, and 5.63

y performance at Yucca Mountain.

Perform detailed hydrologic analyses for Yucca hfountain, to provide a better input to the Limited Appendices E and I
transport analysis and to examine, in more detail, various alternative hypotheses regarding
hydrology at Yucca hfountain.

Recommendationsfor Additional Scientific Input:

Develop and demonstrate a mathematically rigorous, scientifically robust method for scenario Limited Chapter 3
anelysis.

Obtain geoscience input for modeling volcanism. Full 7 Section 6.4

Obtain geoscience and hydrologic input for modeling faulting, uplift, and subsidence at Limited Section 6.2, Appendices F
Yucca hfountain. and H

Obtain field and laboratory data on the transport of gaseous radionuclides, especially 14C, at Limited Sections 43 and 5.63, ;

Yucca Afountain. Appendix H "

7Despite implementation of this IPA Phase 1 recommendation in Phase 2, the staff believes that significant additional work in this area is still needed. See Sections 6.4 and 6.6 for the
'

staff's specific recommendations.

._- - _ _ . - _ _ _ . _ _ _ _ _ _ . _ -
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classes were the exploratory drilling (human Steady-state liquid phase transporte

intrusion) and climate change (pluvial) events (advection, dispersion, decay, and sorption);
leading to four scenario classes. Ilowever, for the and
IPA Phase 2 analysis, the staff applied the SNL
scenario selection methodology for use in the Time-varying gas-phase transport (advection,*

consequence analysis of a potential HLW disposal decay, temperature effects, and equilibrium
site (see Cranwell et al.,1990). Based on the staff speciation)
evaluation and modification of the SNL
methodology, four scenarios of fundamental Source Term Afodulc (Chapter 5)
events were considered (climate change,
seismicity, magmatism, and human intrusion) Because the modeling of waste-package failure
from which 16 scenario classes resulted. was nonmechanistic and rudimentary in IPA

Phase 1, improvement to this aspect of repository
performance was sought in Phase 2. The model

flow and Transport blodule (Chapter 4) used by the staff to calculate the source term in
IPA Phase I was implemented in the NEFIMIN

The IPA Phase 1 effort identified and accounted (Network Flow and Transport) computer code
for a number ofimportant attributes of the Yucca developed by SNL (see Longsine et al.,1987). In
Mountain site (e.g., stratigraphic changes below Phase 1, radionuclide releases were modeled to
the repository in the unsaturated zone and occur only after failure of the waste package,
differences between matrix and fracture Dow). The characterized as a single failure time for the entire
IPA Phase 2 effort not only has maintained the repository. The principal features of the staff's
important attribrtes identified in the Phase 1 source term analysis are discussed below. )
study but has added further modeling complexity '

such as: In IPA Phase 2, the analysts developed a new
computer code to calculate the source term. The
SOTEC (Source Term Code) module (see Sagar etne number of zones used to represent the al. (1992)) deals with the calculation of aqueous

o
repository was increased from four to seven;

and gaseous radionuclide time- and
space-dependent source terms for the geologic

Saturated zone pathways to the accessible repository. It does so by considering theo
environment; variations in those physical processes expected to

be most important for the release of radionuclides
o Calculation of radionuclide concentration for from the EBS. The repositmy radionuclide

dose assessment; and inventory was reduced to 20 radionuclides for
consideration in the analysis. (The screenmg
process, which selected the more significant

o Distribution of mass flux between the radionuclide contributors to the performance
fracture and matrix continua. measures of interest, is discussed in Section 5.2.4.)

The additional detailed model complexity is Three primary calculations are done in SOTEC:

expected to provide further insights into the (a) failure of waste packages because of a

performance of fractured rock as geologic barrier, combm, ation of corrosion processes and
,

data requirements, and the capabilities of the mechamcal stresses:(b) the leachm, g of spent
nuclear fuel and migrat,on of radionuclides fromcomputational methods. i

the EBS; and (c) the release of MCO gas from2
the oxidation of UO and other components in2

The Dow and transport module in IPA Phase 2 spent nuclear fuel and hardware.
built upon the Phase 1 effort. Three transport
pathways were considered in IPA Phase 2 (i.e., Disruptirc Consequence Analysis (Chapter 6)
gaseous, aqueous, and direct) compared with two

,

transport pathways (i.e., both aqueous and direct) The ability of the undisturb;d repository system
in IPA Phase 1. He flow and transpoit module in to isolate HLW may be modified by a number of
IPA Phase 2 provided for treatment of: disruptive events. These events, individually and

1-13 NUREG-1464
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in combination, have the potential to alter the 1992). In the IPA Phase 2 study, the capability to ;

repository performance in several different ways. perform a sta;istical analysis of the total-system

They may result in direct releases of radionuclides performance assessment results was expanded

to the accessible environment or modification of through the application of statistical techniques,
the undisturbed release process. in addition to regression analysis. The LHS

scheme was used to sample input parmeters for
In IPA Phase 1, the staff developed a model and the source term, flow, and transport models, and

corresponding computer code to treat the disrup- disruptive consequences affecting the
tive consequences of human intrusion to geologic performance of the geologic repository.
repository performance by exploratory drilling. In
IPA Phase 2, the number of disruptive conse- Auriliary Analyses (Chapters 4,5, and 8)
quences considered was mereased. In addition to In IPA Phase 1, four distinct auxiliary analyses
the base case (e.g., no disruptive events), the IPA
Phase 2 analysis considered four classes of were performed:
fundamental causative events: pluvial climate

The potential for non-vertical Dow;change, human intrusion (including exploratory e

drilling), seismic effects, and magmatic events, for The sampling requirements for CCDFa total of 16 mutually exclusive scenario classes. e

generation;

Dose Assessment Afodule (Chapter 7) The consequences of Ia O gaseous releases;e L 2

A major difference between the IPA Phase 1 and and

IPA Phase 2 studies was the addition of a dose The statistical analysis of available hydrologicassessment capability into the TPA computer e

code in IPA Phase 2. In IPA Phase 2, human data for input to flow and transport models

exposures were evaluated using a dose assessment For the IPA Phase 2 analysis, the following 14software package entitled DITIY(Dose additional auxiliary analyses were performed:Integrated for Ten Thousand Years-see Napier
et al.,1988; pp. 3-16-3-18) that was obtained
from the Pacific Northwest Laboratories. In Chapter 4:

An evaluation of the DCM3D computer codee
Sensitivity and Urwertainty Analysis Afodule for the analys.is of three-dimensional
(Chapter 8) ground-water Dow;
As noted above, performance assessments for a

An evaluation of the distribution coefficientgeologic repository will be based on conceptual e

(K ) approximation for radionuclidemodels that,in part, are based on empirical data d
embodied as computer programs. Because of the retardation;

inherent variably of ti,e empirical data and the
An analysis of a regional ground-water Howdescription of processes included in the models, e

the predicted performance will be uncertain. An model for Yucca Mountain;

important part of conducting an IPA for a
An evaluation of the effects of layering,geologic repository therefore is quantifying the e

sensitivity of the results to the values of the input dipping, angle, and faulting on two-
parameters, and the uncertainty associated with dimensional (2-D), variably saturated flow;
the probabilities of occurrence of credible

A DCAf3D dual-continuum flow modelingscenarios. e
demonstration;

In IPA Phase 1, the staff performed a statistical
14CO transport;An analysis ofanalysis of the liquid pathway calculations using . 2

several techniques including Latin Hypercube
An evaluation of U.S. Geological SurveySampling (LHS) and regression analysis methods e

(see Section 9.5 (" Sensitivities and Uncertainties (USGS) regional flow modeling for the Yucca
for Liquid-Pathway Analysis")in Codell et al., Mountain region;
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1. Introduction

o An evaluation of saturated zone flow used in the IPA Phase 2 analysis described in
modeling exercise, using DCM3D; subsequent chapters.

o Considerations in modeling infiltration at 1.3.1 Site Description
Yucca Mountam;

,

Although the performance assessment
An analysis of the exchange of major cations methodology chosen is generic, the transporto
at Yucca Mountain; and models, disruptive scenarios, and biological

pathways are, to a large part, site-specific. The
o A compai: son of NEFIWAN # to the following is a brief description of the Yucca

UCBNE41 transport code. Mountain site geology, hydrology, mineral
resource potential, and climatology-with an

In Chapter 5: indication of where, in the report, each was
factored into the IPA Phase 2 analysis. Except as

o Ensemble averaging for source term otherwise noted, the following general description
parameters; and of the site geology has been condensed from

Chapter 1 (" Geology") of DOE's 1988 SCP.
o An analysis of the release and transport of

MC. The Yucca Mountain Site is kicated in Nyegaseous radionuclides other than
County, which is in southern Nevada,

In Chapter 8: approximately 160 kilometers northwest of Las
Vegas. The site (by definition, the kication of the

o An evaluation of several methods of controlled area)is entirely k>cated on Federal land
sensitivity and uncertainty analyses. managed by DOE and the Bureau of Land

Management, whereas the extreme northern
Many additional, smaller-scope auxiliary analyses portions of the site lie within, or abut Nellis Air
were performed as part of developing the Force Range. Yucca Mountain is k)cated in the
computational modules or other aspects of the southern part of the Great Basin, the'

IPA Phase 2 analysis. These analyses are given northernmost subprovince of the Basin and Range
limited documentation in this report in the Physiographic Province. Generally this province is
respective chapters in which they occur. characterized by more or less regularly spaced

sub-parallel ranges and intervening alluviated
1.3 Description of the Modeled System basins formed through extensional faulting. The

site region is generally arid, with sparse vegetation
As noted in Section 1.1, the first step in a and low population d'ensity.
total-system performance assessment is to develop
a system description of the geologic repository Yucca mountain itself is an irregularly shaped

'

that includes information to support development upland 6- to 10-kilometers wide and about
of models describing repository performance and 40-kilometers long. The crest of the mountain
to determine assumptions and parameters on ranges between altitudes of 1500 and 1930 meters,
which the models depend. In this manner, the about 650 meters higher than the floor of Crater
geologic repository is broken into its component Flat to the west. The physiographic features of the
parts for the purposes of modeling. These mountain are dominated by a sub-parallel series
components include the waste form, the mined of en-cchelon, north-trending ridges and valleys
geologic repository system, and the portion of the controlled by steeply dipping faults. Fault bk)cks
geosphere surrounding the geologic repository are tilted eastward so that, in general, the
through which the radionuclides, in time, migrate. fault-bounded west-facing slopes are generally
The following descriptions of the site and the high and steep, whereas the east-facing slopes are
geologic repository (including the waste package) more gentle and deeply dissected by a sub-parallel
(Sections 1.3.1 and 1.3.2, respectively), are system of linear valleys. The mountain is bounded
condensed from the 1988 Site Characterization by Crater Flat on the west, by Jackass Flat-
Plan (SCP)(DOE,1988) and other relevant Fortymile Wash on the cast and southeast, the
sources. These descriptions provided the bases for Amargosa Desent to the south, and by the Timber
the conceptual models (described in Section 1.3.3) Mountain Caldera complex to the north.

1-15 NUREG-1464



- .. . . - .

1. Introduction

The surface and near surface stratigraphy at cliff and, the cap rock unit. The relative
Yucca Mountain is comprised of a gently dipping proportion of the various units changes from

sequence of Miocene ash flow tuffs, lavas, and north to south, with the lithophysal units
volcanic breccias more than 1800 meters thick, representing about 30 percent of the Tiva Canyon

and flanked by younger alluvial deposits of late in the northern reaches and only about 10 percent

Tertiary and Quaternary age. to the south.

The rock unit being considered for a repository is Although the Tiva Canyon represents the
a densely welded ash-flow tuff of the 1bpopah youngest identified, exposed unit of the
Spring Member of the Paintbrush %ff. Although Paintbrush Tuff in the Yucca Mountain area, a

the Paintbrush %ff regionally is composed of six nonwelded ash-flow and ash-fall tuff has been
major ash-flow tuffs and three related lava-flow identified in the subsurface, in the vicinity of the

sequences, at Yucca Mountain only four ash-flow proposed location of the surface facilities. It is
tuffs are recognized. In the general area of the possible that this material, which reaches a
proposed repository, this unit ranges in thickness maximum thickness of 61 meters, is the lateral

from approximately 3(X) meters to almost 6(X) equivalent of the Pinyon Pass and Chocolate
meters, generally thickest in the north and Mountain members of the Paintbrush 1bff.
thinning to the south and east. The Ibpopah
Spring Member is the lowermost member of the The Rainier Mesa Member of the Timber
Paintbrush Tuff and is the thickest umt m the Mountain Tuff is h>cally present above the Tiva
area of the repository, ranging in thickness from Canyon in the lower reaches of Solitario Canyon,
287 meters (drill hole USW G-2) to 369 meters in core from boring UE-25p#1, and in Trench 14
(drill hole USW 11-1). Tins member is comprised on the west side of Exile Ilill. This suggests that
of seven recogm,zable units, which m ascending the Rainier Mesa Member was present as a very
order are: the lower nonwelded to moderately thin unit above the Tiva Canyon and has
welded zone (13 to 42 meters thick); the basal subsequently been eroded, or that this member
vitrophyre (10 to 25 meters thick); the lower was only deposited in the lower elevations. The
nonlithophysal zone (27 to 56 meters thick); th youngest volcanic rocks that have been identified
lower lithophysal zone (43 to 117 meters thick); to date, at Yucca Mountain, itself, are basaltic
the middle nonlithophysal zone (20 to 50 meters dikes h>cated at the northern reaches of Solitario
thick); the upper lithophysal zone (54 to 96 meters Canyon, where they are implaced along a fault
thick); and the caprock zone (39 to 62 meters *"-
thick). In ascending order, above this unit, are
three ash-flow tuffs: the Pah Canyon, Yucca
Mountain Member, and the Tiva Canyon The basaltic dikes at the northern reaches of
Member. The Pah Canyon and Yucca Mountain Solitario Canyon have been interpreted by Crowe
Members are relatively thin units in the area of et al. (1983, p. 24) as part of the oldest of three
the repository reaching a combined thickness of main episodes of basaltic volcanism that has
only slightly greater than 100 meters in the area of occurred in the Yucca Mountain region after the
USW G-2, while normally having a combined period of explosive silicic activity responsible for
thickness of 20 to 30 meters. These units are the thick tuff accumulations. This first episode
non-existent in the area of drill hole UE-25p#1. involved bimodal basalt-rhyolite eruptions from
The Tiva Canyon Member is the youngest approximately 11 to 8 million years before present
bedrock unit present over much of the site region, (mybp). The second phase of basaltic eruptions,
thickening southward from about 90 to nearly 140 the older rift basalts, range in age from 9 to 6.5
meters in the central part of Yucca Mountain and million years and include the basalts of Rocket
then thinning southward again to about 125 Wash and Pahute Mesa. The third episode of
meters. Ten informal map units have been basaltic activity, which has continued into the late
recognized in the Tiva Canyon Member. In Quaternary, occurred after a pause in volcanic
ascending order these are: the columnar unit, the activity from about 6.5 to 4.1 mybp and includes
hackly unit, the lower lithophysal unit, the red the basalts of Buckboard Mesa Crater Flat, and
clinkstone, the gray clinkstone, the rounded step, Lathrop Wells. More detail regarding magmatic
the lower cliff, the upper lithophysal, the upper activity and how it was factored into the IPA
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Phase 2 analysis may be found in Section cast and southeast. This relativelv simple pattern
3.3.2.2(A) of this report. becomes complex on closer inspe'etion, as all

ridge-bounding faults in this area appear to be
llelow the Paintbrush Tuffs are the rhyolite lavas connected to adjacent faults, most commonly by
and tuffaccous beds of the Calico Ilills. In short, northwest, trending fault splays (O'Neil et
outcrop, this unit comprises a sequence of ut,1992). The generally north-trending faults
ash-flow and ash-fall tuffs, volcanoclastic primarily display a down-to-the-west sense of fault
sediments, and rhyolitic lavas, in the northern displacement, but also have a component of
reaches of Yucca Mountain, this entire unit is left-lateral slip that is displayed by offset stream
zeolitized, but in the southern reaches (near drill channels and en-cchc/on fault splays, commonly
holes USW GU-3 and USW G-3)it remains linked by pull-apart grabens (op cit.). Therefore,
vitric. Underlying the Calico Ilills unit are 1000 or although the structure can generally be described
more meters of older tuffs and volcanogenic rocks as a series of high-angle faults believed to merge
above the pre-volcanic units. downward into a detachment system reficctive of

the extensional mechanism that appears
The subsurface extent of pre-volcanic rocks in the predominant in this region, the actual structural
Yucca Mountain area is poorly known; however, domain is more complex. In general, from north
based on the results from drill hole UE-25p#1,it to south, the structural pattern appears younger
is known that carbonate rocks of the Silurian-age and displays a clockwise rotation of structure that
Lone Mountain Dolomite and Roberts Mountain may be as large as 30 degrees, since the middle
Formation are present. These rocks comprise part Miocene. Although faults are generally displayed
of the lower carbonate aquifer, a regional aquifer as simple imes on maps and cross-sections,
used in many parts of Nevada as a primary detailed field mapping is showing that these fault
water-supply source. Ilased on gravity data, it is zones are extremely complex. Ongoing work by

8
suggested that the prevolcanic rocks are Spengler (1993 ). indicates, for example, that the
approximately 3000 meters thick; however, it is Ghost Dance Fault, which has 38 meters of

not known if these units are entirely tipper displacement along the southeastern margin of the
Proterozoic and Paleozoic strata, or if younger, perimeter drift,is a zone of many small faults,
post-Silurian units are found beneath the with a mapped width of over 200 meters.
vocanics. It is suggested, based on aeromagnetic
data, that the northern portions of Yucca Within the Yucca Mountain Region,32 faults have

Mountain may be underlain by the Mississippian been mapped that display Quaternary
Eleana Formation (llath and Jahren,1984). displacement. These include faults such as: the

Solitario Canyon Fault, with over 500 meters of

Unconsolidated deposits in the region of Yucca m pped displacement: the Paintbrush Canyon

Mountain consist primarily of colluvium, Fault, with over 200 meters displacement; and the

alluvium, colian sand lacustrian deposits, and 13 w Ridge Fault, with over 220 meters of j
,

playa deposits. In the general site area colluvium, displacement. Although the mapped , i

alluvium, and sand deposits are the primary displacement, per event, on the units, is generally

materials found. The thickness of these units is on the order of a few centimeters, this normally
,

extremely variable, ranging from 0 meters only includes the vertical component of
,

thickness, over much of Yucca Mountain, to in displacement, so the amount of total displacement

excess of 1000 meters in the center of the for each episode of faultmg is poorly constrained.
,

surrounding basins. 13 sed on ongoing work by DOE,it appears that
I

the recurrence interval on the vanous faults is on >

the order of 50 to 100,000 years for earthquakes ofThe main structural grain at Yucca Mountain, as
seen from aerial photographs, is a pronounced
north-south trending linear fabric defined by
parallel, east-tilted fault bk>cks. In general, the
repository bk>ck is considered to be a bk)ck
outlined by faults, with the Solitario Canyon fault 'spengler R.w.," Resolution of the strati ra ic and structural set-

N"n'd 0s$"I[eb*nEi"o'n**at N^|lE Technic1 a' g
8* '* 'to the west, the Drill liole Wash structure to the

n
northwest, and a zone of imbricate faults to the Geophysics Integration, Las Vegas, Nevada, June 8,1993.
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approximate magnitude 6.5. (Whitney,1993 ). factored into the IPA Phase 2 analysis can be9

This value would appear to be in the same general found in Appendices D, K, and I of this report.
range as the " minimum maximum credible
earthquake" of dePolo (1993). That the Yucca Yucca Mountain is located in a natural,

Mountain area is tectonically active has been resources-rich geologic region; however, site
demonstrated by the Little Skull Mountain characterization activities to date have not dis-
earthquakes or the recent Rock Valley earth- closed any direct evidence of significant mineral
quakes. More detail regarding seismic activity and or petroleum reserves at Yucca Mountain.
how it was factored into the IPA Phase 2 analysis Ground water and zeolites are possible resources

may be found in Section 3.3.2.2(B) of this report. known to be present at the site; however, they are
more economically available elsewhere than in the

A significant aspect of h>cating a repository at Yucca Mountain region. More detail regarding the
Yucca Mountain is the thickness of the potential for economic mineral resources at Yucca
unsaturated zone, allowing the construction of a Mountain, and how exploration for such resources
repository from 180 to 400 meters above the water was factored into the IPA Phase 2 analysis, may
table. The water table forms the upper boundary be found in Section 3.3.2.2(D) of this report.
of a tuff aquifer that is part of the Alkali Flats-
Furnace Creek ground water subbasin. A major Finally, the present climate at the Yucca
discharge point of the basin is Franklin Lake Mountain site is classified as a mid-latitude desert
Playa, at Alkali Flats, in California, through climate. Temperatures approach 49'C in the
evapotranspiration. Another possible discharge summer time, and the annual precipitation is less
point is at springs in Death Valley near Furnace than 0.15 meters. The skies are generally clear
Creek Ranch. More detailed information throughout the year with low relative humidity.
regarding the ground-water hydrology of the site During the fall, winter, and early spring, the
and how it was factored into the performance predominant winds are from the north. During
assessment may be found in Section 4.2 and the late spring and summer, the winds shift to a
Appendices B, C, E, I, and 3 of this report. predominantly south to southwesterly direction.

More detailed information regarding climate and
There are no perennial streams in the vicinity of how it was factored into the performance
Yucca Mountain. The springs in Oasis Valley, the assessment may be found in Section 3.3.2.2(C) of
Armagosa Desert, and Death Valley are the only this report. Information concerning growing
reliable sources of surface water in the Alkali season and sources of meteorological data can be
Flats Subbasin. Most of the water discharged by found in Sections 7.7 and 7.8 of this report.
the springs travels only a short distance before
evaporating or infiltrating into the ground. Ek>ods 1.3.2 Repository Description (Including the
may occur in the arroyos during heavy ram Waste Packnge and Contained Waste
storms. Nrm)

; The dominam cations in the Yucca Mountain As with the site, knowledge of the design of the
ground water are sodium, calcium, potassium, geologic repository is also necessary to develop
and magnesium. Sodium is the most abundant the performance assessment methodology and to
cation, accounting for 65 to 95 percent of the construct the proper models. The following is a
cations present. Minerals with high sorption brief description of the GROA underground
capacity, zeolites, and clays are present along facility, the waste package disposal container and
potential ground-water flow paths beneath the contained waste form, and emplacement method,
repository site. More detailed information as described in Chapters 6 and 7 (" Conceptual
regarding the site geochemistry and how it was Design of the Repository" and " Waste Package,"

respectively) of the 1988 SCP, and indicates where
these descriptions are factored into the IPA Phase
2 analysis.

' whitney,I w. integ? nge7n"[, emplacement of the nuclear waste would occur,is
ation of the Geophysical studiemth Activi- The GROA underground facility, where the final

$$$rIs{c3Ec"hn calI
"

" "'
ysi ne a i

wgu, Nevada. hne 8,1993 planned to be Constructed at a depth of about 300
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1. Introduction

meters below the eastern flank of Yucca the waste forms was factored into the source term
Mountain. The host rock is sufficiently thick over analysis is discussed in Chapter 5 of this report.
a large enough area to accommodate up to 70,000 ,

metric tons equivalent of waste. Existing A key component of the waste package is an

information about the site indicates that an area overpack container for both the spent nuclear fuel
of 848 hectares could be available for waste and vitrified waste forms. The reference material
emplacement; 558 hectares will be used under for the waste package is stainless steel, with an

current plans. The main component of the outside diameter of about 0.66 meters (for
underground facility is the emplacement panel. stainless steel), and a length of about 3.20 meters

Each panel would be about 430 meters wide and for vitrified waste, and 4.7 meters for spent

about 460 to 980 meters long. The present nuclear fuel. The container has a thickness of 0.95
centimeters. After the waste form is loaded intopreliminary layout calls for 18 emplacement

panels based on a design areal power density of the waste package, the container will be filled with

57 kilowatts (kW)/ acre.W Each panel would argon gas, and the top will be welded on the

contain a number of emplacement drifts. The container. The loaded waste package would weigh

capacity and the layout of the underground from 2700 to 6300 kilograms, depending on the

facility are factored into the source term analysis quantity of waste. 'Ihe weight, construction, and

described in Chapter 5 of this report. The size of the disposal container are factored into the

anticipated thermal loading of the geologic Performance analysis in the seismic scenarios

repository is also an input to the source term analysis discussed in Section 6.4 of this report.

analysis, as well as the analysis of gas transport In the SCP conceptual design, it was assumedexamined in Section 4.3 of this report. that the waste packages would be emplaced in
vertical boreholes drilled into the floors of theThe waste package design is expected to consist of

the waste form and the disposal container, and is waste-emplacement drifts. In the vertical

the principal engineered barrier. The principal emplacement mode, the boreholes, about 7.6

waste forms will be either spent nuclear fuel from meters deep and about 0.76 meters in diameter,

commercial nuclear power reactors or vitrified would be drilled vertically into the Door of the |

waste (glass) from both defense and commercial emplacement drifts, and a single waste package
'

sources, although other waste forms may be would be emplaced in each borehole. The

disposed of at the proposed site.Il The reference container will rest on a support plate inserted into
the bottom of the vertical borehole, and the

spent nuclear fuel is 10 years-old with a thermal borehole would be lined with a metal casing
decay power of about 3.3 kW/ waste package (see

starting at the top of the hole and extending pastDOE,1988; p. 7-29). The gamma dose rate at the
surface of the waste package for spent nuclear the top of the waste package. A metal plug will be

fuel is about 50,000 rads per hour, and the inserted on top of the container, to provide

neutron flux rate is about 10,000 neutrons per shielding from radiation, and crushed tuff would
be packed around and on top of this plug andsquare centimeter per second. The vitrified waste closed with a metal cover. The emplacement hole,

will have a thermal power level of about 200 to
470 watts per waste package. The gamma dose at

its orientation, and geometry are factored into the

the surface of the waste package is about 5500 analysis of the source term discussed in Chapter 5
and the seismic scenarios model discussed inrads per hour, and the neutron flux rate will be
Section 6.4.low. Slightly different assumptions were used for

the radionuclide inventory (see Barnard et al.: pp. Sect on 60.111(b) requires that the GROA be
.

4-13-4-14 and 6-1-6-16). However, for the designed so that the emplaced waste be
purposes of this analysis, only spent nuclear fuel retrievable at any time up to 50 years after the
was considered. How the age and composition of start of waste emplacement operations. A

" caretaker" period of 24 years will begin after the
waste emplacement period of 26 years. At the end

3057 kW/ acre is used in this report for ca com rison with the of the caretaker period, after confirmatory tests of
repository performance (10 CFR 60.137), thesCP. rather than the metric equivalent o 141 W/ hectare.

N#diYincEuTIUiM[r~ air 5 $n#2IaN" *als"ErI!ic
GROA would be prepared for permanent closure*' ie

by backfilhng the underground facility, andi
emies.
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1. Introduction

permanently sealing the shafts and ramps. waste package canister by advection and diffusion
Presently proposed concepts for sealing shafts is calculated as a function of the fracture flow rate
include surface barriers, shaft fill, settlement into the zone and the results are passed on to the
plugs, and stationay plugs. The backfill would liquid How and transport module. In the transport
consist of tuff excavated during the construction model,in-situ matrix and fracture velocities and

,

of the underground facility, matrix geochemical retardation are used to
determine the time-varying amounts of radio-
nuclides reaching the biosphere (e.g., the

1.3.3 IPA Phase 2 System Model and
accessible environment).Methodology
In regard to gas source term and transport

The base case system model used in IPA Phase 2 (Section 4.3), the site was also conceptualized as a
was comprised of subsystem and process models layered stratigraphy; however, the site and reposi-
(or modules). The maj,or subsystems modeled tory were not subdivided into sub-areas. Yucca
were the waste package and Ells, the local Mountain and the repository were modeled as a
hydrosphere, and a postulated biosphere. Maj.or 2-D cross-section with a time-varying temperature
processes modeled separately were water perco- distribution. The temperature distribution was
lation, gas transport, and ground-water transport. calculated based on conductive heat transfer,
Disruptive events that were considered to act on taking into account the repository thermal loading
the system model were pluvial chmate change, and the heat transfer properties of the rock. The
seismicity, human intrusion, and magmatism. gas source term which results from initial defects

,

and corrosion (in the absence of disruptive
For the liquid source term and transport (Section events), was assumed to be evenly distributed
4.2), the site was conceptualized as a layered throughout the repository. A model employing
stratigraphy, and the repository and water path- many simplified assumptions was developed to
ways were divided into seven distinct columns. determine the velocity vectors throughout the
These columns helped take into account the cross-section at various times throughout the

~

variation in stratigraphic sequences and thickness, performance assessment period. The gas source
differences in unsaturated and saturated pathway term releases were tracked through the repository,
distances, and temperatures within the repository. using these time-varying vek> city vectors, and
Auxiliary analyses conducted with a 2-D dual reduced for radioactive decay, in accordance with
continuum representation of the repository cross- their travel time (including geochemical retarda-
section (Appendices C and G) were used to deter- tion) to the surface (e.g., the accessible
mine how percolation from rainfall should be environment).
distributed among the seven sub-areas (columns)
as well as determine the distribution of Dow % simulate the performance of the repository
between rock fractures and matrices in the system under the influence of credible external
unsaturated portion of the pathways. The source events, mutually exclusive scenario classes were
term module, described in Chapter 5, considers developed (Chapter 6). For calculation of dose
the environment of the waste package and and re| ease within various scenario classes, the
near-field, including the E13S. When disruptive base case system mod 71 parameters and logic
events are not present, the source term module were changed to account for the disruptive event
uses repository zone temperature as an indicator or combination of events being modeled. For
of whether each particular zone is wet or dry. scenario classes involving the climate change, the
After the initial dry-out period in each zone, water table was raised and infiltration was
corrosion is calculated as a function of environ- sampled from a different distribution than was
mental conditions. When the wall thickness from used for the normal climate. Scenario classes
corrosion is thin enough to result in failure of the involving drilling allowed damage to emplaced
waste package canister, water is assumed to enter waste packages and also added a pathway (the
the canister and the waste dissolution process is borehole) as a direct pathway to the accessible
assumed to begin. There is also a small quantity environment. Scenario classes involving seismicity
of packages assumed to have initial defects which required the interaction of a seismic canister
did not require corrosion before dissolution and failure module with the source term module. The
release could take place. Transport out of the source term module calculates waste package
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thicknesses, based on corrosion processes, and for the dose calculation is assumed to be a
combines this information with seismic acceler- 2700-acre farm, with three people maintaining a
ation probability data from the seismic module to year-round residence and 177 people off site
determine when and if a waste package should eating beef cattle, which grazed on the farm, for
fail. No changes in the existing pathways or the the waterborne dose; and 22.200 persons in the
addition of new pathways is assumed to be caused region for the airborne dose. The dose was
by seisinicity. For classes involving volcanism, the calculated in 70-year (lifetime) intervals and
repository is assumed to be in the possible path accumulated. After completion of the runs and
of intrusive and extrusive volcanic events. 'Ihe construction of the CCDFs (for both release and
intrusive events are assumed to be underground dose) sensitivity and uncertainty analyses were
magma intrusions that damage waste packages performed.
but don't provide an additional pathway to the
surface. Extrusive events are assumed to entrain a
portion of the repository waste and carry it The system code was run 400 times for each
directly to the suiface, resulting in an airborne modeled scenario class. Over two hundred param-
release, eters were sampled for some of the classes. The

sampling was performed using the LHS routine.
After the transport of radionuclides to the Because of the large uncertainty in both site
accessible environment (biosphere), as a function parameters and process parameters, probability
of time,is determined, the radionuclides from the distributions were determined for hydrologic
various pathways are accumulated, to determine characteristics of the individual geologic strata,
the cumulative release, for comparison with the corrosion parameters, percolation distribution
EPA standard and to calculate the cumulative parameters, and scenario-related parameters, as
population dose (Chapter 6). The biosphere used well as other site- and process-related parameters.
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2 TOTAL-SYSTEM PERFORMANCE ASSESSMENT COMPUTER CODE

2.1 Operational Description was developed using software utilities designed to
;

increase the productivity of the developers and>

2.1.1 Introduction the quality of the final product. One of these was
the "preFOR" FORTRAN preprocessor utility,

In IPA Phase 1, the U.S. Nuclear Regulatory which is described in CNWRA 91-003 (Janetzke
Commission staff developed its own system code and Sagar,1991a).

,
,

i

to process mformation needed to generate the
complementary cumulative distribution function
(CCDF) representative of the performance of the 2.1.2 Code Organization
geologic repository, for a limited set of scenario Die diverse nature of the phys.ical processes
classes, using preliminary data and numerous Present in the natural system bemg simulated
assumptions (see Chapter 4 (" System Code"), in requires that theories from many disciphnes be

,

Codell et al.,1992). However, in IPA Phase 2, the mtegrated into an overall system model. The TPA
staff developed a more sophisticated model and Program is des,gned to simulate the behavior of ai

,

: computer code to represent the performance of a geologic repository located m a partially saturated
geologic repository. The principal features of the medium; both the natural system and the
staff's improved computer code, designated the engmeered barners are accounted for m the

computer code, are discussed below.1(TPA)Program design. The evolutionary change m thetotal-system performance assessment,

natural system is described in terms of disruptive

The main objectives of the TPA computer code scenarios which, in addition to a parametric

are to develop the computational algorithms for desen,ption of the changed state, also has a
,

estimating compliance with the performance probability of occurrence attached to it.

objectives set forth in 10 CFR Part 60. When fully Consequently, the TPA computer code is designed

developed, the TPA computer code will permit as a set of consequence modules largely ,

estimates of overall system (10 CFR 60.112) and independent computational umts, with their
execution controlled by a system manager orsubsystem (10 CFR 60.113) performance, as a executive module. Figure 2-1 shows schematicallyfunction of the specific characteristics of the the data flow and execution dependencies of the

proposed repository site and design. Such
computations take into account the complex subprocesses of the TPA computer code.

.

interactions among site and design subsystems,
components, future states, and processes. Almost all the concepts necessary to model a

Accordingly, the NRC staff expects to use the repository system are included in modules that

TPA computer code to review critical aspects of are controlled by the executive modu /c (also

the performance assessment contained in a U.S. referred to as the system executive or executive).'

Department of Energy (DOE) license application, However, the implementation of these modules is

and as a basis for interactions related to the kept flexible so that various scenarios may be

sufficiency of DOE's site characterization simulated. In other words, no specific conceptual
model is embedded in the executive module,program during the pre-licensing period.
except for the fact that the general approach of

A complete description of the TPA computer scenario analysis is adopted. In the scenario
code is available in the Center for Nuclear Waste approach, the future state of the repository system
Regulatory Analyses (CNWRA) document 93-017 is defined by a set of parameters whose values are
(Sagar and Janetzlw 1993). The requirements for chosen from specified probability distributions.
the code were developed early in the design This set of parameters is assumed to be
process (see Appendix C (" Requirements independent of time for a particular scenario,
Document for TPA Computer Code") in Sagar although this is not strictly required for the
and Janetzke (1993)). He TPA computer code scenario approach. A different scenario is

defined,if parameter values change within the

me principal features of the starrs advanced matel for a segic time span of interest (e.g.,10,000 years). In the
2dD$'fnNpieN"tYrNg(T ""P"*d '""'P"'" ' analyses conducted so far, disruptions defining*
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Figure 2-1 Flow diagram showing the elements of the total-system performance assessment
computer code (Biese elements are described in Section 2.1.3. The dashed line shows
which elements are controlled by the executive module, described in Section 2.1.2.)
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scenarios occur at a specified time and the consequence modules are designed to be executed
disturbed state then remains constant, which is either as part of a TPA computer code or
probably reasonable for every scenario except independently. The standard documentation
those involving pluvial climate. prepared for these programs will also apply to

'

their use in the TPA computer code, with minor
Automated features included in the system modifications to input and output procedures,
facilitate the unattended running of a set of which are explained in CNWRA 91-009 (Sagar
multiple scenarios with associated output. and Janetzke,1991). The TPA computer code uses

a dedicated subroutine to handle the setup and
The TPA computer code consists of four basic initiation of each subprocess. An additional
parts: subroutine is required to read any results that

may be provided to the executive by a particular
o The system manager or executive modide; subprocess. The subprocess is created as the

i result of a CALL to a utility routine, which is
Algorithm (s) to sample from statistical specific to the operating system. This CALL is theo
distributions; mechanism that starts the subprocess. Control is

returned to the executive module at the end of the
Algon. hm(s) to model future states or execution of the subprocess.to
scenarios; and

The subprocess for obtaining samples from
o Algorithms to model internal repository specified statistical distributions is based on the

system processes such as source term, Latin flypercube Sampling (LilS) method (see
transport, and consequences. Iman and Shortencarier,1984). Other programs )

used as subprocesses include algorithms for
Consequences are quantified in terms of computing flow fields, estimation of doses, and
cumulative releases and dose-to-man. In addition, calculation of consequences of scenarios such as
algorithms to compute sensitivities and perform human intrusion. Modules to calculate
uncertainty analyses are executed separately as an sensitivities of the final results (e.g., CCDF) to
auxiliary pmcess (see Chapter 8). selected parameters are implemented as external

. . auxiliary processes.
Although not depicted in the figure, the executive
module of the TPA computer code acts as the The TPA executive code is maintained in the
controller for the overall computer code and CNWRA configuration management system
executes the consequence modules in the desired (TOP-018: CNWRA,1982), and is fully compliant
sequence and ensures that appropnate values of with it,
the common parameters are passed to the ;

appropriate consequence modules. The executive 2.1.3 TPA Module Descriptions
module controls the sequence of execution of
various modules, transfers data to other modules, As noted above and illustrated in the figure, the
and controls data transfer from one module to TPA computer code is organized into a number of
another. Authored principally by R. Janetzke and modules that perform specific computational
13. Sagar at the CNWRA, the executive module of functions. A brief description of each of the TPA
the TPA computer code currently consists of computer code modules is provided below,in
about 21,000 lines of FORTRAN, whereas the alphabetical order.
complete system code (including all modules) is
about 85,000 lines (see Sagar and Janetzke,1993). AIRCOM-This module is mainly utilitarian in
The total execution time for one realization of all nature and does not perform any calculations
consequence modules on the Cray computer was relative to the physics of the overall geologic
about 100 seconds, repository system, except for the introduction of

fractions of contaminated soil that become
The programs for the consequence modules are airborne and respirable for the drilling and
also referred to as subprocesses in the sense that volcanic disruptive events. Its main purpose is to
together they provide the complete process for merge the various airborne release data files
describing the behavior of the repository. The (VOLCANO, DR/LLO, and C14)into one file in
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the proper format for use by the dose module-- CAN72 module is based upon an analytic solution
DITlY(Dose Integrated for Ten Thousand Years; of the linear heat conduction equation, by the
see Napier et al.,1988), as discussed below, and at principle of superposition assuming, a finite
greater length in Chapter 7. number of heat sources. In IPA Phase 2, the

repository is assumed to consist of seven regions
In IPA Phase 2, contaminated soil or gaseous or sub-areas, each repository sub-area comprised j
14CO was assumed to be transported to the of several waste emplacement panels. The mam |2
ground surface above the repository as a result of purpose of CAN72 is to predict the temperature ;

disruption of the geologic repository itself, either of a representative waste package m each of the '

by human intrusion or by an extrusive volcanic seven repository sub-areas needed for the source
event. In this analysis, only a fraction of this term module-SO7EC (Source Term Code)-to
surface radioactivity was assumed to become determine the time at which liquid water can
available for transport by the air pathway to come into contact with the waste packages. The
members of the public beyond the controlled area output is written to a file, which is read by the
(10 CFR 60.2) of the geologic repository. The SOTEC module. SO7EC also uses this
fractions of the radioactivity that were assumed to temperature for the temperature-dependent parts
become airborne were stored in the AIRCOAf of the source term model(e.g., the Cl4 release
module. All the airborne radioactivity was module).
assumed to be respirable (whether in the solid,
liquid, or gaseous states). Any radioactivity that
did not become airborne was considered to in IPA Phase 2, none of the parameters used by

remain undisturbed at the point of release to the CANT 2 is considered random; these parameters
, ,

above-ground surface. Iso did not vary with disruptive scenarios.
Consequently, CANT 2 is executed only once, and

The AIRCOAf values were used as inputs to the the resulting temperatures are used by all the
vectors of all the scenarios.

,

files used by DITTY, to calculate the exposure of
the regional population, or that part of the farm
family, to airborne radioactivity released from the Cl4-In IPA Phase 2,14CO is considered to be2
geologic repository. First, the DRILLO, the only radionuclide that can be transported in
VOLCANO, and Cl4 modules were used to the gas'eous phase. C14 calculates the travel time
calculate the quantities of contaminated soil or and decay of 14CO releases from the source term2i 14gaseous C released to the ground surface at module. Authored by R. Wescott (NMSS) and
various times during the 10,000-year study (as R. Codell this module uses an independently

'

determined by LHS sampling of appropriate calculated time-varying far-field temperature field,
model parameters). Next, these quantities were to determine time dependent gas vek) cities. C14
multiplied by the correspondmg airborne uses the equations of flow, hydrologic parameters
fractions m AIRCOAf to generate the input values from the LIIS sampling module, and the time
(curies per year released to air) for use by the varying temperature field induced by the spentDITlY module, to calculate dose. nuclear fuel, to calculate a time varying gas

vek> city field from the water table to the
This module was developed by A. O' Campo of atmosphere. Releases from the source term are i
the Southwest Research Institute (SwRI). tracked through this field and reduced by

radioactive decay taking into account retardation
CLIAfATO-This module is a place holder for a of14CO , because of the interaction of the host2
future climate-re:ated constituent of a disruptive rock and water. The amount of 14CO released2
event. In IPA Phase 2, climate change is treated from the repository, as calculated by the source
by specifying climate-dependent infiltration rate term module, SOTEC,is provided to Cl4 as an
and water table position for use in the input. The resulting releases to the atmosphere
FLOWAf0D transport module (see Section 6.2). are then passed to the AIRCOAf module in terms

of curies / year, as points in time from repository
CANT 2-The time-dependent temperature of the closure to the end of the period of regulatory
surface of a waste package is calculated in interest, for the purposes of performance
CAN72. Developed by R. Code'l (NMSS), the assessment.
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This module is discussed at greater lugth in contaminated rock. Radioactive material may be
Chapter 4. brought to the surface, in either case.

Authored by N. Eisenberg (NMSS), J. FirthD177Y-De transport of radioactivity to the (NMSS), and C. Freitas (SwRI), the DRILLOIbiosphere is modeled in the DI77Y module. m dule uses sampled data on the seven repositoryD177Y estimates the time integral of collective
suyareas and the distribution of waste packages.dose over a 10,000 year duration for releases (or Tlus m, formation is used, for each borehole, to

, ,

concentrations) of radionue: ides to the accessible determine the region where the borehole is
environment. In IPA Phase 2. the exposure I cated and whether a waste package was struck
pathways of interest included: the atmosphere, during the drilling event. These results are then
land surfaces, the top 15 centimeters of surface used by DRILLO2 to determme the
soil, vegetation, animal products (milk, beef), and c nsequences. The calculated number of direct
drinking water. (Aquatic pathways were not hits and their times of occurrence are also
considered.) The annual releases to the air or , ,

water pathways over the 10,000 year period of supplied to,the SOTEC moduie, for melusion in
the calculation of a source term.

interest were provided as input to Dl77Y by
other consequence modules, in the form of DRILLO2-Consequences from the drilling
average annual concentrations. The values for disruptive events identified in DRILLOI are

,

these concentration-time pairs were ()btained as calculated in DRILLO2. A drill bit hitting a waste
,

outputs directly from NEFI7MN or inchrectly package directly or penetrating contaminated rock
,

from C14 DRILLO2, and VOLCANO, via the is assumed to lift a certain portion of the
AIRCOAf module. radionuclide inventory to the ground surface. The

inventory in a waste package and in the rock
Developed originally for the Hanford site, this surrounding waste packages is as a function of
code was obtained from the Battelle Pacific time, and is used by DRILLO2, to determine
Northwest Laboratories (PNL)in Richland, consequences. A small percentage of the |

Washington. This module considers both air and radioactive material brought to the surface is |
I

liquid transport pathways and calculates both the assumed to be particulate material that becomes
individual and population doses. The DI77Y airborne. This information is then provided to the
module is designed to deal with both acute and AIRCOAf module, for calculation of the respirable
chronic releases, and annual, committed, or fraction of the human dose in DI77Y. The
accumulated doses can be calculated. Several of DRILLO2 module was authored by N. Eisenberg. '

the Hanford site-specific data coded in D177Y J. Firth, and C. Freitas.
were modified. A second generation of dose
calculation codes, GENil, which includes the The detailed features of the DRILLO modules are
original D177Y code, is currently available from discussed in Frietas et al. (1994).
PNL For conceptual models included in DITIY
and its user's manual, see Napier et al. (1988). FLOWAf0D-The computational module entitled

FLOlVAf0D determines the hydrologic flow
. . regime that provides ground-water flux for use in

Tlu.s module is discussed at greater length in the source term module (SOTEC) and transport
Chapter 7. pathways and properties for use in the transport

module-NEFl7MN (Network Flow and
DRILLOI-In IPA Phase 2, the human intrusion transport). The primary functions within
disruptive event is stipulated to consist of drilling FLOWAf0D are the determination of: (a) the
initiated above the geologic repository. The spatial distribution of ground-water flux;(b) the
location of boreholes and the timing of drilling quantity of flow in the matrix and the fracture;(c)
are assumed to be random (see Appendix H fluid vek) cities; and (d) saturation-dependent
(" Analysis for Drilling Scenario")in Codell et al. retardation coefficients. The computational
(1992)). Although a random spatial distribution demands of solving partially saturated flow in
may not be physically realizable, it is used here fractured tuff precluded a direct solution of the
for simplicity. The drill bit can either hit a waste flow equation; therefore, a table interpolation
package directly or it may only penetrate scheme was used to determine spatial distribution
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of flow and the quantity of matrix versus fracture Phase 2, the staff used an improved version
flow. The tables used for these interpolations were designated NEF17MN 11 (see Olague et al.,1991).
based on the results, using a dual-continuum

The NEFl7MN module simulates the transport ofapproach, as set forth in the DCAf3D computer
program (see Updegraff et al.,1991) for radionuclides in the aqueous phase away from the

simulating Yucca Mountain. The interpolation geologic repository, and calculates the mtegrated
,

scheme made use of sampled data for the discharge of radionuclides, over 10,(XX) years, at

infiltration rate and the hydraulic properties of the boundary of the accessible environment and

the matrix and fractures. the time-varying concentration of radionuclides
(used in the calculation of the dose) at the
boundary of the accessible environment. In the ,

FLOWAf0D uses these relationships to determine simul non of radionuclide transport, the following,

the mass fluxes and Particle travel times for each two pnmary factors are accounted for m the
of the stratigraphic units comprising a certain NEFTIMN simulations: (a) element-specific
number of vertical columns corresponding to each retardation of radionuclides, based on the
of the geologic repository sub-areas (seven m IPA geologic unit and the degree of saturation; and (b)
Phase 2). The DCM3D computer program is not a multiple flow paths, to represent the possible dual
part of the TPA computer code. It was executed flow paths caused by fracture and matrix flow. As
separately to create the mput data for shown in Figure 2-1, the pore vek> cities calculated
FLOWAf0D. T1us module was developed by 1,. by FLOWAf0D are provided as input to
McCartin (RES) and W. Ford (NMSS). NEF17MN. In NEFI7MN, the transport domain

is considered to be made up of one-dimensional
This module is discussed at greater length in (1-D) transport paths, along which the
Chapter 4. convection diffusion equation is solved

semi-analytically by the distributed vehicity
LHS-The TPA user can specify various method (DVM). Details of the DVM are available
parameters pertaining to any number of in Olague et al. (1991).
consequence modules to be sampled where
statistical distributions represent uncertainty. The This module is discussed at greater length in

LHS module uses the sampling method of Iman Chapter 4.

and Shortencarier (1984) to create equally likely
parameter vectors. Although only uncorrelated SEISAf0 .The SEIShfD module calculates the
parameters were used in IPA Phase 2 calculations,

pr babilities of failures of waste packages,
bec'ause of a seismic event. The probability of

,

the LHS module is designed to sample from errence of an event of certam magmtude is
correlated parameters also. Two aspects of the considered to be time-dependent. To simplify the

,

LHS module to be noted are: (a) all sampled
parameters, irrespective of which consequence ".nalys,s, a seismic hazard curve representmg

t me-dependence of earthquake magnitudes (peakmodule they belong to, are sampled at one time: accelerations) at a certain probability level (e.g.,and (b) for the analysis of any one scenario, a
single call to the LHS module provides all the 95 percent)is first obtamed. This curve is

obtamed from a f amily of postulated plotsvectors or realizations. between the occurrence probability versus
, carthquake magnitude for a set of fixed time

The computer program for the LHS was obtamed periods. Based on the structural properties of the,

from the Sandia National Laboratones (SNL), container material, a fragility curve representing a
under contract to NRC. The detailed features of relation between peak acceleration and the critical
the LHS module are discussed in Sagar and container wall thickness is derived. The actual
Janetzke (1993). container wall thickness, for waste packages, as

affected by corrosion processes,is obtained from
NEFTR4N-He far-field transport of SOTEC as a function of time, which produces a
radionuclides is treated in the NEFl7MN module. time history of nominal wall thickness, when
The initial version of the code used during IPA considering the undisturbed case. Any time the
Phase 1 was obtained from SNL (see Longsine et critical wall thickness obtained from the fragility
al.,1987) under an NRC research contract. In IPA curve is greater than the actual thickness
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i

produced by the SOTEC, failure occurs. He Monte Carlo sampling is used to generate a
number of such failures is fed back to SOTEC for volcanic event randomly in a rectangular region
calculation of the source term. This module was surrounding the repository horizon. Random
authored by N. Eisenberg, R. Codell, and C. sampling is used to specify: (a) the location of the
Freitas. sampled volcanic eruption:(b) the nature

(intrusive, leading to dike formation and extrusive,
His module is discussed at greater length in leading to dike and/or cone formation) of the
Chapter 6. volcanic event: (c) the dimensions of the dike or ,

cone; and (d) the orientation of the dike. From the
SOTEC-deals with the calculation of aqueous area of the geologic repositmy intercepted by
and gaseous radionuclide time- and space. dikes and cones, the numbers of waste packages
dependent source terms for the geologic failed by the magmatic event are determined
repository. It does so by considering the assuming all intercepted waste packages have
variations in those physical processes expected to failed. This information is used in SOTEC. When
be important for the release of radionuclides from the volcanic event is extrusive, the contents of the
the engineered barrier system. As mentioned failed waste packages are assumed to be released
above,14C is the only radionuclide that is treated to the accessible environment (direct release), and
in the gaseous phase in IPA Phase 2. However, all a fraction of this is assumed to be ejected to the -

14C, are considered in the atmosphere, which is then used in A/RCOM to
'

radionuclides, including
aqueous phase. As shown in the figure,SOTEC calculate human dose, and in the crecutive
provides the aqueous, gaseous, and direct module, to calculate the total release. A more '

radionuclide releases to the geosphere transport detailed description of the VOLCANO module is
modules-Cl4, DRILLO2, NEFTRAN, SE/SMO, given in Lin et al. (1993).
and VOLCANO.

This module is discussed at greater length in

Three primary calculations are done in SOTEC: Chapter 6. !

(a) failure of waste containers because of a Finally, all the consequence modules used for the
combm, ation of corrosion processes and TPA system code are maintained under the

mechamcal stresses;(gCO gas from the.(TOP-018), and will be fully compliant with it

the leachmg of spent fuel: CNWRA configuration management system
and (c) the release of 2
oudation of UO and other components m the upon the receipt of User Guides for CANT 2,2

,

spent nuclear fuel and hardware. In Version 1.0 of FLOWMOD, Cl4, DRILLO, SE/SMO, and
SOTEC (Sagar et al.,1992), general corrosion, jfgcgy,
pittmg, and crevice corrosion are modeled, based
on a temperature-dependent corrosion potential. 2,1,4 Data llandling and Control |The temperatures obtained in CAN72 are
provided as inputs to SOTEC. Leaching rates are The input / output (1/0) files for the TPA system
considered to be either solubility limited or code can generally be divided into four different
congruent to UO rates. This module was types:2

authored by 11. Sagar, R. Codell, J. Walton
Input;(CNWRA), and R. Janetzke. More details are e

available in Sagar et ul. (1992).
Temporary (used for the duration of thee

This inodule is discussed at greater length in current scenario):
Chapter 5. Reusable (used for more than one scenario);e

and |

VOLCANO-Consequences caused by magmatic i

Output. !events are calculated in the VOLCANO module. o
This module was developed by R. Baca ;
(CNWRA), L Lancaster (RES), R. Drake The input files include the TPA input file, LHS 1

{ (CNWRA) and C. Lin (SwRI), and is based on standard input file, .nd standard input files for
,

the work of Margulies et al. (1992). In the each of the consequence modules. The TPA input !

geometric approach followed in VOLCANO, file is prepared in a free-format style. That is, the:

i
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input values are associated with keywords rather this file sequentially until it finds the correct
than with fixed column positions in the input file. vector and then reads the entire parameter set for

This was implemented using a set of standard that vector. The consequence module must then

FORTRAN routines described in CNWRA select its parameters from this set, as specified in

91-005 (Janetzke and Sagar,1991b). a " map" file, which identifies the location of each

The temporary files include the files generated by
the TPA computer code for the purpose of When the modules are executed in a stand-alone
transmitting control parameters to an external mode, sampled parameters are not used, and all
module. These typically contain global parameters the necessary control input is provided via the
(parameters that are common to more than one standard input file. In the TPA computer code,
module) which can override the parameters read however, the sampled data must override any
from the module's standard input file. The values provided in the standard input file. This is
temporary files receive their names from the TPA done by ensuring that the sampled data are read
accutive module and are overwritten for each nw after the standard input file is read, and before
vector processed. In general, only the progrramer any quantities are derived from them.

(and not the end user) needs to access the
temporary files. One of the primary requirements of the

simulation process is that parameters that are
The reusable files are those on which intermediate common to many subprocesses be specified
results from various consequence modules are consistently. Since the design of the TPA software
written. The data in these files may be processed is such that all the subprocesses can run
later by other modules. independently, this consistency is maintained

through the temporary global data files, which
The output files m. elude the output file of the TPA transmit data from the occutive to the conse-
computer code itself, standard output files of each quence modules. These data files contain
one of the consequence modules, error log files, parameters in a fixed order, and the correspond-
and specially formatted files, for external utihties ing consequence module must follow this order
such as tiie TECPLO'I graphics utility (Amtee when extracting the parameters from the file. This
Engmeerm, g,1984). process is completely automated and does not

require m nipulation by the user.
Names of all files except the temporary files can
be read as part of the input. The format-free 2.2 Improvements and Changes S.mceinput process of the TPA accutive is explained in
Sagar and Janetzke (1993). IPA Phase 1

IPA Phase 1 included releases only via the water
2.1.5 Sampled vs. Global Data pathway and direct drilling pathway. Release and
Many of the consequence modules require some transport of MC in the gas phase were considered

of their input parameters to be sampled from a only in an auxiliary analysis, and not in the
certain statistical distribution over a range with evaluation of risk. The source term module was a
known end points. This feature is adapted in a version of the module already existing in
common manner for all of the computational NEFIR4N, modified somewhat for consideration

modules involved. The LHS module is used to of unsaturated flow.
generate the sampled data for all of the param-
eters, and for all vectors of a given scenario. A The analysis of the liquid phase release and
standard LHS input file is created with distribu- transport to the accessible environment
tion specifications for all of the parameters. considered the following mechanisms:
Appendix A lists the distribution and range

One-dimensional steady-state flow andspecifications for the LHS-sampled input param- e

eters used in the IPA Phase 2 analysis. The LHS transport through the unsaturated zone,
module then produces a single onput file, through four parallel columns consisting of
containing a data set for each vector. When a multiple layers of rock under the influence of
consequence module begins execution, it reads normal and pluvial rates of water infiltration.
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o Waste form dissolution, based on the e Treatment of mechanistic models of waste
quantity of water that could enter the waste package failure (including a specified number
package container. of early failures).

Consideration of four disruptiveo An empirical failure-time distribution for the e

waste package canisters. All waste packages events-climate change, seismic shaking,
canisters were considered to fail human intrusion (including exploratory
simultaneously. drilling), and magmatic eruption-for a total

of 16 probability combinations.
Direct release of a portion of the wasteo
brought to the surface in drill cuttings. Considered only 20 radionuclides, on thee

. .

basis of screemng.

IPA Phase 1 considered four scenarios: The principal features of the staff's more
sophisticated computer code in IPA Phase 2 are:

Normal infiltration, no drilling:o

e The execution of the various scenarios is now
o Normal infiltration with drilling; performed under the control of the TPA

crecutive modu /c, with consistent data
Pluvial infiltration, no drilling; and provided automatically to all of theo

consequence modules.

Pluvial infiltration with drilling.o
e h stem executive is responsible for the

'

| The normal infiltration cases considered 500 invocation of the modules and the reading of
the release values after each module is run. Itvectors each. The pluvial scenarios considered

only 98 vectors, because of a problem with long is designed to calculate the CCDF for

run times. There were a total of 29 radionuclides releases by nuclide, pathway, repository
~

sub-area, scenario, and overall.
initially m, eluded in the analysis. Results of the
scenarios were used to generate the conditional Although both internal and external modes are2
CCDFs for each scenario, and combined with available for the TPA caccutive module, the
scenario probabilities to produce an overall internal mode is preferred. This mode ensures
CCDF. The input and output vectors were also that all the modules receive the same input data
used to generate sensitivity analyses, usmg automatically. The individual modules obtain
multiple linear regression and several other much of their control and data information fromtechmques. the system executive: therefore the executive

exercises a degree of precision when invoking the
The IPA Phase 1 analysis relied heavily on manual module to execute a particular scenario or vector.
manipulation of files, rather than the relatively The communication mechanism used for this is
high degree of automation provided by the system formatted ASCII files. These files are called
driver for Phase 2. The LHS, NEF1RAN, and global data files, since much of the content is
sensitivity / uncertainty analyses were submitted common to the consequence modules.
manually and used by the analyst in sequence. By
contrast, in IPA Phase 2, the staff developed a All the sampled parameters from all of the
more sophisticated model and computer code to modules are generated during a single run of the
represent the performance of a geologic LHS module code, and then each module can
repository. The principal features of the staff's select its sampled parameters from the file, using
advanced model were: identical techniques. A mapping file serves to aid

The geologic repository is represented by 2" Internal" versus " external" refers to the manner of cale executiono
and the time at which the output files from the conwquence mal-

seven repository sub-areas. ules are generated. In the internal mode, consequence modules are
run and cumulative radionuchde releases calculated as the system
code is executed. In the external mode. the modules are separate

o Three transport pathways were considered- from the system code, and as a result, the cumulative releaws can

gaseous, aqueous, and direct. be generated and placed n files at any time before steration of the.

system coae.
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the module in extracting the correct parameters For example,in IPA Phase 2, the staff discovered
from the LHS output file, since the LllS program that significant modification (simplification) had
does not organize its output with keys for each to be done to the original design concepts during

parameter. The map file contains the exact the eventual implementation of the TPA computer
k> cation of each sampled parameter for a given code. As noted earlier, the computational

computational module. requirements of modules became prohibitive, and
significant simplifications were required in order

As noted above, in IPA Phase 2, the repository to achieve acceptable execution times. Hence, it is

was divided into additional zones (now seven), recommended that more attention be paid to the

and the normalized release values were stored appropriateness of abstracting the complicated

separately for each repository sub-area, as well as phenomena, to achieve efficient mathematical
each of the 20 nuclides. Moreover, as discussed in models. Moreover, it is recommended that the

Section 2.1.3, several new scenario and TPA computer code (and its modules) be

consequence modules were added to the system considered a dynamic entity, and modifications

code, namely seismicity, volcanism, IdCO gas should readily be pursued, to achieve a more
2

flow, and dosimetry. effective TPA computer code.

Finally, the TPA caccenire can produce a CCDF Finally, considering that the connection between

plot in the TECPLOT format for each scenario, more representative codes and the simpler codes

as well as a total CCDF for all of the scenarios, used to demonstrate compliance is likely to be a

from the single internal array that stores the major issue in licensing, the staff continues to
believe that the abstraction process may be a

normalized release values from all of the subject suitable for the development of regulatoryconsequence modules.
gmdance m the future. |

2.3 Conclusions and Suggestions for 2-Software docuinentation.
Future Work

During the development of several computational
A number of conclusions and recommendations modules, a number of difficulties were
for further work can be drawn from the design, encountered related to software quality assurance
development, and execution of the TPA computer (QA), including the lack of: documented module
code (including its modules), during IPA Phase 2. designs, module integration designs, and
Several of these conclusions and recommeda- documented module testing. IIence, it is
tions were first proposed following IPA Phase 1 recommended that more attention in the future be
but not fully implemented during Phase 2. To the paid to QA procedures.
extent that these conclusions and recommenda-
tions still apply, and should continue to be 3-Continue to evaluate additional computer codes,
considered in future IPA work, they are repeated that could not be acquired and eraluated during the
below. HM Phase 1 or Phase 2 eforts, to determine uhether

existing codes can meet the NRC modeling needs, or
1-The process of abstraction. whether additional code derclopment is needed.

Deriving simple, efficient computational modules As summarized in Section 2.1.3 and noted in
(and attendant computer codes) from more subsequent chapters of this report, several
complete and complex models, to represent the computer codes that appeared to be promising in
performance of components of the repository terms of providing missing parts of the analysis,
system for use in probabilistic simulations,is an and that offered improved treatment of certain
issue that requires more focus and analysis. As aspects of modeling, were evaluated for use in the
noted in IPA Phase 1, general approaches for IPA Phase 2 demonstration. These codes included
achieving satisfactory computational speed, while BIGFLOlV(Ababou and Bagtzoglou,1993),
maintaining an appropriate degree of physical DITE DCM3D (Updegraff et al.,1991), MODFE
representativeness, need to be evolved; this still (Torak,1992), NEFTRAN, PHREEGE (Parkhurst
continues to be the case, based on the staff's et al.,1980), PHREEGM (Nienhuis and Appelo,
Phase 2 work. 1990), and UCBNE41 (Lung et al.,1987).
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2. Tbtal System Code

|

Ilowever, the staff believes that there are be worthwhile investigating in the future are. ;

additional computer codes that need to be TOUGH (Pruess,1987), TOSPAC (Dudley et al.,
evaluated that might provide some additional 1988), AREST(Apted et al.,1989), and EBSPAC
assistance to the staff in its performance (see Sridar et al.,1993).
assessment efforts. Some of the codes that might |

|

!
i

|
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3 SCENARIO ANALYSIS MODULEI

3.1 Introduction hypothetical basalt and salt sites, and by
international organizations involved in the

In IPA Phase 1, a general approach to scenario geologic disposal of high-level radioactive waste
development was identified, but, because of (HLW). This section briefly summarizes the SNL
resource constraints, implemented only to a procedure and then documents the development
limited extent (see " Methodology for Scenario of a final set of scenario classes and correspond-
Development," in Codell et al.,1992, pp. 31-39). ing probability estimates for use in the IPA Phase
Therefore, to identify scenarios for that effort, a 2 effort.
less systematic, more expedient approach was
taken. That approach involved selecting two In this analysis, a " scenario" is defined as any
classes of events (climate change / pluvial postulated future sequence of events and
conditions and human intrusion by exploratory processes (EPs) external to the repository system
drilling) for the analysis, in part, because the which is sufficiently credible to warrant con-
modeling variations needed to accommodate these sideration of its projected effect on repository I

events in the consequence analysis were not performance. These sequences represent some of
excessive. He probability of occurrence for the potential ways in which the repository system
exploratory drilling was determined by following environment might evolve. Such alternate
the guidance provided by the U.S. Environmental evolutions may result from the occurrence of
Protection Agency (EPA),in Appendix B of 40 natural phenomena and/or from human-initiated

2CFR Part 191 (Code of Federal Regulations, Title activity, and could affect the release and transport
40," Protection of Environment")(see EPA,1993; of radionuclides from the repository to the
58 FR 7936). The probability of climate change / accessible environment. A " scenario class"is a
pluvial conditions was determined arbitrarily. A unique combination of processes and/or events |
recommendation arising from the IPA Phase 1 without regard to the order in which they occur. |
effort was to develop and demonstrate a mathe-
matically rigorous, scientifically robust method for 3,2 Description of the SNL Scenarioscenano analysis (see Codell et al.,1992, p. 91).

,

Selection Procedure i

In IPA Phase 2, the staff has applied the Sandia .

National Laboratories (SNL) scenario selection
The SNL scenario selection methodology

procedure to generate scenarios for use in the IPA (Cranwell et al.,1990) consists of a five-step

Phase 2 consequence analysis. The SNL method. Process that, when completed, provides a set of

ology has been applied by the SNL staff to scenanos, with correspondm, g probabilities, for
use in the consequence analysis of a potential

,

HLW disposal site. These steps are:

st$a'tb?I't siatt cas abiYty tWv'IcQ,?rforman$' ann?cn''"""~No.1. Identification of those EPs deemed to be
' ' " " " " ' ' ' ' ' ' '

These figures. hke the demonstration, are hmited by the use of ppfcnfla//y disrupt /Ve O[long-term isolation
"'*"''""P'''"**"""'P"""'*""'P*"'d''*'h of HLIVat a disposal site.

2 Currently a revised set of standards specific to the Yucca hiountain
site is bemg developed in accordance with the provisions of the
Energy Iblicy Act of 1992. The Energy Policy Act of 1992 (Pubhc No. 2. Classification of these EPs.
law 102-486), approved October 24.1992, directs NRC to
promulgate a rule. modifying 10 Cl R Part 60 of its regulations. so
that these regulations are consistent with EPA's pubhe health and No. 3. Screening of these EPs, using well-defined
safety standards for potection of the public from releases lo the CIElfI d-accessible environment from radioactive materials stored or
disposed of at Yucca hiountain. Nevada, consistent with the
findings and recommendations made by the National Academy of
sciences. to EPA. on issues relatmg to the environmental standards No. 4. Formation o[ scenarios by comhm. .mg the
governing the Yucca hiountain repaitory. It is assumed that the EPs remaining after screening.
revised ITA standards for the Yucca hiountam site will not be
substantially different from those currently contained in 40 Cr'Ri

y,',1 * 'y'g^;f,,**,'h'Lly,',',*i"| L'|,',' ,""d "yj"'',,* No. 5. Screening of these scenarios, using well-, , , ,,

postelosure p rformance of the repisitory system. de[/ned criteria.
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3. Scenario Analysis

3.2.1 Step No.1-Identification of Events these EPs, it is essential that the analysis focuses
and Processes on those EPs that are sufficiently credible to

warrant consideration so that the task of scenario
The initial step in the SNL procedure is the identification (and the subsequent consequence
identification of EPs that are considered to be analysis) remains tractable. Therefore, using
potentially disruptive of waste isolation at the weli. defined criteria, it should be possible to
particular HLW disposal site in question. 'Ihese eliminate some of the identified and classified
EPs, which should be as comprehensive and EPs from further consideration. Basic screening
complete as possible, are identified by persons criteria include:
knowledgeable in the fields of earth science and
waste management and would include both The physical reasonableness of occurrence ofe
natural and human. induced phenomena. The use the EP at the site;
of generic lists of EPs (e.g., see International
Atomic Energy Agency (IAEA),1981) can help to EPs whose occurrence are impossible because
ensure that important site-specific phenomena are of the characteristics of the waste, facility, or
not overlooked. site can be removedfrom the analysis, based on

a lack ofphysical reasonableness.

3.2.2 Step No. 2-Classification of Events
The probability of occurrence of the EP: and*and Processes

The second step in the methadology is the cate. EPs with very low probabilities of occurrence
gorization of the EPs. This can be accomplished also can be screenedfrom further consider-
using any of a number of diiferent classification ation. The value used as the criterion for
schemes. Criteria for classification might include: screening should be consistent with the

appropriate regulations. For example, EPA
The origin and physical characteristics of the guidance in 40 CFR Part 191 is such thato
EPs (i.e., natural, human-initiated, or waste-/ categories of EPs estimated to have less than 1
repositoty-induced); chance in 10,000 of occurring over 10,000 years

need not be considered.
o The manner of influence the EPs have on the

The potential consequences associated with! repository system and surrounding geology e

| (e.g., whether they affect near-field or the EP's occurrence.
far-field processes or phenomena):

EPs may be screened if their occurrence has
The time oi occurrence (e.g., between 0 to insigmficant potential effects on the naturalo
100,101 to 1000, or 1001 to 10,000 years); and properties of the site (e.g., the hydraulic head

distnbution). Such ajudgment would require
The probability of occurrence (e.g., likely, flow and thermomechanical analyses to beo
unlikely but possible, or very unlikely). made. In addition, EPs with similar conse-

quences may be grouped together as long as
The classification of EPs provides an opportunity their probabilities are appropriately combined.
to ensure that important phenomena are not
omitted, and as such, this step is iteratively linked 3.2.4 Step No. 4-Combination of Events
with Step No.1. In addition, this particular step and Processes into Scenarios
also imparts an imtial organization to the

, ,

collection of EPs, which is needed to begin In the fourth step, the EPs remaining after screen-
developing and analyzing potential scenarios. ing are combin;d into scenarios. These scenarios

are formed using a logic diagram or similar

3.2.3 Step No. 3-Screening of Events and device, to ensure that all possible combinations of
the EPs are identified and examined. The numberProcenes
of scenarios developed will depend on the number

Given th potentially large collection of EPs that of EPs available (i.e., if n phenomena remain
could be identified and the correspondingly large following initial screening, then 2'' scenarios are
number of scenarios that could be formed from possible). For example, in Figure 3-1, five EPs
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1

3. Scenario Analysis
1

i

(designated R1, R2, 71, T2, and T3) are linked to conducted by the IPA staff over a period of
5form 32 (2 ) scenarios, where, under the SNL several months. Bonano et al. (1990) present the.'

procedure, each specific path through the tree is process of formalizing the elicitation and use of
called a " scenario." expert judgment in the performance assessment of

HLW repositories in deep geologic formations.;

In Figure 3-1, one of the combinations is labeled However, this formal process was not followed in
" base case." Under the SNL methodology, the the collection and use of the opinions expressed in

;

base case scenario represents an initial con- the staff discussions. Instead, an informal'

ceptualization of the disposal system, which approach was taken in which open discussions of
includes the characteristics of the geologic site, the potentially disruptive EPs, their possible
the underground facility, and the emplaced waste effects on the system, and their relative likeli-'

(Bonano et al.,1989). In this scenario, all com- hoods were combined with more detailed
ponents of the engineered barrier system (EBS), individually-submitted written information on the-

consisting of the underground facility and the same topics, with documentation of the staff
waste packages (10 CFR Part 60.2), are assumed member's reasoning, supported by appropriate i

j to perform as designed, undisturbed by external references and/or general principles.
' phenomena (e.g., igneous activity, exploratory i

drilling). As shown in the figure, other scenarios
'

.

: will be perturbations to these nominal conditions
3.3.1 Identification and Classification of#

(Cranwell et al.,1990).
Events and Processes

3.2.5 Step No. 5-Screening of Scenarios'

Before identifying an initial set of potentially )

: The newly-formed scenarios are then screened disruptive phenomena for consideration, the ;
'

using criteria similar to those applied in the initial boundaries of the repository system first were I

screening of the EPs: physical reasonableness, defined. In an approach similar to that taken in
probability, and potential consequences. Screen- the IPA Phase 1 scenario development effort.

ing based on physical reasonableness, for exam- (Codell et al.,1992: pp. 31-32), these boundaries
i ple, would eliminate incompatible combinations were chosen to be largely coincident with those of
i of various EPs. the accessible environment. For this analysis, the
i repository system was defined as extending 5
! Provided that the EPs are mutually independent kilometers horizontally from the outer perimeter

(i.e., the occurrence or non-occurrence of one EP of the proposed repository, and vertically from the
,

t has no influence on the subsequent occurrence or land surface to a depth just below the current
j non-occurrence of another EP and vice versa), water table,
j individual scenario probabilities can be calculated

by multiplying the likelihoods of the different EPs1

! comprising the scenario. If the EPs are not Phenomena initiated beyond these boundaries
i mutually independent, then conditional probabili- were classified as external perturbations of the

ties are used. The probability value used should system, even if the effects of the phenomena
; be consistent with appropriate regulations, occurred within the repository. Thus, for example,
I fault displacement in the repository would be

Scenarios can be screened if there are no conse- classified as an external event, because the
quences associated with their occurrence. Conse- tectonic forces responsible for initiating the
quences, in this case, refer to either radionuclide movement can be considered external to the
discharges to the accessible environment or to the system. Exploratory drilling would be classified as
health effects resulting from such releases. an external event for similar reasons. Phenomena,

such as waste canister corrosion and borehole seal
! 3.3 IPA Phase 2 Scenario Development degradation, on the other hand, occur within the

Using the SNL Methodology system boundaries, and thus would be classified
<

as internal processes. Under this class,fication,' i

; The development of scenario classes for IPA external phenomena were retained for
Phase 2, using the SNL methodology, was consideration in the scenario analysis, whereas

3-3 NUREG-1464
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|3. Scenario Analysis

}

R1 R2 T1 T2 T3-

i i i i i

,

Base Case,

' E. R2 TI, TT T3
~

R1, R2, T1, T2, T3 i

R1, R2, T1, T2, T3
i

R1, R2, T1, T2, T3

R1,R2, T1, T2. T3

R1, R2, 71, 72, T3

M, R2 T1, T2, T3

R1, R2, T1. T2, T3'

j R1,R2, T1, T2, T3

i
- R1, R2, T1, T2, T3

R1, R2, T1, T2, T3
V

NO
t _R1, R2, T1. T2, T3_-

J R1, R2, T1, T2, 73

R1, R2, T1, T2, T3
_

T1, T2, T3R1, R2,

R1, R2, 71, T2, T3

y R1, R2, T1, T2, T3

YES R1, R2, T1, T2, T3

R1, R2, 71, T2, T3

R1, R2, T1, T2, T3

R1,R2, T1, T2, T3

R1, R2, T1, T2, T3

R1,R2 T1, T2, T3

R1, R2, T1, T2, T3

R1, R2, E Ti T3

R1, R2, it. T2, T3
__

R1, R2, 71, T2, T3

j R1, R2, T1, T2, T3__

R1, R2, 71, TT T3

N R1, R2, T1, 72, Y3

R1, R2, T1, T2, T3

Figure 3-1 Potential combinations of two releases (R) and three transport (T) phenomena
(Adopted from Cranwell et al (1990))
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3. Scenario Analysis

internal events and processes, including features under each identified EP. In keeping the detail for I
of the site (e.g., faults), were assumed to be the EPs at this broad level, the staff considers !

incorporated into the models and data bases used that the EPA screening criteria based on prob-
to describe the system. This approach differs ability (i.. ., less than 1 x 10 over 10.000 years)4

from that proposed by Cranwell et al. since they can be applied more appropriately. Also, because
include internal processes and features (e.g., categories of EPs are being considered, classes of
borehole seal degradation, faults)in their scenario scenarios, rather than explicitly-defined individual
analysis (Cranwell et al.,1990; pp. 26,44-53). scenarios, will be produced by this analysis. Con-

sequence modeling of individual scenarios repre-
As discussed previously in Codell et al. (1992; senting the scenario classes generated through
pp. 31-32), the approach adopted here differs this procedure is discussed in the following
from those proposed by other analysts. chapters.
Hodgkinson and Sumerling (1990), for example,
describe a scenario development approach in 3.3.2 Screening of Events and Processes
which no distinction is made between " internal"
phenomena and those occurring outside the All three of the screening criteria (i.e., physical

.

repository. Under this scheme, processes such as reasonableness, probability of occurrence, and

waste canister corrosion would be combined into p tential consequences) identified in Section 3.2.3
scenarios for analysis, and as a result, their list of were used to screen the imtial set of EPs for this

,

nalys,s. Flow and thermodynamic calculations,i" events, features, and processes," incorporating
both internal and external phenomena, contains suggested by Cranwell et al. (1990), were not used

nearly 150 entries. Even after screening of these '".screemng based on potential consequences,
entries, the number of scenarios that could be pn anly because the numencal computer codes
constructed wou!d be quite formidable. The necessary for such analyses gvere not available.
approach chosen for the IPA Phase 2 analysis Instead, screenmg on this entena was based on i

greatly reduces the number of scenarios that can staff judgment.

be generated, and thus the complexity of th
total-system performance assessment. After screening, six EPs remained for staff

consideration:

For the IPA Phase 2 scenario analysis, an initial Igneous Activity-Intrusivee
set of potentially disruptive EPs ('lable 3-1) was

Igneous Activity-Extrusivecompiled from similar lists of those considered: e

Faultinge
in the IPA Phase 1 scenario analysis (Codello .. ;* Se.ismicitycf yf,, 3997); |

Climate Change*

o in the SNL work of Cranwell et al. (1990); Exploratory Drilling !e
and <

lFor this scenario development effort, these six
From the generic list of EPs assembled by the EPs were further reduced to four by combiningo

I AEA (1981). " Intrusive" and " Extrusive Igneous Activity," and
" Faulting" and " Seismicity,"into single EPs. In

This list should not be considered complete nor addition, with respect to a Faulting /Scismicity EP,
comprehensive; further work may identify consequence analysis modeling for IPA Phase 2
additional EPs that warrant at least initial focused solely on the effects of seismicity, and
consideration within a scenario analysis for the therefore, the final se' of EPs to be combined into
Yucca Mountain site. scenarios for IPA Ph:.se 2 was:

Igneous Actiuty
|It is important to note that these EPs can be *

considered as " categories" of events and '

Seismicity.
processes since, implicitly, the entire range of

Climate Changeepossible manifestation styles, h> cations, and times
(i.e., "subevents" and "subprocesses") is contained Exploratory Drillinge
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3. Scenario Analysis

Table 3-1 Initial Set of Potentially Disruptive Events and Processes

Natural Events and Processes Human-initiated Events and Processes

A. Igneous Activity A. Climate control (e.g., greenhouse effect)

1. Extrusive B. War

2. Intrusive C. Nuclear weapon testing at Nevada Test Site

B. Tectonic Activity D. Exploratory drilling for natural resources

1. Regional uplift E. Mining

2. Regional subsidence 1. Surface-based (open pit)

3. Seismicity 2. Underground shafts and drifts ;

4. Faulting E Large-scale alterations to hydrology (e.g., dams)
:

C. Climatic Conditions

1. Current climate-extreme phenomena

2. Climate change

D. Other

1. Sea level change

2. Tsunamis /seiches

3. Meteorite impact

3.3.2.1 Rationales Used to Screen Events and denudation and local incision, associated with
Processes current and projected climatic conditions, should

be examined, if necessary, in future analyses.
The rationales used to screen particular initial
EPs from further consideration in IPA Phase 2
are discussed next. These rationales are 2. Current climate (extreme phenomena)

necessarily preliminary and will need to be
Ttu. . . ial EP was screened because suchs mitrevisited when the appropriate models, codes, and
P enomena would be included under the currenthdata are available for this purpose. climate conditions, which are part of the
base-case scenario class.

1. Regional uplift / subsidence

Potential consequences associated with the 3. Sea lerel changes
occurrence of these initial EPs were deemed to be
insignificant. The proposed repository willlie This initial EP was screened because of insig-
approximately 300 meters below the ground nificant potential effects on repository perform-
surface and about 180 to 400 meters above the ance. Yucca Mountain and vicinity are part of the
regional water table, whereas rates of regional Death Valley internally-drained groundwater
vertical tectonic movement are estimated to be basin system, and therefore, significant sea level
less than 3 centimeters /1000 years (DOE,1988b; changes would not affect the stream baselines or
p.1-28). Therefore, regional uplift / subsidence the water-table elevation (Ross,1987). In addition,
alone would appear to have negligible direct changes in the sea level are related to global
effects on repository performance over the phenomena and processes, such as climatic
10.000-year period of regulatory interest. The variations and plate tectonics. Site performance
potential impacts of erosion, both regional may be more sensitive to these processes instead.

NUREG-1464 3-6
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3. Scenario Analysis

4. hunamistseiches 9. Mining

Rese initial EPs were screened because of the Mining for mineral resources at Yucca Mountain
low probability of occurrence at the site. Yucca could involve either surface (e.g., open pit) or
Mountain is located several hundred miles from subsurface techniques (e.g., shafts and/or drifts).
the Pacific Ocean, in an arid climate, and is not The seismic effects of surface and subsurface
overlain by large bodies of surface-water mining operations would not appear to have a
necessary for seiche formation (DOE,1988a; significant effect on the post-closure performance
p. 29). of a mined geologic repository at Yucca Mountain

(Raney,1990a). The possible impacts of an open
pit mine as a potential site of localized infiltration5. Meteorite impact
should be exammed, if necessary, m, future

This initial EP was screened because of the low analyses. Subsurface techniques used to exploit a
probability of its occurrence at the site. Various proposed mineral deposit below the repository
studies have calculated the likelihood of a horizon could result in the repository being
meteorite impact sufficient to disturb a repository intersected. If the repository were intersected, it is
at depth to be in the range of 10-13/ square assumed that those engaged in such mining
kilometer / year (Cranwell et al.,1990). activities would recognize the incompatibility of

the wastes with their exploration, seal the mined

6. Climate control Penings, and abandon their activities.

I Humandnidated large-nle altadons to
This initial EP was subsumed under the initial

N ##### #JEP: " Climate Change," because consequences
associated with its occurrence would be similar to Large-scale alterations to the groundwater hydrol-
those associated with natural climatic changes. ogy could involve the construction of dams to

| surface flow or of irrigation systems for farming.
7, g,, The construction of a dam in the Yucca Mountain

area would appear to be unlikely, given the arid
,

Disruption of a repository at Yucca Mountain regional climate and the lack of significantI

would likely require the direct impact of a perennial streams in the area (DOE,1988a; p. 29).
thermonuclear weapon; however, Yucca Mountain The use of ground water for irrigation could have
does not appear to be a prime candidate for such the net effect of lowering the water table, and
a focused attack. In addition, any radioactive thus, increasing the thickness of the unsaturated
release associated with the breaching of the zone beneath the repository. This might be
repository would be a minor consideration in a beneficial to site performance. Therefore, this
war in which nuclear weapons were employed. For initial EP was screened from further analysis,
these reasons, this initial EP was screened from

3.3.2.2 Rationales Used to Retain Events andfurther analysis.
Processes for Further Consideration

8. Nuclear weapon testing at the Nerada ' list Site The events and processes retained for consider-
(gfS; ation after screemng are desenbed m detail next.

| For each EP, the following is provided: (1) a
| Subsurface testing of nuclear weapons by the U.S. description of the EP for the Yucca Mountain

government has been conducted at the NTS to the region; (2) a short summary discussion off

north and northeast of Yucca Mountain. potential impacts on repository performance; (3) a
Currently, however, no weapon tests are being discussion of some current issues in estimating
conducted because of the U.S. self-imposed probabilities for the particular EP; and (4) the
moratorium against such testing, which extends approach (and results) used in IPA Phase 2 for
until 19(Xi. Should subsurface nuclear weapon estimating the probability of occurrence for the
testing be resumed in the future, any effects on EP.
site performance in response to the detonation of,

1. Igneous activity (Intruss.re and Ertrusive)| these weapons would be experienced in terms of
| scismicity. For this reason, this initial EP was Description: In the Yucca Mountain region,
| subsumed under the initial EP: " Seismicity." volcanic activity approximately 16 million years
|
|
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3. Scenario Analysis

hiechanical disruption of the undergroundago (Ma), produced several large caldera com- e

plexes k>cated to the north and west of the facility and redistribution of the local stress
proposed site (e.g., Timber Mountain Caldera) regime;
(Figure 3-2). These calderas are associated chiefly

package canisters,gma with the waste
Contact of the ma*with the explosive eruptions of silicic volcanic

which may result in |rocks. Yucca Mountain is underlain by a sequence
of these silicic rocks from about 1,(XX) to 3,(X)0 displacement, fracturing, and shearing of the

meters thick, consisting mainly of welded and canisters (in addition to thermal and |

non-welded ash-flow and air-fall tuffs (DOE, chemical alterations):
1988a; p.17). Volcanic flows and breccias Entrainment of the potentially damagede
commonly occur undergrouno m, the northern waste packages in the rising magma body;
part of Yucca Mountam but are rare in the and
southern part.

Potential release of radionuclides at the*

Approximately 6 to 8 Ma, the volcanic activity in surface associated with volcanic activity.
the region changed into a more quiescent basaltic-
flow type, characterized by low volume eruptions Indirect impacts of igneous activity on repository
of short duration (DOE,1988a; p.18). Within a 30 performance could include:
kilometer radius of the proposed repository site,

e Formatm.n of a regional hydrothermal circu-
29 post-caldera basaltic vents can be identified .
(Crowe et al.,1992). In addition, within the lation system, if the intrusive body were large

immediate vicinity of Yucca Mountain, basaltic enough

dikes are exposed in the myrthern reaches of Creation of barrier (s) to ground-water flow,e
Solitarm Canyon, borings m the vicimty of Yucca possibly leading to a temporary or permanent
Mountam have occasionally mtersected basalt, change in the water-table elevation;
and further away, relatively extensive basaltic
intrusions have been mapped in the area of Paiute Alteration of regional percolation ande

Mesa. The youngest basalt-type volcanic feature ground-water flow paths;
in the area, located at the southern edge of Crater

Thermal and geochemical alteration andFlat, is the Lathrop Wells cinder cone, which may e

have originally formed approximately 130,000 degassing associated with the magmatic
years ago, with possible further eruptions up to as fluids;
recently as 20,0(X) years ago (DOE,1988a; p.18).

e Locah.zation of surface infiltration due to
. , ,

mlcanic eruptions: andAt present, there is considerable debate concern-
ing the age of the volcanic features in the Yucca Creation of preferential radionuclide releasee
Mountain region. The variance in the opinions pathways associated with accompanying
stems from differences in both methods of fracturing and seismicity,
evaluation and interpretations of available data
(see Crowe et al.,1995). The difference is greatest Probability of occurrence considerations: Estimates
for the youngest features, such as the Lathrop of the occurrence of future igneous activity
Wells cone, and decreases as older and older require numerous assumptions concerning the
material is evaluated. temporal and spatial variability of such activity.

To begin addressing such questions of variability,
rotential impacts on radionuclide release and data collected through a program of regional and
tr nsport: Depending on its k) cation and magni- site surface and subsurface investigations must be
tude, igneous activity could directly or indirectly available. These data should include the kica-
affect the waste isolation capabilities of a tions, distribution, and physical characteristics of
proposed repository at Yucca Mountain. Direct the magmatic features (actual and inferred) in the
impacts could result from the intersection of the area, as well as the ages of these various features.
repository by intruding igneous bodies. Such
intersections could severely disrupt the EBS

*Re term " waste package" is med here synonymously with " con-
tlirough. tainer and cannier-

NUREG-1464 3-8
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Figure 3-2 Calderas of the Southwest Nevada volcanic field near Yucca Mountain
(Modified from Maldonado and Koether (1983))
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3. Scenario Analysis

ne program of investigations must also address primarily on the age of the various volcanic
the extent to which some phenomena may still be centers in the Yucca Mountain region (i.e.,

present and undetected, taking into account the including only those younger than 4.5 Ma)(Figure

degree of resolution achieved by the 3-4). Within the AMRV, Smith et al. defined
narrow north-northeast trending "high-risk" zonesinvestigations.
corresponding to cinder-cone alignment orien-

The development of a predictive model of future tations that they hypothesize may develop as a

igneous activity for Yucca Mountain requires a result of structural control (Figure 3-5).

description of the igneous " life history"(past,
present, and future) for the region, based on Once an appropriate region has been defined,
mterpretations of the collected data and magma production rates may be estimated from
calculated age dates. Various conceptual models the calculated volume of magma extruded at the
based on these interpretations would be surface over a particular time period. These
necessary, m areas such as: production rates have been used to determine the

recurrence time for the formation of representa-
The region likely to host potential future tive volumes of past magmatic cycles in the Yuccao
igneous activity; Mountain region (Crowe et al.,1982; and Crowe

and Perry,1989). Based on the available data,
o The mechanics of magmatic ernplacement Crowe et al. (1982) suggest that there has been a

(e.g., mantle-derived magma vs. crustal decrease in the volume of volcanism (i.e., erupted

magma chamber; the rate of magma volumes) through time in the NTS region. Magma
production in the subsurface; the amount of production rates based on estimated surface
magma necessary for intrusive or extrusive magma volumes may not accurately reflect "true"
activity); and production rates, because the calculations ignore

the subsurface component of the igneous activity.

The cyclic nature of the magmatism in the Shaw (1987) has proposed that, in general, onlyo
region (e.g., waxing / waning, monocyclic/ about one-third of the total magma production is

polycyclic, relationship of local region to a reflected at the surface.
larger region).

To adequate 1y assess the risk to a proposed
'Ib determine the parameters required for igneous repositmy site fmm future igneous activity, it is

,
,

activity probability calculations, it is necessary to also important to determme whether there ,s a
,

i
define a particular region in which the appropri- cyclic nature to the activity m the, region (n.,

,

ate data would be gathered. The definition of such whether activity is waxmg or wamng, monocych,e
regions will need to be based on an understanding r p lycyche, and if so, where m the cycle (s) the
of the relationship, both temporal and spatial, regmn is presently). Ideally, this assessment will

,

between the regional tectonic features (e.g., be based on a relatively complete understandmg
variously oriented fault zones) and identified and f the complex processes mvolved in magma
inferred intrusive and volcanic features. Several gener tion at depth and the controls on the
studies have attempted to do this for the Yucca magm s ascent to the surface or near subsurface.
Mountain region (e.g., Crowe et al.,1982; Crowe Lacking this understandmg, other methods of
and Perry,1989; and Smith et al.,1990). Crowe desen,bing the expression of igneous activity have
and Perry (1989), for example, defined the Crater been used. The potential rates,of future volcame
Flat Volcanic Zone (CFVZ)in their attempt to actMty fm 0te Yucca Mountam region have been
identify a region potentially more likely to host est,imated us, g both counts of volcame centersm
future volcanic activity (Figure 3-3). The withm a particular age range, and examination of

,

northwest trend of Quaternary-age volcanic cones m 8m Product,on rates (Crowe et al.,1982;i
(recognized and inferred) and lava flows in the
CFVZ is thought to be related to a strike-slip }'e and Perry,1989; and Marguhes et al.,
fault beneath Crater Flat and the Amargosa

'

Valley postulated by Schweickert (1989). Smith et
al. (1990) identified a larger region, the " Area of Crowe et al. (1982) used the rates of activity to

Most Recent Volcanism"(AMRV), based calculate the range in the probability of volcanic

NUREG-1464 3-10
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bution of the youngest episodes of basaltic volcanism in the Yucca Mountain region in-
cluding outlines of major silicie caldera complexes. AV: Aeromagnetic anomalies of
Amargosa Valley; BB: Buckboard Mesa basalt; LW: Lathrop Wells volcanic center; NC:
Nye Canyon basalt; PM: Pahute Mesa basalt; PR: Paiute Ridge basalt; RW: Rocket Wash
basalt; SB: Sleeping Butte volcanic centers; SC: Scarp Canyon basalt; YM: Yucca Moun-
tain; and *: Inferred buried basalt centers or intrusive rocks. Modified from Crowe and
Perry (1989, p. 328))
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Figure 3-5 Postulated AMRV and "high-risk" zones (designated by rectangles)(Volcanic areas
are as follows: BM: Buckboard Mesa; CF: Crater Flat; LW: Lathrop Wells: SB: Sleep-
ing Butte; and YM: Yucca Mountain. Adopted from Smith et al. (1990).)

disruption of the proposed repository site. In event at Yucca Mountain was estimated to be
determining these probabilities, Crowe et al. 1.7x 104 over 10,000 years. Margulies et al. also
assumed a simple (homogeneous) Poisson examined the effects of:
distribution in time and space, such that the rate
of magmatic eruption over time is constant and A spatially varying recurrence rate, withe

individual eruptive events occur independently. zones of '' enhanced magmatism" within the
The calculated probabilities ranged from given region; and
3.3 x 10-10 to 4.7x 10-8 per year, depending on:

A change in the rate of occurrence of igneous
.

e

o Whether the rate was determined from vent etivity for the region at a given time.

counts or magma production rates; and Homogeneous Poisson models, however, may not
be appropriate for use in probability calculations

o The regian defined for the calculation. for the Yucca Mountain region, because such
. models do not accurately describe volcano

The basic model proposed by Margulies et al. distributions, are unlikely to reflect accurately the
(1992) also assumed a temporally and spatially probability of future volcanic activity, and may
homogeneous Poisson distribution for volcanic underestimate the probability of volcanic events.
centers. The recurrence rate in the model was Statistical tests, such as the Hopkins F-test and
estimated by summing the number of volcanos the Clark-Evans test, indicate that, spatially,
within the AMRV proposed by Smith et al. (1990), volcanos in the region do not have a homoge-
and dividing this number by the area of the neous Poisson distribution (Connor and Hill,
AMRV and the time interval over which the vents 1993). In addition, several investigators have
have been active. The probability of an igneous argued that temporally homogeneous Poisson

3-13 NUREG-1464
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3. Scenario Analysis

models are inappropriate for volcanic fields in was assumed to ensure that any potential modeled

general and the probability of future volcanic igneous activity intercepting the repository will be
events in the Yucca Mountain region in particular included in the analysis. The size and shape of

(110 et al.,1991; Ho,1990,1992: Mcl3irney,1992; this area are not related to geologic structure in

and Sheridan,1992). Additionally, the scarcity of the region, but were solely based on the distribu-
and the uncertainty in the data for the region may tion of dike sizes assumed for the consequence

2
not support the use of a simple Poisson model for analysis. The simulation area encompasses a 1. -

predicting future volcanism in the area. For these by 12-kilometer area around the repository.
reasons, employing such models to predict the Therefore, for the IPA Phase 2 scenario analysis,future occurrence of volcanic activity may under-
estimate the risk of volcanism for the proposed the probability ofigneous activity within the
Yucca Mountain repository site. simulation area over the next 10,000 years is:

Probabilityfor IPA Phase 2. As just discussed, a Pm = TQAs n 0.03. (3-2)
homogeneous Poisson model does not adequately
describe the distribution of existing volcanic cones
in the Yucca Mountain region. A model to This scenario probability is higher than proba-

estimate the probability of volcanic disruption of bilities estimated previously for the repository

the proposed site will need to reflect the statis.
area (e.g., Crowe et al.,1982: and Margulies et al.,
1992) because of a combination of factors. First, a

tically significant amount of vent clustering in the nonhomogeneous Poisson model, rather than a
region. In the IPA Phase 2 analysis, the staff homogeneous Poisson model, was used. Secondly,based its probability estimate on the work of the probability of occurrence of an intrusive dikeConnor and 11i11 (1993), who used a nonhomoge.
neous Poisson model calculated by near-neighbor (assumed to be ten times that of a volcanic event)

was included in the estimate. Finally, the region
methods to estimate the probability of volcanic for which the probability estimate applies is a
disruption within an 8 square kilometer area, over simulation area that bounds the repository and
the next 10,000 years in the Yucca Mountain which is some 18 times larger than the repository
region. Assuming a late Quaternary recurrence
rate of 712 volcanos /million years, they estimated area. It is also important to note, however, that

because the simulation area is large enough to
a probability of disruption of between 8.0x10-5 to

3.4x10 in 10,000 years, with most estimates include all modeled igneous activity that may4

and 3x10 . For the purposes of intercept the repository, a significant number of44between 1x10
this scenario analysis effort, a probability equal to igneous events may not do so, and therefore, as

1.5x10 over 10,000 years will be used. modeled in the consequence analysis, such events4
may have no impact on repository performance.

Given that the probability of volcanic disruption As a result, the probability of igneous activity

in the vicinity of the repository is taken to be directly affecting the repository is actually less .

1.5x10 , the probability of such a disruption per than the given value.4

unit area (i.e. per square kilometer),py,is equal As a fina1 note, although the use of nonhomoge-dto 1.875x10 . Next, for the consequence neous Po,sson models can address the tendency ofi
modeling of the effects of igneous activity on y lcam,e centers to cluster withm a volcame field
repository performance (see Section 6.4), the through time, estimations of the probability of ;likelihood of an intrusive dike was assumed to be future volcam,e activity (and intrusive activity, as
10 times that of a volcanic eruption. Therefore,
the probability of an igneous event (formation of well) will need to take m, to account additional ,

geolog,ical information (e.g., pre-existing tectome
,

a volcanic cone or an intrusive dike) per unit area structure, strain rate) before more refined
in the next 10,000 years is: assessments of the probability of such activity can

be made with confidence (Connor and Hill,1993).
4Pm__ = lip, e 2.1 x 10 (3-1).

2. Scismicity

in estimating the consequences of igneous activity, Description: Yucca Mountain is located in the
a simulation area, A,, bounding the repository site Basin and Range tectonic province that

NUREG-1464 3-14
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3. Scenario Analysis

constitutes the southwestern portion of the North Most of the major faults in the area of Yucca
American crustal plate. The Basin and Range is Mountain have experienced displacement during
characterized by more or less regularly spaced the Quaternary Period. Relatively moderate
northerly-oriented subparallel mountain ranges seismic activity continues today along strike-slip
and intervening alluvium basins formed by fault zones northwest, southwest, and southeast of
extensional faulting. The faulting in southern Yucca Mountain, and there is evidence that
Nevada occurred mainly in resp (mse to the seismic activity with associated surface fault
tectonic activity that has occurred in the Basin displacements have occurred during this century
and Range over the last 15 million years (DOE, in the Walker Lane shear zone (Yount et al.,1993)

1988a; p.18). which may extend through the site. Tables 3-2 and
3-3 (modified after DOE,1989b; p.1-166) provide
a listing of recorded earthquakes of magnitude 4.0

Faults in the Yucca Mountain region can be or greater that have occurred in or near the
grouped into three major systems depending upon Southern Great Basin since 1857. Meremonte and
their orientation: northwest (e.g., the Yucca Wash Rogers (1987) documented all historical Southern
fault): northeast (e.g., the Rock Valley Fault zone); Great Basin earthquakes (i.e., from 1868 to 1978).
and north to northeast (e.g., the Solitario Canyon
and Ghost Dance faults). Detachment faults have Studies of tectonic and stress regimes in the
been postulated in many recent models of Yucca Mountain region are not complete, but they
tectonism for the Yucca Mountain region (e.g., suggest the region is characterized by north-
Scott and Rosenbaum,1986). westerly extension, with normal and strike-slip

faulting. The chief sources of information on the
# E""# " " #

Yucca Mountain is composed of a series of north-
trending structural bhicks that have been tilted e In-situ stress measurements;
eastward along west-dipping, high-angle normal
faults. The proposed repository bhick is bounded Calculated earthquake focal mechanisms; ande
by faults: on the west by the Sohtario Canyon
fault, on the northeast by the Drill Hole Wash The orientation and nature (i.e., sense ofe
structure, and on the east and southeast by the movement) of the regional and kical faults,
western edge of an ,mbricate normal fault zone.i
The Ghost Dance fault transects the proposed Large uncertainties exist in the assessment of the
kication for the underground repository. The earthquake potential of geologic structures and
faults at T ucca Mountam me ude both kical faults seismogenic zones in the Southern Great Basin.
related to the formation of calderas and longer These are caused, in part, by:
regional faults of the Basm-and Range type
(DOE,1988a: p. 20). 'Ihe sparse historical record (past 150 years)e

of seismicity in the region:

The site is in a region of diffuse seismicity (earth-
An equivocal association of historicalquake activity). In the past 150 years, eigitt major e

earthquakes (with magnitudes of 6.5 or more) earthquakes with mapped tectonic structures;

have occurred within about 400 kilometers of
Large uncertainties associated with criticalYucca Mountain. The nearest was the 1872 Owens e

Valley carthquake (estimated magnitude of about fault parameters (e.g., fault segmentation, slip

8.25) some 145 kilometers west of Yucca rate):

Mountain. Although, in some instances, earth-
Uncertainty associated with estimatedquake epicenters in the southern Great Basin *

recurrence intervals on kical faults:appear to be related to mapped faults and
regional structures, in the vicinity of Yucca

The potential for earthquake activity to beMountain, generally it has not been possible to e

correlate earthquakes with specific faults or both temporally and spatially clustered in the
tectonic structures (op cit., p. 22). Basin and Range Province:

3-15 NUREG-1464
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Table 3-2 Significant Earthquakes in or near the Southern Great Basin
(Modified from DOE (1988b, pp.1-166 - 1-167).)

Magnitude (M) Distancefrom Yucca
Date Name or Region (Richter Scale) Mountain (km)

Earthquakes of M 2 6.5 within 400 km of the Yucca Mountain Site

9 Jan 1857 Fort Tejon 8 1/4 300

26 Mar 1872 Owens Valley 81/4 150

21 Dec 1932 Cedar Mountain 7.3 202

21 Jul 1952 Kern County 7.7 267

6 Jul 1954 Rainbow Mountain 6.8 331

24 Aug 1954 Rainbow Mountain 6.8 331

16 Dec 1954 Fairview Peak 7.2 276

16 Dec 1954 Dixie Valley 6.9 323

28 Jun 1992 Landers, CA 7.5 300

NUREG-1464 3-16
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Table 3-3 Significant Earthquakes in or near the Southern Great Basin
(Modified from DOE (1988b, pp.1-166 - 1-167).)

Afagnitude (hi) Distancefrom Yucca ,

Date Name or Region (Richter Scale) Afountain (km) |

Selected Earthquakes of M 2 4.0 within 100 km of Yucca Mountain Site |

28 Mar 1934 Gold Flat 4.5 52 )
13 Jun 1939 Northern Death Valley 5.0 73

14 Jun 1945 Last Chance Range 5.0 96

30 Aug 1948 Amargosa Desert 4.0 42

13 Jan 1950 Dome Mountain 4.1 19

16 Jun 1951 Eleana Range 4.5 72 l

28 Jan 1959 Skull Mountain 4.0 23

27 Mar 1961 Skull Mountain 4.4 28

6 Jan 1969 Pahute Mesa 4.5 44

10 Jan 1969 Pahute Mesa 4.6 32

5 Aug 1971 Massachusetts Mountain 4.5 42

15 Feb 1973 Ranger Mountains 4.0 49

12 Jun 1973 Pahute Mesa 4.5 43

28 Oct 1975 Timber Mountain 4.0 30

8 Jan 1976 Pahute Mesa 4.6 52

i 7 Feb 1976 Pahute Mesa 4.8 52
4

29 Jun 1992 Little Skull Mountain 5.6 30

4 30 May 1993 Rock Valley 4.0 35

,

9
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The potential for carthquake activity outside Probability of occurrence considerations: A

of the southern Great Basin to initiate probabilistic seismic hazard analysis provides the
o

earthquakes in or near the site; and frequency distribution of earthquake ground
motion (i.e., it develops an estimate (annual

Large uncertainties associated with probability of occurrence) of earthquakes greater

conceptual models of faulting at the site,
than a given reference earthquake). The annualo

probability that the peak ground acceleration, A,including the potential for coupling of will exceed a certain acceleration, a, at a given site
carthquakes with igneous activity, is defined mathematically by:

Potential impacts on radionuclide release and
transport: Faulting and seismicity in the Yucca P(A > a) - P(A > alm,r)F,m(m)Fr(r)dm dr,t

Mountain region could have significant effects on (3-3)
_,

waste isolation. Displacement along the Ghost
Dance Fault could potentially shear waste where P{A > alm,r} is the probability that the
packages, exposing the contents of the packages acceleration A is greater than a, for an earthquake

,

to transport. In addition to the potential shearing, of magnitude m at a distance r, and F,m and F,rcanisters away from the movement will experience are the probability distance functions for magni-the effects of the accompanying seismic wave,
tude and density, respectively. Figure 3-6 shows

which could include: the three basic inputs (Step Nos.1 to 3 in the
fi ure) needed to calculate the probabilistic8The shaking of the waste packages in their sessime hazard (Step No. 4).o ,

emplacement holes, possibly damaging or
even rupturing the canisters; and The development of a probabilistic model for

seismic and fault hazards requires data and
The loss of the air gap because of spalling of assumptions concerning such parameters as: faulto
material into the emplacement hole. rupture lengths, fault shp rates, carthquake

.

magnitude distributions, geometry of the seismic
Host rock material filling an emplacement hole source zones, and attenuation of the seismic
will alter the stress distribution on the waste waves.
package and could provide an avenue for water to
come into contact with the waste package, thus Within the last decade, different probabilistic
increasing the probabihty of corrosion and the seismic hazard methodologies have been
potential for failure. developed. The principal methodologies were

those developed to assess the seismic hazard for
Fault movement and accompanying seismicity nuclear power reactors in the eastern U.S. (e.g.,
could affect the hydrologic system in the Yucca Electric Power Research Institute (EPRI) 1986;
Mountain region, through: and Bernreuter et al.,1989); however, the

applicability of these methodologies for an HLW
Creation, destruction, or modification of repository in the v,estern U.S. has yet to bee
barriers to ground-water flow; determined. The seismic hazard model and the

basic methodology to estimate seismic hazards at

Alteration of the fracture network and a site have been described in detail by Cornelle

thereby the flow paths for infiltrating waters; (1968,1971), McGuire (1976). and Algermissen et

and al. (1982).

The initial step in conducting a seismic hazard
Seismic pumping leading to short-term ,e
changes in the water-table elevation (Carrigan analysis for a site is the definition of a sensmic

hazard model. To define such a model, it is
,

et al.,1991).
necessary to:

Repeated seismicity passing through the site could Identify the seismic source zones;e
have pronounced effects on waste package

Describe the magnitude recurrence model:lifetimes, especially as the packages age. e

NUREG-1464 3-18
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Figure 3-6 Basic steps in a probabilistic seismic hazard analysis (Adopted from the
TERA Corporation (1978).)

o Describe the ground attenuation model; and adequate data for use in determining slip rates
and the attenuation model become available.o Identify the fault slip rate.

After obtaining this information (Step Nos.1 Probabilityfor IPA Phase 2: For the purposes of
through 3 of Figure 3-6), the probability of estimating a probability, seismicity is assumed to
exceeding a certain acceleration or a certain fault affect the repository only through the effects of
displacement value can be calculated (Step No. 4). the seismic acceleration on the waste canisters.
Software programs developed by EPRI (1986) or Over time, as a waste canister corrodes, the
Bernreuter et al. (1989) can be used to calculate thickness of its walls will decrease, and thus, a
the seismic hazards, progressively reduced level of seismic acceleration

will be needed to fail the canister, either by
Figures 3-7 to 3-9 present results for seismic exceeding the yield strength of the canister
hazard and fault displacement analyses conducted material or by buckling the canister via impact
for the Yucca Mountain region from the work of with the emplacement hole. Therefore, a
URS/Jahn A. Blume & Associates (1987). These relationship between the thickness of the canister
results are based on a sparse data set, the walls with time and the likelihood of a scismic
Campbell attenuation model for Utah (Campbell acceleration necessary to fail the canister was
et al.,1982) was used, and a specific slip rate was established. As discussed in Section 6.4, canisters
assumed. The results presented here will likely were assumed to fail when the seismically-induced
change as site characterization continues and stress at the base of the canister exceeded the
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3. Scenario Analysis

yield strength of the waste canister material. First, changes associated with the uplift of the Sierra
a critical canister wall thickness was calculated Nevada and Transverse Ranges.

4(9.8x10 meters); a waste package canister with
walls thinner than this would collapse under its Potentialimpacts on radionuclide relcase and

own weight. Then, an acceleration necessary to transport: Climatic changes over the next 10.000

fail a canister with walls of critical thickness was years could have significant effects on the regional
calculated (6.7x10-3 g). The recurrence rate for and local hydrologic system and therefore on the
this level of acceleration is approximately equal to long-term performance of a repository at Yucca
0.02 per year, and therefore, the probability of hiountain. A change to more arid conditions
scismic accelerations equal to or greater than this might lead to a further decrease in the frequency
over the next 10,000 years in the Yucca Mountain and intensity of precipitation in the region, as well
region is estimated to be approximately 1.0. This as to an increase in evaporation. Such conditions

is taken to be the probability of seismicity might prove beneficial to repository performance.
affecting the repository for this analysis.

A wetter, cooler climate could lead to increased
infiltration at the site because of increased pre-

3. Climate Change cipitation coupled with a reduction in evapora-
tion. Such an increase in surface infiltration could

Description: The present climate in which the lead potentially to an increase in the amount of

Yucca Mountain site is k>cated is classified as a ground-water flux through the unsaturated zone.
midlatitude-desert climate, characterized by If at sufficient levels, this increased flux could

temperature extremes and annual precipitation of k)cally saturate formations above the repository

less than 150 millimeters. The paucity of precipi. horizon, leading to the formation of perched water

tation in the region is believed to be caused by the tables, the transition from matrix flow to fracture

rainshadow effect of the Sierra Nevada Mountains flow, and an increased flux through the repository.

to the west of the site and the Transverse Ranges Additional water could facilitate waste package

to the south. Rainfall in the area is sporadic, often corrosion, lead to faster dissolution of the UO2

occurring as showers, sona times torrential, which spent fuel matrix, and enhance the release of the

can lead to h> cal floodig,. DOE currently radionuclides from the waste package canisters.

estimates that perhaps less than 0.508 millimeters Below the repository, transport from the

of the annual precipitation percolates to the repository to the accessible environment could be

deeper units of the unsaturated zone (DOE, accelerated because of:

1988a: p. 27). Fracture flow, rather than matrix flow,e

through the unsaturated zone:
Current paleoch,matic data appear to indicate that
there has been a general trend toward warmer A higher water table; ande

and drier conditions in the southern Great Basin
An increased hydraulic gradient in theover the past 18,000 to 20,000 years. interrupted e

by episodes of cooler and wetter conditions saturated zone.
lasting from a few hundred to perhaps 1000 years
(Science Applications International Corporation, If the change to cooler climatic conditions is a
1992). In general, the record of climatic conditions presage to a period of glaciation, the annual
previous to this time back to the beginning of the precipitation rates in the Yucca Mountain region
Quaternary (2 Ma) is not well-preserved. How- could increase dramatically. In the Pleistocene Ice
ever, analysis of calcitic veins at Ash Meadows in Age, although the continental glaciers did not
the Amargosa Desert and of vein calcite cores advance as far south as Yucca Mountain,

from Devils Hole near Ash Meadows indicate that increased precipitation associated with the change
the middle Pleistocene (500 to 750 thousand years to a colder climate led to the formation of
ago) water table was tens to hundreds of meters numerous lakes in the Great Basin province. One
above modern levels (Wmograd and Szabo,1988). of these lakes, Lake Manly, estimated to be about
Winograd and Szabo inferred the drop in the 145 kilometers long and about 10 to 18 kilometers
water table through the Quaternary as resulting wide, formed in Death Valley (Thornbury,1967).
from a combination of k> cal erosion and climatic Presently, few of these lakes still exist, having
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evaporated completely over time or shrunk attempting to predict future climate for 10,000
dramatically in size. years, both types of climate models will be

needed, as models of fast-response components

The addition oflarge amounts of carbon dioxide, provide a " snapshot" view of the climate system

aerosols, and other trace gases to the atmosphere under a particular set of boundary conditions and

through man's activities has the potential for state of slowly varymg components (llunter and

significantly altering future climate, especially in hiann,1989). At present.,such integrated models
the near future ( iext 1000 years or so). Consider- are not available to provide estimates of future

ation of these anthropogenic contributions to ch,m te conditions at the spatial resolution

potential climate change, with respect to the necessary for a proposed repository site.

magnitude or probability of the change, were not
included in the IPA Phase 2 analysis. Given the current knowledge of ch.matic dynam.ics

.

and the geological record of past chmate changes,
major climatic fluctuations may be likely within

An NRC-sponsored clicitation of expert judgment the next 10,000 years (Spaulding,1985). Although
of chmatic conditions m the Yucca hiountain methods of predicting long-term climatic varia-.

region over the next 10,(X)0 years was conducted in tions (on the scale of 1000 to 100,000 years) do
1993 (DeWispelare et al.,1993). Data from this exist, the specific future variation of climatic
effort will be considered in future IPA analyses. parameters may not be entirely predictable (DOE,

1988b; pp. 5-91 - 5-98).
Probability of occurrence considerations: 130th
paleoclimatic data and climate models could be Probabilityfor IPA Phase 2: The determination of a
used in making climate predictions for the 10,(XX)- probability of climate change in the Yucca
year period of regulatory interest. Paleoclimatic hiountain region over the next 10,000 years for use
data for the western U.S. may include lake level in IPA Phase 2 is predicated on the assumption
records from present and former lakes, lake- that the variation in climatic conditions occurs
bottom sediment cores, macrofossil assemblages slowly, such that the period of performance for
from packrat middens, and stratigraphic pollen the repository is short in comparison, and
sequences (SAIC,1992). Wr.en using such data (n therefore, only a single " climate" will prevail
predictions of future climate, one assumes that during the period of performance. In making this
the future variations in the climate system will be assumption, " probabilities" can be assigned to a
similar to those of the past. Ilowever, study of the range of specific climatic conditions, which are
past climate can yield only general indications of then modeled in the consequence analysis uring a
the future climate; explicit forecasts of the course particular data set of precipitation and tempera-
of future climate are not possible, except as ture values. These parametrie values are constant
simple extrapolations of past behavior (flunter then throughout the modeled 10,000-year period
and hiann,1989). Examination of the paleo- of performance.
climatic record can be used in the verification of
modeling past climates and may serve to limit the Given that a change in climate occurs, and that

-

range of variations expected in the future. for the purposes of this scenario analysis, climate
is represented by ranges in average annual'

Climate models can be categorized into those that temperature and average annual precipitation,
describe the slowly varying components of the four scenarios are possible under the " Climate
climate system (e.g., the deep oceans, ice sheets) Change" scenario class: warmer / drier: warmer /
and those that model the fast-response wetter: cooler / drier; and cooler / wetter, all relative
components (e.g., the atmosphere, the upper to the current conditions.
layers of the oceans). Each of these component
categories incorporate multiple temporal and in the IPA Phase 2 consequence analysis,
spatial hierarchies that contribute additional described in Chapter 6, the " Current Climate"
uncertainties about the causes of past climate and " Climate Change" scenario classes were
variations at a particular location and the likely represented by distributions of infiltration rates:
consequences of future variations in the controls however, the link between the temperature and
of the climate system (DOE,198Sb; p. 5-94). In precipitation ranges used in this scenario analysis
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and the infiltration rates used in the consequence although it was recognized that the timespan in
analysis was not made. which a particular climate has prevailed in the

past is not related to the probability that the same
For this effort, probabilities were generated for climate (or any other) will occur or not occur in
the " Climate Change" and the "No Climate the future. Also, it was assumed arbitrarily that
Change" EPs based on paleoclimatic data current climatic conditions included variations in
gathered in a review of available literature, with the average annual temperature between 2*C
the majority of the data obtained from studies of below to 2*C above current levels and in the
plant microfossils contained in the radiocarbon- average annual precipitation of up to 15 percent
dated remains found in packrat middens in the higher or lower than at present. Variations beyond
NTS vicinity (Spaulding,1985). These data were these levels were considered as constituting a
used to bound the potential future variation in change in climate.
average annual temperature and precipitation for
the Yucca Mountain region, as well as to calculate Thus, for the 45,000 years before present (ybp)
the scenario probabilities for the two climate EPs. represented on the graph, the average annual

precipitation appears to have been less than 15
The data used in this analysis are graphed in percent above current levels from 45 900 ybp to
Figure 3-10. It should be stated that, as portrayed 39,0(X) ybp, and again from 10,000 ybp to the
in the figure, the data reDect only the interpreted present, while the temperatures were between 2*C
general trends in climatic conditions for the past below and 2*C above current. For the remainder
45,000 years in the Yucca Mountain region and do of the 45,000 years (between 39,000 ybp and 10,000
not show the true variation in these conditions- ybp), the average annual precipitation ranged
Data for the entire Quaternary Period were not from 16 percent (with 20 percent as a high
compiled by the staff. Based on the results from estimate) to 35 percent (with 40 percent as a high
Spaulding's work, it appears that while the estimate) greater, while the average annual tem-
average annual temperature in the Yucca peratures were 3 to 6*C cooler than at present.
Mountain region has ranged from several degrees Therefore, the probability of "No Climate
Celsius (*C) below current levels to several Change" was taken to be equal to 16,000 years /
degrees above over the past 45,000 years, the 45,000 years, or 0.356, and the probability of
average annual precipitation levels were always " Climate Change" was taken to be equal to
higher than those of the present (although the 1 - (0.356), or 0.644.
data appear to show indications, particularly in
the recent past, that further increases in With respect to the four potential climate change
temperature may actually serve to lessen scenarios identified previously, the data suggest
precipitation at the site). Within the past 45,000 that, given the definitions used in this analysis,
years, the greatest variance from current only present climatic conditions and cooler / wetter
conditions appears to have occurred conditions have prevailed in the Yucca Mountain
approximately 18,000 years ago, at the height of region over the past 45,000 years. Data for the
the Pleistocene Ice Age, when average annual entire Quaternary Period were not compiled by
temperatures had dropped 5 to 7*C below present the staff.
levels and the average annual precipitation had
increased to roughly 35 percent above current 4. Erploration Drilling
levels. Another interesting point is that there
appears to have been a general decline in Description: The Yucca Mountain site is kicated in
precipitation, from approximately 20 percent a natural resource-rich region that includes
above current levels down to today's precipitation current gold production and exploration for
levels in the repository life timeframe of 13,500 hydrocarbons. Gold has been mined within the
years. site vicinity (at Bare Mountain to the west and at

Wahmonie to the east) for over a century (Raney,
Probabilities for this analysis were determined by 1990b) and world-class gold deposits are kicated
taking a simple ratio of the timespan encom- within 25 kilometers of Yucca Mountain. Gold
passed by a particular climate relative to the total exploration and exploitation continues as five new
time (i.e.,45,000 years). This approach was taken mines and prospects have been located within 48
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3. Scenario Analysis

kilometers of the proposed repository site between repository's ability to isolate waste. Such indirect
January 1988 and July 1990 (Raney,1990b). The impacts could include the creation of:
Railroad Valley petroleum deposits are located

Preferential pathways from the surface to thewithin 240 kilometers of the site (Garside et al., e

1988), and recent exploration for petroleum has repository horizon for infiltrating waters; and
occurred within 15 kilometers of Yucca Mountain. . . .

Short-circuit radionuclide transport pathwayseIlowever, site characterization activities to date
have not revealed any direct evidence of through the unsaturated zone below the

significant mineral or petroleum reserves at Yucca repository honzon for water-borne radio-

Mountain, although hydrothermal alteration is nuclides, and from the repository to the

evident at the site (DOE,1988b; p.1-341). surface for released gaseous radionuclides.

. An additional concern is associated with the
Zeolitic clays are mined in playas south of the potentialloss of significant amounts of drilling,

site, and sigmficant quantities of zeolites compose fluids into the geosphere, which may have adverse
part of the Calico Hills formation at the site impacts on hydrologic flow through the repository
(Vam, man et al.,1984). However, it seems unlikely and the geochemistry of the host rock (e.g., its
that zeolites at Yucca Mountain will become sorptive capabilities).
economically attractive because of their depth at
the site and the wide availability of zeolites in The potential magnitude (i.e., severity) of these
more accessible locations throughout Nevada and effects is related to the demand for the particular
the United States. resource (s) being explored for or exploited, the

depth and subsurface extent of the identified or
Geothermal waters are common in the State of inferred deposit (s), and the economic consider-
Nevada (Garside and Schilling,1979) and hot ations involved. Such factors will directly impact
springs are evident within the vicinity of the site. the k> cation and number of holes needed to
However, in site characterization activities to exhaustively explore for or exploit the resource (s).
date, only low-grade geothermal temperatures
have been observed in ground water at or near the Probability ofoccurrence considerations: Estimates
proposed repository site (DOE,198Sb; pp.1-305 of the probability of future human intrusion at the
- 1-313; and Benson and McKinley,1985). Yucca Mountam site will be largely very

subjective. For the most part, this is because of
two factors:Ground-water resources are known to be present

at Yucca Mountain. DOE water wells presently
The lack of empirical or mechanistic modelse

pump gvater from the water table for testmg and
utilization within the DOE program, and tlus for determining the probability that a

water may have commercial salue m mm, g, repository will be breached by human activitym
agricultural, and res,dential applications. in the next 10,000 years; and

i

The unpredictability of future humane
Potentialimpacts on radionuclide release and behavior, economic factors, and states of
transport: Future drilling at the site could lead to technology (Apostolakis et al.,1991).
the inadvertent direct release of radionuclides
from the underground repository to the accessible Despite the inability to predict the likelihood of
environment (in this case, the ground surface). future inadvertent human intrusion, EPs initiated
Waste canisters may be intersected in the course by human activity, if found to be "sufficiently
of a exploratory drilling program, and as a result, credible" under 10 CFR Part 60, will be included
canisters may be damaged, even punctured, by a in assessments of compliance with the contain-
drill bit. Under such a situation, spent nuclear ment requirements of 40 CFR Part 191. Under
fuel, irradiated waste package material, and 10 CFR Part 60, human intrusion ". . . may only
contaminated host rock may be brought to the be found to be sufficiently credible to warrant
surface. consideration if it is assumed that:(1) The monu-

ments provided . . are sufficiently permanent to
In addition, exploratory drilling for natural serve their intended purpose;(2) the value to
resources may have indirect impacts on the future generations of potential resources within
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4the site can be assessed adequately . . . ;(3) an 2.3x 10 , and therefore, the probability of one or
understanding of the nature of radioactivity, and more boreholes at the site (i.e., " Exploratory
an appreciation of its hazards, have been retained Drilling")is very nearly 1.0.
in some functioning institutions;(4) institutions
are able to assess risk and to take remedial action There are at least several problems with treating
at a level of social organization and technological the probability of drilling in this way. First, the
competence equivalent to, or superior to, that use of the EPA-derived drilling rate may not be
which was applied in initiating the processes or completely applicable to the Yucca Mountain site
events concerned; and (5) relevant records are or region, because it is believed that the EPA rate
preserved, and remain accessible, for several was derived from oil exploration drilling rates,
hundred years after permanent closure"(10 CFR whereas the Yucca Mountain region may more
60.2). likely host exploration for precious metals.

Apostolakis et al. (1991) calculated an example
As the EIW believes that it will be impossible to drilling rate for gold exploration using a common
develop a " correct" estimate of the probability of exploration technique for Nevada, which involves
inadvertent human intrusion, Appendix B of drilling a series of boreholes, and assuming a
40 CFR Part 191 provides limits on the rates of single gold-prospecting event every 100 years over
inadvertent and intermittent drilling and the the period of regulatory interest for the repository.
severity of the resulting consequences that need This rate was equal to 7534 boreholes per square
be considered (EPA, 1985; 50 FR 380S9). The rate kilometer per 10,000 years.
of drilling ". . . need not be taken to be greater
than" 30 boreholes per square kilometer of Secondly, modelm.g drilh.ng with a simple Poisson

.

repository area over 10,000 years for repositories distribution precludes consideration of explora-
,

h>cated in or near sedimentary rocks and three liU" .pr grams that employ multiple boreholes m
boreholes per square kilometer per 10,000 years specific arrangements to appropnately assess a

,

for repositories h>cated in or near nonsedimentary p tential natural resource deposit (s). Fm, ally,

rocks"(op cit.). These rates are believed to be assummg that drilling is to be distributed
based on average drilling rates determined from randomly m space does not take into account

,

oil exploration in the Delaware Basin of the topographical considerations (i.e., that drilhng will
southwestern United States. likely take place preferentially at lower elevations

on more level terrain (e.g., in drilling for water),

Probabilityfor IIM I%ase 2: For IPA Phase 2, it 't er than on the side or top of mountains,liketh
ucca Mountain).was assumed that the occurrence of future

exploratory drilling is distributed raadomly in Given that exploratory drilling occurs, the bore-
space and time (and therefore can be approxi-

hole could either intersect (for the 11% Phase 2mated as a Poisson process). The rate of future consequence analysis, " intersection" is equivalentmadvertent exploratory drill, g was based on the to " penetration") a canister or merely excavatem
guidance provided by EPA m, Appendix B to 40 some of the surrounding host rock. The method
CFR Part 191 (EPA,1985; 50 FR 38066-3 SOS 9). used to calculate the likelihood of a randomAlthough sed,mentary rocks underlie the site, thei

borehole intersecting a waste package canister inproposed repository honzon is m volcam,e tuffs. any one of the seven sub-areas of the modeledand therefore, the EPA-recommended rate of
three boreholes per square kilometer per 10,000

repository relative to any other is discussed in
Section 6.3.years was used.

. . 3.3.3 Combination of Events and ProecssesFor the purposes of this analysis, the repository into Scenario Classesarea was defined to be 5.13 square kilometers
(DOE,198Sb; p. 8.3.5.13-83), and therefore, the Following screening, the remaining EPs (" Igneous
" expected" number of boreholes at the site over Activity," " Seismicity," " Climate Change," and
the next 10,000 years is 15.4. Further, if a Poisson " Exploration Drih.ng") were combined to form
distribution is assumed to describe the drilling, scenario classes, as discussed in Section 3.2.4. The
the probability of no boreholes being drilled (i.e., so-called " Latin square"is used to display all the
"No Exploratory Drilling")is approximately possible combinations in Figure 3-11. In the far
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left and top squares of the figure, the occurrence ity"in the region (with "No Climate Change" and
and non-occurrence of each initial EP are shown: "No Igneous Activity") has the assigned
the non-occurrence of an EP is represented by probability of approximately 0.35 in the next
placing shading over the letter denoting the EP. 10,00() years. His is the prebability of having any
Since there are four fundamental classes of EPs, occurrence of both drilling and seismicity that will
24 or 16 different combinations are possible. affect the site in the coming 10,000 years, and not
"Non-occurrence" should be interpreted as "not the probability of havingx episodes of drilling
any occurrence;" e.g., since D represents drilling followed byy carthquakes of a given size, followed
any boreholes within the perimeter of the mined by more holes being drilled or any such
facility projected to the surface, D represents no combination.
boreholes within that surface region over the
10,000-year performance period. A manifestation, therefore, of the approach the

staff has taken in its application of the SNL
Figure 3-12 is similar to Figure 3-11 except the
literal symbols for the EPs and their combinations scenario methodology, particularly in defining the

repository system boundaries as the staff did,is
are replaced with their assigned probabilities. In the issue of selecting the appropriate represent-
the IPA Phase 2 analysis, these initial EPs are

ative scenario (s) for the individual scenarioassumed to be mutually independent, and classes. Addressing this issue will require ;therefore, the probability of the various scenario answering: 1

classes formed through these combinations is
iequal to the product of the constituent initial EPs liow many times a constituent EP will occure

(i.e., the probability of both event A and event B
occurring is equal to the probability of event A over the time period of regulatory interest;

occurring multiplied by the probability of event # flow the EP will manifest itself, once it doese
occurring). In addition, in the figure, each row occur;and
and column is summed.

I.agure 3 ,13 is identical to h..gure 3-12, except all When during the period of interest the EP.. .

combmations of the EPs (i.e. scenano classes) will occur (s).
that have probabilities of occurrence less than 1
chance m 10,(XX) over 10,000 years are shaded. If It is likely that each of the various permutations
the screening criteria for individual categories of of these three variables will affect the repository

. .
.

events and processes in the EPA guidance were system differently, thus leading to a range in
applied, these scenario classes would be screened estimated radionuclide releases to the accessible

,

out' enwmnment. De approaches taken to modehng
each of the scenario classes and their conse-

These figures present the information concerning quences are discussed in the following chapters of
the various combinations in an idealized, general this report. Tius issue will need to be addressed
format such that, for a particular scenario class, explicitly m future staff work m, thi.; area.
no conclusions can be drawn regarding:

3.3.4 Screening of Scenario Classes
The number of times or the time (s) at whicho
a particular EP will occur within the EPA guidance set forth in Appendix B to 40 CFR
10.(XX)-year period of regulatory interest; or Part 191 states that " . performance assessments

need not consider categories of events or
The order or sequence in which two or more processes that are estimated to have less than oneo

EPs in the scenario class will occur within chance in 10,(XX) of occurring over 10,000 years"
that same time period. (EPA,1985; 50 FR 3S088). In its proposed

conforming amendments to 10 CFR Part 60 NRC
Instead, the calculated probability values refer reaffirmed the application of the 1x10-4 in
only to the likelihood that a particular scenario 10,000-years criterion to categories of events and
class will occur in the Yucca Mountain region processes, when it stated, "The term " categories"
over the next 10,0(X) years. For example, the is used to refer to general classes of processes and
scenario class involving " Drilling" and " Seismic- events, such as faulting, volcanism, or drilling"

3-29 NUREG-1464
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P(V) = 0.97 P(V) = 0.03

P(D) = P(D) = SUM
23 x 10-7 P(D) = 1.0 23 x 10-7 P(D) = 1.0 (approximate)

P(G) = 0356 P(S) = 0.0 0.0 0.0 0.0 00 0.0

P(S) = 1.0 7.9 x 10-8 035 2.5 x 10-9 0.01 036

P(C) = 0.644 P(S) = 0.0 0.0 0.0 0.0 0.0 0.0

P(S) = 1.0 1.4 x 10-7 0.62 4.4 x 10-9 0.02 0.64

w SUM (apprarimate) 2.2 x 10-7 0.97 6.9 x 10-9 0.03 1.0

b
KEY

P(C)- Probability of no climate change i
'

P(C)- Probability of climate change
,

P($)- Probability of no seismic activity affecting the repository *

P(S)- Probability of seismic activity affecting the repository
i

P(D)- Probability of no human intrusion via expkyratory drilling
"

P(D)- Probability of human intnision via exploratory dnlling

w
P(V)- Probability of no magmatic activity affecting the repository

'

P(V)- Probability of magmatic activity affecting the repository [
s

@ 8-
c Figure 3-12 Probabilities of scenario classes for IPA Phase 2 generated by combinations of probabilities of occurrence of constituent g
$ events and processes p_,

x
.s M..4

- - - _ - _ - - - -- _ . _ -- _-. _ .--.
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P(V) = 0.97 P(V) = 0.03 I i
=

r
'

P(D) = P(D) = SUM
23 x 10-7 P(D) = 1.0 23 x 10-7 P(D) = 1.0 (approximate)

P(C) = 0356 P(S) = 0.0 ('i , OSf'p}f;: :/ .10D?? (~ : (0.0 '81L' di[4Dyfd 0.0
^

,-

P(S) = 1.0 (L '.' ,7.9 x 10.~,i 'l 035 2! 0.01 036
' 4 ! E,2.5 x, W "9r , s.t g3
-, s -

P(C) = 0.644 P(S) = 0.0 [[ ' ^ ', OR ''C ' / $ ' ; 0.0 ' l ,6 ,f_, J $D , ;'!'sp E 0.0 f,? 'd 0.0 ;
7s x . A) ?

P(S) = 1.0 [f 1.4x'-)07{'j 0.62 f A4 x'19'' yj 0.02 0.643

SUM (apprarimate) 2.2 x 10-7 0.97 6.9 x 10-9 0.03 1.0
_

I$ Note: Scenario classes with probabilities less than 1.0 x 10' over 10,000 years are shaded
'

,

KEY

P(C)- Probability of no climate change
P(C)- Probability of climate change

!P(S)- Probability of no seismic activity affecting the repository
P(S)- Probability of seismic activity affecting the repository

P(D)- Probability of no human intrusion via exploratory drilling
P(D)- Probability of human intrusion via exploratory drilling

P(V)- Probability of no magmatic activity affecting the repository
P(V)- Probability of magmatic activity affecting the repository

,

4Figure 3-13 Scenario classes with generated probabilities greater than 1x10 in 10,000 years (Shading indicates scenario classes
4with probabilities less than 1x10 in 10,000 years.)

,

_ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ - ._.-. - * ,* - - - - - ~- -

- -- _ - _ _ _ . _ _ _ . _ _ _ _ . _ _ _ . _



3. Scenario Analysis
|

(NRC,1986; 51 FR 22292). %erefore, use of the of these scenario classes in the consequence
EPA criterion is not appropriate for scenario analysis and the subsequent calculation of CCDFs
classes; however, if it were applied to the scenario for cumulative radionuclide releases to the
classes shown in Figure 3-13, as suggested by accessible environment and for dose are discussed

I

Cranwell et al. (1990, p.10), only 4 of the 16 in the following chapters.
classes would be retained (Table 3-4).

3.4 Discussion of Results
Table 3-4 Scenario Classes Remaining after As noted, the staff has applied the SNL scenario

Screening selection procedure to generate scenario classes
for consideration in the IPA Phase 2 consequence

Probability analysis (see Chapter 6). This section of the report

Scenario Class (orer 10,000 yrs) summarizes the SNL procedure and documents
'
;

the development of a final set of scenario classes

Drilling + Seismicity 0.34 and corresponding probability estimates used in
the IPA Phase 2 analysis. From an initial list of

Drilling + Seismicity + Igneous 1.0 x 10-2 potentially disruptive EPs, four were determined
Activity to be reasonably likely and warranting consider-

ation of their possible effects on long-term
Drilling + Seismicity + Climate 0.61 rep sitory performance: igneous activity (intrusive

Cli nge and extrusive), seismicity, climate change, and

Drilling + Seismicity + Igneous 2.0 x 10-2 exploratory drilling. Estimates of their probability

Activity + Climate Change of occurrence over the next 10,000 years were
,

developed, and these EPs are combined into 16 i

scenario classes with associated probabilities.

Each of the four retained scenario classes would In applying the SNL scenario selection procedure, I

involve the occurrence of both drilling and the staff found it to form an adequate basis for I

seismicity at the Yucca Mountain site over the the development of scenario classes for the IPA |

next 10,000 years. His is because, for the present Phase 2 analysis. He staff did consider that
analysis, the occurrence of both of these initial mo lifications were necessary, particularly the !

EPs have estimated probabilities approximately definition of explicit boundaries for the repository
equal to 1.0. system, to meet the needs of the analysis and to

keep the number of resultant scenario classes
It is also interesting to note that the base-case tractable.110 wever, this does not detract from the
scenario class (i.e., the scenario class in which adequacy of the methodology, in that other inter-
there would be no drilling, seismicity, igneous national programs that have applied the SNL
activity, or climate change) would be screened if procedure have also found modifications
the probability criterion were applied, as its necessary to meet their specific programmatic
assigned probability is approximately eight orders needs and requirements (Andersson et al.,1989;
of magnitude below the EPA value.This result and Stephens and Goodwin,1990). Cranwell et al.
suggests that, given the currently assigned prob- (1990) have, in fact, stated that ". . . the scenario
abilities, conditions at the repository site over the selection methodology provides a general ' road
next 10,000 years appear highly unlikely to remain map' for arriving at scenarios; the fact that
as they are today. [ variations to] the methodology have been imple-

mented is an indication of the flexibility of the
For this scenario effort, no scenario classes were methodology. . " (op cit., p.15).
screened from the analysis. However, only a,

subset of the 16 scenario classes generated was Suggestions for future work are discussed in'

i modeled in the consequence analysis. T catment Chapter 10.

1
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4 FLOW AND TRANSPORT MODULEI |

|

Saturated zone pathways to the accessible4.1 Introduction: Consequence Models e

for Flow and Radionuclide environment;

Wansport Calculation of radionuclide concentration fore

The Iterative Performance Assessment (IPA) dose assessment; and

effort provides, in part, a formal procedure for
e Distribution of mass flux between theevaluating existing computer programs used to

simulate ground-water flow and radionuclide fracture and matrix continua.
transport; evaluating new concepts for flow and |
transport in unsaturated, fractured rock; and It is anticipated that additional complexity will
identifying performance assessment needs. IPA provide insights into the performance of fractured
Phase 1 used some preliminary concepts regard- rock as a geologic barrier, data requirements, and
ing the Yucca hiountain site. This section will the capabilities of the computational methods
build on the ground-water IPA Phase 1 effort (see used.

" Flow and Transport hiodels"(Chapter 6)in
Codell et al.,1992) using concepts that have been 4.2.1 Site Concepts
published since the Phase 1 effort concluded.
Additionally this section will discuss the model The Yucca Mountain site is k>cated on and imme-
used in estimating gaseous releases for inclusion diately adjacent to the southwestern portion of the I

into the complementary cumulative distribution Nevada Test Site (see Figure 4-1). Yucca Moun-

function (CCDF) of repository performance tain is a prominent group of north-trending, fault-
(gaseous releases were analyzed as an auxiliary bk)ck ridges. The terrain at the site is largely
analysis in the IPA Phase 1 effort and were not controlled by high-angle normal faults and
included in the CCDF). The intent is to provide eastward-tilted volcanic rocks. Slopes are locally
additional information for making modeling steep (dip angle 15* to 30") on the west-facing
decisions and interpreting results. Ilowever, it side of Yucca Mountain and along some of the
needs to be pointed out that laboratory and field valleys that cut into the more gently sloping (dip
investigation of fluid flow in unsaturated, frac- angle 5* to 10*) east side of the mountain (see
tured rock can require significantly more time Figure 4-2).

;

: than improvements to computer programs;
therefore, modeling capability in certain areas has Stratigraphy
progressed faster than parameter estimation and
site characterization. The hydrogeologic units of interest at Yucca

Mountain are primarily comprised of ash-flow
4.2 Flow and Radionuclide Hansport and ash-fall tuffs that originated from eruptions

. Model for Ground-Water Releases during the development of calderas. The amount
of welding, fracturing, unit thickness, and'

The IPA Phase 1 effort accounted for a number of chemical alteration varies greatly from one layer
important attributes of the Yucca hiountain site to the next; therefore, the hydrologic and
(e.g., stratigraphic changes below the repository in transport parameters have the potential to also
the unsaturated zone and differences between vary significantly from one layer to the next.
matrix and fracture flow). The IPA Phase 2 effort Based on surface mapping and drill hole data,
not only has maintained the important attributes information on stratigraphic sequences and

,

of the Phase 1 study, but has added further thicknesses for Yucca Mountain are presented in
modeling complexity such as: Ortiz et al. (1985). The Ortiz et al. report gives

detailed stratigraphic information from the sur-
,

face to the water table for a number of drill holes
3ne figurrs shown in this chapter present the results from a demon. near the repository location and provides cross-

sections at various locations of the site (see Figurey g' y of$5'f g ilgr y ;e, g ;fy," g a g s g ntyg,,,, y ,

many simphrying assumptions ana sparse a. 4-3). One particular cross-section, presented m,

4-1 NUREG-1464
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4. Flow and Transport
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4. Flow and Transport

Figure 4-4, has been the basis of preliminary indicates the need to better understand fracture-
studies attempting to better understand modeling matrix interactions and the need for more data to
limitations with respect to flow conditions estimate parameters in both the fractures and the
associated with the unsaturated zone at Yucca matrix.
Mountain (Barnard et al.,1992; Prindle and
Hopkins,1990; and Dudley et n!.,1988). This Possibly the largest contributor to uncertainty in
cross-section possesses some of the primary the fracture-matrix interactions is the assignment
features, of the Yucca Mountain site, anticipated of the percolation rate. The SCP (DOE,1988a;
to be important when calculating system pp. 3-201 - 3-214) cites a number of studies that
performance. The important features are: span a range of percolation rates (e.g.,0.015 - 4.5

millimeters / year). Recent analyses (Barnard et al.,
Dipping strata with large contrasts in 1992) using " representative" Yucca Mountain datao
permeability between strata; and adopting a steady-state model wherein the

fracture and matrix pressures are in equilibrium
Variation in the unit sequences and thick- tend to support low values (0.01 millimeter / year) .o
nesses between the water table and the for percolation rates. However, the work of Nitao

'

repository horizon; and and Buscheck (1991) indicates that the time
necessary to reach equilibrium can be significant

Variation in the distance from the suggested and Ababou (1991, p. 2-8) has pointed out addi-o
repository hon,zon to the water table. tionallimitations of using mean values of percola-

tion and simplified models for subsurface flow-

ne gmung surface at Yucca Mountain ise
Hydrologic data are rather limited for the Yucca fractured smce the _ highly fractured 'hva .I

Mountain site. The Peters report (1984)is a Canyon umt crops out throughout most of
primary source of parametric data for recent the repository (DOE,1988a; p. 3-203);
modeling studies (Barnard et al.,1992; Nitao and
Buscheck,1991; Prindle and Hopkins,1990; and

e Rainfall occurs m. bursts and the ra. fall ratem
Dudley et al.,1988) and for DOE's Site Charac- s far from periodic at any time scale
terization Plan (SCP)(see DOE,198Sa). Two accessible to observation;

,

,

important aspects of the hydrologic data, as
.

I

reported in the SCP, are the contrast in matrix The interactions between rainfall intensity,e
conductivity between hydrogeologic units (see infiltration, ponding, and runoff are not well-'Ihble 4-1) and the significant contrast between understood; and
laboratory measurements and in-situ or field
measurements for many of these units (see Table

The linear theory of damping applied to the*4-2). This contrast, between laboratory and field
measurements, could be indicative of the non-linear unsaturated flow equation may be

contribution of fractures to the saturated con. overly inaccurate under certain conditions

ductivity, which is more easily controlled in a (such as Item Nos. (1) through (3) above).

small-scale laboratory measurement.
A better understanding of transient effects,

Generally, matrix data are very limited and pro- fracture-matrix interactions, and the effects of

vide little information to define defensible para- heterogeneity is necessary if defensible estimates ;

metric ranges for use in performance assessments, of percolation are to be provided for performance
ne fracture data, being primarily derived from assessments.

capillary theory rather than the results of hydro-
logic measurements, are even more limited than ca, pfo,

the matrix data. Recent modeling work by Nitao
and Buscheck (1991) provides some insights on One difference between disposal in the saturated

how matrix permeability affects fracture flow zone as compared to disposal above the water

attenuation because of matrix imbibition. Al- table is the possibility for radionuclide migration
though the Nitao work is based on preliminary via the gas pathway. Fractures, if dry and inter-
field data and hypothetical fluxes,it clearly connected, could provide a fast pathway for gas

4-5 NUREG-1464
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Table 4-1 Summary of Ilydrogeologic Properties of IIydrogeologic Units within the Unsaturated Zone at Yucca Mountain
(From DOE (1988a, p. 3-170).)

Saturated Afatrix
Source Range of Grain Fracture Hydraulic
of Ihickness Density Density * Afatric Conductivity

3 3Hydrologic Unit Data (m) (kg/m ) (no.fm ) Porosity (misec)

Tiva Canyon b 0 - 150 No data 10 - 20 0.12 2.1 x 10-11
(welded) c No data 2,490 0.0S 9.7 x 10-12

Paintbrush b 20 - 100 No data 1 0.46 1.0 x 10-7
(non-welded) c No data 2,350 0.40 3.9 x 10-7

Topopah Spring b 290 - 360 No data 8 - 40 0.14 3.5 x 10-11
(welded) c No data 2,580 0.11 1.9 x 10-11

Calico Hills b 100 - 400 No data 2-3 037 5.0 x 10-8
$ (non-welded, vitric) c No data 2370 0.46 2.7 x 10-7

Calico Hills b 100 - 400 No data 2-3 031 9.0 x 10-11
(non-welded, zeolitic) c No data 2,230 0.28 2.0 x 10-11

* Scott et al. (1983)
*Montazer and Wilson (1984).
Teters et al. (1984) and Peters et al. (1986).

.*
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.A
2

E Table 4-2 Summary of Ilydrogeologic Characteristics, as Determined through Laboratory and Field Measurements, [

@ of Major Stratigraphie Units in the Vicinity of Yucca Mountain (From DOE (198Sa, pp. 3-182 - 3-183)) ,y
=

.

f In-Situ (field) Analyses h
$

Average f
b Borehole ilSaturated Transmissivity* Conductivity

2Stratigraphic Unit 1)pical Guaracter ~ .' (m / day) (m! day) Tested
_.

Topopah Spring Moderately to densely we'ded tuff 167 120 0.7 J-13

Calico Hills Zeolitized, nonwelded tuff, 148 (82) 0.5 UE-25b#1
vitric tuff

Prow Pass Nonwelded to moderately 116 167 1.44 USW H-1
welded tuff 135 150 1.1 USW H-1

174 36 - 142 0.2 - 0.8 USW H-4
150 (65) 0.4 UE-25b#1u

k 111 14 0.1 UE-25p#1

Bullfrog Nonwelded to densely welded tuff 125 0.8 0.006 USW H-1
119 70 - 276 0.6 - 23 USW H-4
159 (65) 0.4 UE-25b#1
132 (7) 0.05 UE-25p#1

Tram Nonwelded to moderately welded 2S4 0.002 7.0 x 104 'USW H-1
ashflow and bedded tuffs 354 0.7 0.002 USW H-3

352 70 - 276 0.2-0.8 USW H-4
183 (33) 0.02 UE-25p#1

Lithic Ridge Tuff Partially welded ashfall tuffs 594 0.001 2.0 x 104 USW H-1
110 0.1 0.001 USW H-3
371 > 10 > 0.03 UE-25p#1

_

' Parentheses ( ) indicate approximate value because reported values reflect more than one stratigraphic unit.
6Obtained by dividing transmissivity by saturated thickness.

|

' _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___



Table 4-2 (continued)

Laboratory (Core) Analyses

Saturated Afatrit Afatrix Porosity

Conductivity No. of No. of Borehole
Stratigraphic Unit lypical Character (miday) Samples Percint Samples Tested

Topopah Spring Moderately to densely 3 x 10-7 to 2 x 10" 5 4 - 33 5 J-13
welded tuff 7 x 10"7 to 5 x 104 18 6 - 30 24 UE-25a#1

8 x 10-7 1 12 1 UE-25b#1

Calico Hills Zeolitized, nonwelded 4 x 104 to 3 x 104 6 20 -34 7 UE-25a#1
tuff, vitric tuff

Prow Pass Nonwelded to moderately 6 x 10-5 to 1 x 104 3 28 - 29 3 USW H-1p welded tuff 2 x 10-5 to 1 x 10-3 8 10 - 25 12 UE-25a#1*
6 x 10-7 to 1 x 10-3 5 17 - 30 18 USW G-4

Bullfrog Nonwelded to densely 3 x 10-5 to 1 x 10-3 10 19 - 34 9 USW H-1
welded tuff 2 x 104 to 1 x 10-3 3 17 - 34 3 UE-25a#1

2 x 104 to 5 x 104 2 24 - 27 6 USW G-4

Tram Nonwelded to moderately 4 x 104 to 4 x 10 9 18 - 26 9 USW H-14

welded ashflow and
bedded tuffs

Lithic Ridge Thff Partially welded ashfall 6 x 10-5 to 3 x 104 2 9 - 17 2 USW H-1
tuffs A

e
=

:= s

L
% 2

=
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4. Flow and Transport
I

phase radionuclides (e.g., MC). Air flow has been logic layering with a geochemical stratigraphy (see

observed at some boreholes at Yucca hiountain Figure 4-5) to account for geochemical variation
(Weeks 1987). Weeks has suggested that this (i.e., mineralization and ground-water chemisty)
phenomenon is caused by topographic and in the formation (op cit.). This type of more
barometric effects combined with outcrops on the detailed geochemical stratigraphy provides a
side of the mountain of rock units that intercept simple way to modify ground-water models with
the boreholes. geochemical information.

Simulation work (Tsang and Pruess,1987) has .

examined the effect of the thermal output of the 4.2.2 Recent Modelm.g Studies

repository on gas flow. Simulated gas pore
velocities in fractures varied from 4.5 to 1174 Parsons et al. (1991) reviewed a number of model-
meters / year (op cit., p.1963). Although these ing studies relevant to Yucca Afountain. It is

simulatior were preliminary, the results indicate worthwhile to point out some simplifying assump-

that further investigation may be needed to tions that have been used in fluid flow simulations

properly characterize boundary conditions and involving fractured tuff, such as: constant perco-
lation rate; one-dimensional (1-D) vertical flow;

the fracture properties for gas flow.
steady-state conditions that imply pressure equ,i-
librium between the fracture and matrix: fractures

nampon represented as a porous continuum; and transient
fl0* Will' 'nstantaneous pressure equilibration

The transport of radionuclides will be governed between the fracture and matrix. Some smiplifym, g
by properties associated with the transporting
fluid (i.e., advection, dispersion, and diffusion) a,ssumptions that have been used in transport

and properties associated with geochemistry (i.e., S".nulations involving fractured tuff are: retard-
ation calculated from a distribution coefficientsorption and precipitation). The advective and

dispersive components of transport are associated (N!); 1-D transport pathsj and transport not
with the fluid flow and were highly dependent on occurrmg simultaneously m the fractures and

.

the heterogeneous nature of the formation being matrix (op cit.). hiany of the assumptions are

studied. The presence of fractures can put in. because of computational constramts and limita-

creased demands on transport models. Although tions m characterization data (e.g., fracture,

the presence of near horizontal strata or fractures properties and sorption parameters).

can increase the horizontal / longitudinal spreading
of radionuclides relative to isotropic media, the The above simplifications suggest that a better4

presence of vertical fractures could lead to con- understanding is needed at both the fine-scale
trag effects, depending on ambient moisture and (phenomena that control fracture / matrix inter-
the interplay between porous rock and fracture actions and retardation mechanisms) and large-
hydraulic properties (Ababou,1991: p. 2-13)- scale (accounting for multiple dimensions, spatial

variability, and structural features such as faults).
hiatrix diffusion in and out of fractures has been Recent work (Nitao and Buscheck,1991: and
suggested as a possible mechanism for retarding Dykhuizen,1990) has been examining different
transport (DOE,1988b: p. 31). Consideration of approaches to the fracture / matrix interaction.
this effect will require an understanding of the Nitao and Buscheck's work has examined a single
nature of the fracture surface (i.e., fracture fracture and quantitatively identified three
coatings) that will affect the mass transfer at the distinct flow periods (predominantly fracture flow,
fracture / matrix interface (Parsons cf al.,1991). flow primarily from the fracture into the matrix,

and matrix flow) for flow in unsaturated, frac-
Sorption and precipitation of water-borne radio- tured tuff. There is, of course, a question of how
nuclides will generally depend on the mineral best to incorporate modeling improvements of the
surfaces present and the chemical composition in fine-scale nature into performance assessments
the ground water. The sorption properties of that need to address very large scales. Ababou
Yucca hiountain tuff can be significantly affected (1991)in his review of modeling approaches to
by the presence of zeolites. It has been suggested large-scale flow, has suggested that a compromise
that model development should modify the hydro- between direct high-resolution simulation of

NUREG-1464 4-10
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4. Flow and Transport

|
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)
Hydrogeologic/ Geochemical Combined |

Physical Transport Transport Transport
Stratigraphy Stratigraphy Stratigraphy
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Figure 4-5 Ilypothetical example of a " combined" transport stratigraphy that accounts for
hydrologic and geochemical stratification (From Parsons et al. (1991, p. 76).)

fine-scale details and the indirect simulation auxiliary models need to be developed and
approach based on uniform equivalent media tested in order to correlate the parameterized
models would be less computationally demanding conductivity curves with say, void structure,
and would capture a broad range of fine-scale to porosity, and saturated conductivity."
large-scale phenomena.

Additionally, the assignment of parameter values
is oftentimes just as important as the underlying It is important to understand the limitations and
theory supporting the equations being solved. assumptions inherent with derived parameters
Ababou (1991, p. 7-1) has made the following (such as percolation) and their associated
important suggestion with respect to the measurements (such as moisture contents). The
interaction of modeling and data collection: rock properties desirable for a repository (i.e., low

permeability, low percolation) also impose
" Realism dictates that the spatial structure of limitations on the ability to easily measure and
the least accessible material properties, such quantify those same properties. As Ababou has
as the relative conductivity curves be pointed out above, a variety of models will be
analyzed indirectly through coriciations with needed to assist the collection and interpretation
more easily measured parameters. Therefore, of site information.

4-11 NUREG-1464 |
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4. Flow and Transport

4.2.3 Site Conceptual Model taken from Ortiz et al., for selected boreholes at
the Yucca Mountain site. For the purpose of

Despite the limitations and uncertainties de- defining the hydrogeologic units present in the
scribed above, there are a number of published unsaturated zone below the repository, strati-
reports containing site information and para- graphic information from the selected boreholes
metric determinations to allow the development of was used to represent the hydrogeology below
site conceptual models and assignment of para- seven distinct regions (or sub-areas) of the
metric values. He following section provides the repository (see Figure 4-6). The seven selected
details of the site conceptual model that includes boreholes depicted in Figure 4-6 were each
the stratigraphy, boundary conditions, and associated with seven repository sub-areas
parametric data. (sub-area sizes were determined based on

proximity to individual boreholes). The hydro-

4.23.1 Stratigraphy geologic units below each of the seven repository
sub-areas were then assumed to correspond to its

The tilting hydrostratigraphy (generally dipping associated borehole stratigraphy, thus producing
7') at the Yucca Mountain site results in signifi. seven different hydrogeologic sequences over the
cant differences in which hydrostratigraphie units entire repository (it should be noted that this
are present at particular locations both in the approach assumed vertical Dow m the unsatur-
unsaturated zone (between the repository horizon ated zone and ignored explicit site features such

and the water table) and in the saturated zone as the Ghost Dance fault).
(along the water table extending from a location
directly below the repository to the accessible ne information contained in Tables 43 and 4.4
environment). The boundaries for the vertical was simplified (i.e., rounding off thicknesses and
(unsaturated zone) and near horizontal (saturateil neglecting very thin layers) to provide seven
zone) flow systems are determined by the k) cation distinct hydrogeologic sequences for the unsatur-
of the water table. nerefore, assumptions ated zone modeling (see 'lable 4-5).
regarding the location of the water table are
important in identifying the hydrogeologic units 4.2.3.1.2 Saturated Liquid Flow
present for the base case (undisturbed) and
pluvial conditions (increased percolation). The The hydrogeologic units of the saturated zone, for
assumptions and hydrogeologic units used for this analysis, were assumed to correspond to the
liquid flow are discussed below for the stratigraphy along the surface of the water table
unsaturated zone, saturated zone, and pluvial directly below the repository out to the accessible ;
conditions. environment (5 kilometers). For the saturated <

zone, it was assumed that contaminant migration !

4.2.3.1.1 Unsaturated Liquid llow occurred only in the fractures and there would bei
minimal vertical mixing because of the relatively

Ortiz et al. (1985) identified a number of reference small volumetric flux in the unsaturated zone as
stratigraphic units within the Paintbrush Tuff compared to the volumetric flux in the saturated
(Tiva Canyon welded unit. Paintbrush non-welded zone. This lack of vertical mixing and the low
unit, and 1bpopah Spring unit): Tuffaccous beds percolation rates result in the stratigraphic se-
of the Calico liills (Calico liills non-welded vitric quences along the water table being a reasonable
unit, and Calico Ilills non-welded zeolitic unit): representation for the portion of the saturated
and the Crater Flat 1bff(Prow Pass non welded zone that affects radionuclide migration.
zeolitic unit, Upper Crater Flat non-welded
zeolitic unit, Middle Crater Flat non-welded A map of stratigraphic changes along the surface
zeolitic unit, Bullfrog welded devitrified unit, and of the water table (see Figure 4-7)in the area of
Tram non-welded unit) that can be used to interest was constructed. The map was built using
identify where rock properties change within a available stratigraphic data from boreholes,
particular tuff. Borehole stratigraphic data taken water-table elevations, geologic maps, and strati-
from Ortiz et al., were used to identify hydrogeo- graphic cross-sections (see Czarnecki,1984; Scott,
logic units and assign thicknesses below the 1984: and DOE,198Sa). Therefore, to account
repository. Tables 43 and 4.4 present information better for structural effects, both hard and soft

NUREG-1464 4-12
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Table 4-3 Elevations (Reported as Meters Above Sea Level) and Distances (in Meters) for Boreholes in the Vicinity of Yucca
Mountain That Were Used to Define Ilydrogeologic Units for the Unsaturated Flow Model (Based on Ortiz et al
(1985) and the assumption that the base of the repository is 60 meters above the base of the Topopah Spring unit.)

UE25a#1 USW G4 USW H4 USE H3 USWH6 USWHS USW G1

Information Sub-Area 1 Sub-Area 2 Sub-Area 3 Sub-Area 4 Sub-Area S Sub-Area 6 Sub-Area 7

Elevation of Wellhead 1199 1270 1249 1484 1302 1479 1199

Elevatiore.of Water Table 730 730 730 732 776 775 730

Distance to Water Table 469 540 519 752 526 704 469

Thickness of Topopah 317 336 294 245 297 331 317

Spring

Elevation of Base of
p Topopah Spring 798 860 878 1102 904 974 798

Distance from Base of 68 130 148 370 128 199 68

Topopah Spring to
Water Table

Distance from Base of 128 190 208 430 188 259 128

Repository to Water Table

Distance from Base of 341(858) 350 (920) 311 (938) 321 (1163) 338 (964) 445 (1034) 341 (858)
Repository to the Surface
(Elevation of the Base
of the Repository)

.O

3
$

b
= e
$ $
L i
f *
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C
:c Table 4-4 Hydrogeologic Unit Thickness (in Meters) and Location of Water Table (Denoted by Thickness Above the Water s'

@ Table / Thickness Below the Water Table) for Boreholes in the Vicinity of Yucca Mountain (Based on information provided j
L by Ortiz et al. (1985).) g,

k d
Hydrogeologic UE25a#1 USIVG4 US1YH4 USE H3 USIVH6 USIVHS US1YGI y
Unit Sub-Area i Sub-Ana 2 Sub-Area 3 Sub-Area 4 Sub-Area 5 Sub-Area 6 Sub-Area 7 y

='

Alluvium 9 9 - - 9 - 18

Tiva Canyon 50 27 53 107 49 125 -

Paintbrush 25 38 24 30 43 49 67

Topopah Spring 317 336 294 244 297 331 324

Calico Hills (vitric) - 5 30 138 73 73 16

Calico Hills (zeolitic) 68 / 93 125 / 6 99 - - 36 145,

L
* Prow Pass 51 51 19 / 18 2 53 34 2 / 37

Upper Crater Flat 98 91 162 88 2 / 24 56 / 11 98

Bullfrog - 129 88 98 105 111 69

Middle Crater Flat - 45 65 45 / 2 62 42 64
|

Tram - - 126 2 94 91 83
,

I

i

|

|



4. Flow and Transport
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9 Borehole Location

Figuie 4-6 location of seven selected boreholes used to define the liydrogeologic units
for seven repository sub-areas'
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C 5
:c Table 4-5 Hydrogeologic Unit Thickness (in Meters) to be Used in the Unsaturated Flow Model (Base Case Scenario) e

Em
O u

Y Hydrogeologic UE2Sa#1 USW G4 USWH4 USE H3 USWH6 USWHS USWGI E.

2 Unit Sub-Area 1 Sub-Area 2 Sub-Area 3 Sub-Area 4 Sub-Area 5 Sub-Area 6 Sub,4rea 7 )
R

fTopopah Spring 60 60 60 60 60 60 60

Calico Hills (vitric) - - 30 140 70 70 20

Calico Hills (zeolitic) 70 130 100 - - 40 140

Prow Pass - - 20 - 60 30 -

Upper Crater Flat - - - 90 - 60 -

Bullfrog - - - 100 - - -

Middle Crater Flat - -

,
- 40 - - -

h
Distance to the 130 190 210 430 190 260 220
Water Table

.

!

|

1

- _ _ _ _ _ _ _ _ _ - _ _
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4. Flow and Transport

EXPLANATION

Paintbrush Tuff unit (non-v elded)

Topopah Spring Unit (weloed)

/ '

Undifferentiated Calico Hills (non-welded)-
Bullfrog (welded) units, j

Geologic Repository Perimeter

0 2 Miles Outline of Discharge Area-----

|

|
0 2 Kilometers

Figure 4-7 Depiction of changes in hydrogeologie units along the surface of the water table from
beneath the propostd repository to the accessible environment (used for base case
saturated zone model)

|

; (interpretative) data were used to make this map. most of the present interpretations found in the
' It is recognized that the interpretation of literature.

water-table stratigraphy, in Figure 4-7, is not the
only possible interpretation, given the present

. .

geologic uncertainties. Future work will need to Additionally, as a. result,of data uncertaint,tes and
consider other possible interpretations. interpretation complexities, the m, terpretation of

water-table stratigraphy contams no mterpreta-
,

tions about stratigraphic units older than the
! This stratigraphic map was then used to deter- Prow Pass unit. In Figure 4-7, the Prow Pass and

| mine unique hydrogeologic units (see Table 4-6 older units occur underneath the site. It is
for numeric values) along the assumed saturated recognized that units older than the Prow Pass
ground-water flow path for each of the repository unit probably occur above the water table, along
zones identified for the unsaturated flow. The the western and southern site boundaries. The
descriptions of the stratigraphic changes along the simplification of using Prow Pass unit fracture
water table were interpreted for flow paths that properties to represent the fracture properties of
assumed ground-water flows in a southeast the Prow Pass and older units is reasonable. It is
direction from the repository. Although other anticipated that the rate of ground-water fracture
interpretations of the direction of ground-water flow over the long saturated flow path (5
flow are possible, this interpretation agrees with kilometers) will be dominated by the fracture

4-17 NUREG-1464
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Table 4-6 tength (in Kilometers) of IIydrogeologic Unit Sequences along the Saturated Flow Paths for Each of the Seven Repository @C

@ Sub-Areas (Base Case Scenario)
j:e

E.1 d
$ Hydrogeologic

Unit Sub,4rea I Sub-Area 2 Sub-Area 3 Sub-Area 4 Sub,4rea S Sub-Area 6 Sub-Area 7 E

3
3From the Water Table below the Repositoryt

|
,

Prow Pass 0.40 135 0.85 1.50 1.70 1.70 1.10

Calico Hillsa 2.15 2.12 2.10 4.20 2.05 2.05 2.15

Topopah Spring 0.65 0.65 0.65 - 0.50 0.65 0.70

Paintbrush 030 0.25 135 - - - 0.25

Calico Hills 0.60 0.73 - - 1.65 1.28 -

Topopah Spring 130 1.23 0.95 0.50 0.72 1.00 1.90

To the Accessible Emironment
_

Total Length 5.40 633 5.90 6.20 6.62 6.68 6.10

' Fractured properties of Calico Hills vitric and zeolitic tuff are assumed to be the same; therefore, no distinction is made between the two for the saturated paths that
only consider fracture flow.

-, - -- . . . - - - _ _ _ _ _ _ _
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4. Flow and Transport

properties in units, outside the site boundary, that available stratigraphic data from boreholes,
occur over the majority of the saturated flow path. water table elevations, geologic maps, and strati-

graphic cross-sections (Spengler et al.,1981:
llently ct al.,1983; Craig.1991; Classen et al.,1973:

4.2.3.1.3 Pluv,al Conditions Thordarson,1983; Lobmeyer et al.,1983; Lahoudi

et al.,1984; Healey ct al.,1984; Whitfield et al.,
A p;uv. l scenario (inerease in percolat.ia ion 1985: Thordarson et al.,1985; Rush et al.,1983;
resultmg from wetter ch,matic conditions) was Scott and Bonk,1984; Scott,1984; Lobymeyer,

,

mcorporated into the current modehng by 1986; Czarnecki,1984; Czarnecki and Waddell,
assummg a 1,iigher range for percolation and an 1984; and DOE,1988a). Ilowever, many less
associated rise (100 meters)in the water table. drill-hole data were available, because strati-
These values are consistent with the initial values graphic data above the water table could not be
used in IPA Phase 1 calculations (see Codell et al., obtained for any of the U.S. Geological Survey
1992: p. 57) which were based in part on water-table holes (WT holes). Therefore, the
Czarnecki(1984). Additionally, an auxiliary interpretation in Figure 4-8 (see Table 4-8 for
analysis was performed that examined the amount numeric values)is less certain than the interpre-
of water-table rise for selected percolation rates tation used in the base case. Again, it is recog-
attributed to various climatic changes. The nized that the interpretation of water-table
auxiliary analysis (see Section 4.4.3) showed a stratigraphy, in Figure 4-8, is not the only
variation m water-table rise (a few meters to 100 possible interpretation.
meters) for the range of climatic conditions
considered. It is also recognized that the pluvial period was |

!based on a 100-meter rise in the water table,

The rise in the water table causes a decrease in whereas the saturated zone stratigraphy was
the thickness of the unsaturated zone below the based on a 130-meter rise. The saturated-zone
repository (see Table 4-7 for hydrogeologic unit stratigraphy (Figure 4-8) described above, which
thicknesses) and associated changes in the was based on a 130-meter rise, is considered to be

hydrogeologic units constituting the saturated flow a sufficient reflection of a 100-meter rise in the
path The depths to the water table in a pluvial water table: therefore, no further work was donc

climate were assumed to be 100 meters less than to refine the water-table-rise stratigraphy to 100
the base-case depths. The stratigraphic changes meters.
used to determine hydrogeologic units for the
saturated zone were based on a pluvial period as 4.2.3.2 Boundary Conditions
modeled by Czarnecki (1984), which projected the
water table under Yucca Mountain to rise by 130 The magnitude of ground-water flux leaving or
meters, entering the boundaries of a ground-water model

is typically controlled through the assignment of

Since pluvial-period modeling effects are based on pressure or flux boundary conditions. Under-
regional models they supply very little information standing of these " inlet" and " outlet" boundary

on changes in hydraulic gradient and flow direc- conditions is critical in the development of
tion at a site scale. Therefore, it was assumed that conceptual models and the interpretation of the
the saturated flow direction and gradient would results of ground-water models,
be the same as the base case. However, the
hydrogeologie units along the water table for the The upper or surface boundary condition for
pluvial case varied from the base case, because of many ground-water models of the unsaturated
the rise in the water table resulting in rock at zone is the percolation rate. As discussed above
higher elevations becoming saturated. Again, a (see Section 4.2.1) the percolation rate is not a
map of stratigraphic changes along the surface of well-understood parameter; it can have large
the pluvial water table was constructed. This map uncertainties because of spatial variability and
was then used to identify hydrogeologic units transient conditions. The current analysis uses the'

along the assumed saturated ground-water flow same steady-state ranges for the percolation rate
path for each of the repository zones identified (0.1 to 5.0 millimeters / year for bas: case and 5.0
for tne unsaturated flow. The map was based on to 10.0 for pluvial conditions) that were used in
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h Table 4-7 Ilydrogeologic Unit Thickness (in Meters) to be Used in the Unsaturated Flow Model(Pluvial Conditions) h
E

m u
O
k Hydrogeologic UE25a#1 USW G4 USWH4 USE H3 USW H6 DMT HS USW GI E.

2 Unit Sub-Area I Sub-Area 2 Sub-Area 3 Sub-Area 4 Sub-Area S Sub-r,'rea 6 Sub-Area 7 f
&

l }Topopah Spring 30 60 60 60 60 60 60

Calico Hills (vitric) - - 30 140 30 70 20

Calico Hills (zeolitic) - 30 20 - - 30 40

Prow Pass - - - - - - -

Upper Crater Flat - - - 90 - - -

Bullfrog - - - 40 - - -

Middle Crater Flat - - - - - - -

,
,

hs

Distance to the 30 90 110 330 90 160 120

Water Table

|

,

' - . _ _ - - _ _ -
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h Table 4-8 Length (in Kilometers) of Ilydrogeologic Unit Sequences along the Saturated Flow Paths for Each of the Seven Repository h
@ Sub-Areas (Pluvial Conditions) [
t Hydrogeologic w

Unit Sub-Area i Sub-Area 2 Sub-Area 3 Sub-Area 4 Sub-Area S Subwtrea 6 Sub-Area 7 |
'8

From the Water Table below the Repository 3

Calico Hillsa - 038 0.28 0.90 1.22 0.90 0.10

Topopah Spring 3.05 3.65 - 3.70 - - 3.60

Paintbrush 0.15 0.16 - - - - 0.18

Tiva Canyon 030 0.22 - - - - 030

Calico Ilillsa - - - 030 - - -

Topopah Spring 1.90 1.92 5.62 130 5.40 5.78 1.92

To the Accessible Environment

Total Length 5.40 633 5.90 6.20 6.62 6.68 6.10

' Fractured properties of Calico Ilills vitric and reolitic tuff are assumed to be the same; therefore, no distinction is made, between the two, for the saturated paths that
only consider fracture flow.j

(
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4. Flow and Transport

the IPA Phase 1 effort (see Codell et al.,1992; pp. interpretations of production-zone thickness,
54 and 57). Future work will need to consider when more than one interpretation seemed rea-
spatial variability, transient flow conditions, and sonable, both interpretations were included for
further site characterization information, to pro- input into the simulations. This analysis yielded
vide better estimates on the range of percolation. production-zone-thickness interpretations from 6

meters to 401 meters and averaged 70.2 meters.

The current analysis is evaluating both the Table 4-9 contains the results of this analysis

integrated discharge of radionuclides and the (llenson et al.,1983; Bentley ct al., 1983; 131anken-

radionuclide dose. The calculation of dose nagel,1967; Craig,1991; Craig et al.,1983; Craig
requires a determination of the concentration of and Robison,1984; Craig and Johnson,1984;
radionuclides in the ground water. Attributes of Lahoud et al.,1984; Lobmeyer et al.,1983;
the " outlet" boundary condition are critical in Lobmeyer,1986; Rush,1984; Rush et al.,1983;

determining the volume of water crossing the Thordarson,1983 Thordarson et al.,1985; and

accessible environment boundary for a given time Whitfield et al.,1984 and 1985). Values from this l

period. This volume of water is determined by table were used to define a range for the thickness l
multiplying the water velocity times the total pore of the discharge area. j

area at the discharge point or accessible environ- I
'

ment. The assumptions used to determine these 4.2.3.2.2 Discharge Velocity
quantities involved a number of assumptions that
are described below. The discharge velocity was calculated using the

fracture permeability and the hydraulic gradient.
4.2.3.2.1 Discharge Area The fracture permeability (see Section 4.2.3.3) is

an input parameter based on laboratory mea- |

The discharge area refers to the vertical thickness surements of rock cores, whereas the gradient was |

and the lateral extent over which the radionuclide determined based on examination of head mea-
plume arrives at the accessible environment . surements in the Yucca Mountain area. The grad-
boundary. (In the determmation of concentration, ient was assumed to be constant (.0026). This was
it was assumed that the radionuclides were uni- considered to be acceptable, since the ground-
formly mixed over the discharge area.) It was water gradient has a small dip over much of this
assumed there was no transverse dispersion of area. It was also assumed that the gradient was

,

radionuclides. ,Therefore, the width of the plume not affected by variation in percolation rates in
was the lateral width of the repository (Figure the unsaturated zone. This assumption is sup-
4-9). (Ignoring transverse dispersion over the long ported by observations that present day ground-
times simulated should have the conservative water gradients and water-table elevations under

,

effect of producing higher concentrations of Yucca Mountain are probably caused by percola-
radionuclides at the accessible environment.) The tion in high-elevation recharge areas, rather than
determmation of the vertical thickness was based fmm water pescolating through the unsaturated
on the assumption all radionuclide transport m zone at Yucca Mountain. Admittedly, a long-term
the saturated zone occurred in fractures. There- change in hical percolation rates at Yucca
fore, the range for this sampled parameter was Mountain should be accompanied by a change in
determmed from estimates of the vertical extent percolation rates in the recharge areas. This in
of fracture zones near the surface of the water turn should cause a change in water levels and
table. ground-water gradients at Yucca Mountain.

Ilowever, this type of detailed modeling and data
The vertical extent of fracturing was based on the is not presently'available and therefore could not
interpretation of packer pump tests for well J-13 be incorporated into the analysis.
and radiation tracer logs for drill holes G-4,11-1,
11-3,11-4,11-5,11-6. UE25b#1, and UE25p#1. In
all these interpretations the thickness of the high- 4.2.3.2.3 Discharge Radionuclide Concentrations
production zones was identified. It was assumed
that high-production zones resulted from frac- As discussed above, the product of the discharge
turing. This hypothesis was supported by an area and the discharge veh> city yielded the volume
examination of fracture-hole data. In reaching of water crossing the discharge point or the
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4. Flow and Transport

Table 4-9 Permeability Zones Used to Determine the Range of Radionuclide Plume Depths for
Transport in Fractures Within the Saturated Zone

lloie No. flydrogeologic Units Depth (m) Ihickness (m) Test Flow Date

G-4 Tram 890-900 10 1983

11-1 Prow Pass 572-563 81 1980

11-1 Prow Pass, Bullfrog 687-760 73 1980

11-1 Prow Pass 687-694 7 1980

11-1 Bullfrog 736-760 24 1980

1I-3 Tram 809-841 32 1982

11-4 Prow Pass, Bullfrog. Tram 519-920 401 1982

Il-5 Ilullfrog 710-825 115 1982

11-5 Tram, L.ava 1010-1090 80 1982

II-6 Bullfrog 616-631 15 1982

II-6 Tram 777-788 11 1982

J-13a %popah Spring 303.6-422.5 119 1%3

| UE25b#1 Calico Ilills 471-490 19 1981

UE25b#1 Calico Ilills, Prow Pass 471-620 149 1981

UE25b#1 Prow Pass 540-620 80 1981
!

UE25b#1 Bullfrog 799-810 11 1981

UE25b#1 Tram 875-881 6 1981

UE25p#1 Prow Pass 469-501 30 1983

' Interpretations of all tests from radioactive tracer logs, with the exception of Well J-13, which was from packer pump tests.
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4. Flow and Transport

|

I
accessible environment. However, a minimum derive (i.e., permeability or conductivity, fracture

volume of ground water was used to dilute aperture, and van Genuchten parameters) hydro-
radionuclide concentrations at the discharge logic parameters. The hydrologic parametric

point. A minimum dilution volume of 1 million values used in recent studies and the relevant

gallons / year was used in calculating radionuclide
values from the Peters' ct al. report for hydro-

concentrations when the calculated discharge geologic units present at Yucca Mountain are

volume was less than this minimum amount. The presented in Appendix B. Additionally, the

1 million gallons / year was considered consistent parametric ranges and distributions used in the
with the water usage of the population at the sensitivity analysis are reported in Appendix B.

discharge point used to calculate doses. The Matrix Porosity: Matrix porosity values reported inminimum volumetric discharge amount has no
Peters et al. (1984) were based on laboratoryeffect on the calculation of integrated discharge
measurements. The parametric range for the

for comparison with the U.S. Environmental sensithity analysis used the wider range of eitherProtection Agency's radiation protection
standard-40 CFR Part 191 (Code of federal

the reported results or plus and minus 25 percent2
of the mean value of the reported results. The

Regadations, Ette 40, " Protection of assignment of a larger range than the reported
Environment"). results was done to more fully account for spatial

variability and parametric uncertainty that may
4.2.3.3 Site Parameters not be accurately reflected in the somewhat
Site information is used to assign parametric limited (two drill-holes) test results.
values for the hydrologic models and the radio-
nuclide transport models. The hydrologic Matrix Conductirity: Saturated matrix conductivity

parameters include permeability, matrix porosity, values reported in Peters et al. (1984) were derived

fracture apertures and density, and the van based on the laboratory measurement of volu-

Genuchten parameters, whereas the transport metric flux (using a constant head method) and

parameters include dispersion length, Ka, and application of Darcy's Law. The wider range of
rock density. A discussion on the use of the site either the reported results or of plus and minus 50

data and an application to the current modeling percent of the mean value reported in Peters et al.

exercise is presented below, for each of the was used to represent the variability of the

parametric topics previously listed. parameter in this analysis. As with the matrix
porosity, a broader range was used to compensate
for the limited data over the Yucca Mountain site.4.2.3.3.1 Ilydrologie Parameters

Peters et al. (19S4)is the basis of hydrologic- The range in hydrologic measurements using
parameter assignments in most of the recent small drill cores does not account for spatial

modeling studies. The information reported in variability within a hydrogeologic unit. The
Peters et al. is the result of laboratory experi- assignment of a hydraulic conductivity for a
ments, on tuffaceous core (fractured and specific hydrogeologic unit needs to account for
unfractured), obtained from the Yucca Mountain the correlation length of hydraulic conductivity
site, used to measure (i.e., matrix porosity) and over the thickness of a particular unit. Geo-

statistical analyses reported in the IPA Phase 1
effort (Codell et al.,1992, p. F-1) indicated that

2 Currently, a revned set of standards specific to the Yucca Mountain

mie is being developed in accordance wiih the provisions of thethere was no apparent spatial correlation of the
$#l5IE4Mp'r'o[eNIl$$$lireis@UP"hh' core data for saturated hydraulic conductivity^ " "

promulgate a ruie, moaifying $17i e $hm Cin pari t o of iis rep'utations. so
beyond the minimum separation distance of 10

'' '' " "d
$ ifs'i7n$IEOsT)"[r"i Eti!I # meters. A correlation distance of 10 meters wasf ai t 1e
accessible environment from radioactive materials stored or assumed for the current analysis, to determine a
disposed of at Yucca Mountain. Nevada consistent with the range in hy.draube conductivity for eachfmdmgs and recommendations made by the National Academy of
sciences. to 1:PA. on nsues relatmg to the environmental standards hydrogeolog C unit.j
governing the Yucca Mountam repository. It k assumed that the
revned ifA standards for the Yucca Mountain site mil not be
substantially different from those currently contamed m 40 CFR A representative conductivity for a hydrogeolog,ic

$2nii ai$"iEN"r'Ian"Sc"En'$s'i$c'$*c'Ni c t$'ie unit was calculated. based on the number of'' ' ' ' ' " 8
n

postctmune performance of the repository system. correlated lengths present in a given unit (see
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4. Flow and 'Ilansport

Figure 4-10) and the variability in the parameter, partially saturated conditions were obtained
'Ib develop a range for the representative con- (Peters et al.,1984) by fitting water retention data
ductivity,100 random samples were generated for to the following form (Equation 4-1) of the van
each correlated length within an individual unit Genuchten equation:
(for simplicity, the number of correlation lengths
in a given unit was based on the smallest unit -

1
-

o-im

thickness in Thble 4-5; for example, the Topopah S - (Ss - 4) + S, (4-I).

Spring unit has 6 correlation lengths over the , , g q,-
60-meter length). The sampling range used for the
100 random samples was based on the parameter where:
variability described above. Table 4-10 presents

,

the resulting matrix representative conductivity S saturation;=

saturation at ful1 saturation;ranges and the supporting input values. S, =

S, residual saturation;
,

=

h pressure or suction;=

M trix Characteristic Curres: The parameters that fitting parameter; anda =

describe the behavior of the fluid flow under s fitting parameter.=

\1 I I I l
K K K K K1 1 2 1 3 1 4 | | N

REPRESENTATIVE
i

i

i

N N
1

=I
REPRESENTATIVE J=1 J

where:

N is the total number of correlation lengths present in the hydrologic unit

K is the conductivity value appropriate over one correlation lengthg

Figure 4-10 Graphical representation of the correlation length of a hydrogeologic unit and
its relationship to the calculation of a representative conductivity
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4. Flow and Transport

Table 4-10 Matrix Representative Conductivities and Permeabilities (Permeabilities Given in
Brackets) for the Indicated Ilydrogeologie Units and the Values Used to Calculate
the Representative Values Based on 100 Data Realizations and the Calculational
Approach Presented in Figure 4-10

Data Range" Number of10 meter Representative Range
z

flydrogeologic Unit (mmlyr) Correlation lxngths (mmlyr) (m j

'Ibpopah Spring .04 to 1.2 6 0.11 to .36

(welded) [3.6 x 10-19 to 1.2 x 10-18]

3 31.2 x 10 to 6.1 x 10Calico iIills (vitric, 820. to 9,100. 2

non-welded) [3.9 x 10-15 10 2.0 x 10-14]

4 to 5.0 4 .0M to.21Calico Ilills (zeolitic, 7.6 x 10
non-welded) [1.3 x 10-20 to 6.7 x 10-19]

Prow Pass (welded) 40. to 440. 2 58.0 to 300.

[1.9 x 10-16 to 9.6 x 10-16)

Upper Crater Flat 0.6 to 14. 6 1.6 to 4.6

(non-welded) [5.1 x 10-18 to 1.5 x 10-17J ,

ilullfrog (welded) 72. to 200. 10 110.0 to 140.

[3.5 x 10-16 to 4.4 x 10-16)

Middle Crater Flat 0.6 to 14. 4 1.3 to 4.8

(non-welded) [4.1 x 10-18 to 1.6 x 10-17]

'llased on actual ranges reponed in Peters et al. (1984).

The two fitting parameters (a and p) control the -

,

shape of the characteristic curves (variation of K,-/5 1 - 1 1 - (S,) @2
/

1 ,and (4-2)saturation versus pressure, and variation of \ #

conductivity versus pressure or saturation) for
unsaturated flow. These two parameters can
physically be related to the size and distribution S-S'

(4-3)
of pore space (larger pores will desaturate before y' , S, _ S,

-

'

,

smaller pores). A narrow distribution of pore
space will result in desaturation occurring over a where:
ve y small pressure range and thus will exhibit a

saturation;relatively steep characteristic curve. A second van S =

saturation at full saturation;Genuchten equation (van Genuchten,1980) based S, =

residual saturation;on the method of Mualem (1976) was used to Sr =

effective saturation;represent the relationship of the conductivity and Sr =

relative conductivity; andsaturation, assuming the applicability of the Kr =

desaturation curve (Equation 4-1) fitting param- A van Genuchten fitting parameter=

eters to the conductivity cuive (Equation 4-2). (1 - 11#).
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4. Flow and Transport |

For this analysis, saturations were derived from above for matrix conductivity (see Table 4-11 for
flux considerations, using Equation 4-2; therefore, resulting representative ranges and supporting
only the fitting parameter # was sampled. The input values).
parametric ranges for # were based on a 25
percent increase and decrease of values reported Fracture Characteristic Currcs: It was assumed that
m Klavetter and Peters (1986) and supplemented unsaturated flow within fractures is governed by
by data ranges reported in Peters et al. (1984). the same van Genuchten relationships described
Single values for the fitting parameter oc were above for unsaturated matrix flow, in addition to
taken from Klavetter and Peters and were supple- the applicability of the steady-state laminar flow
mented with average values from Peters et al., between parallel plates, as well as fracture
where necessary. Finally, the residual saturation, apertures being sufficiently small so that capillary
S,, for simplicity was assumed to be zero (this forces control Huid flow. The range for the fitting
assumption is assumed to have a minimal effect parameter B (see discussion under matrix
on the analysis). characteristic curves above) was determined by

increasing and decreasing by 25 percent the value

Fracturc Porosity: Fracture apertures reported in reported in Klavetter and Peters (1986). Similar to 1

Peters et ul. (1984) were derived based on the matrix value, the fitting parameter a was set f
volumetric flow measurements and assuming the to a single value corresponding to the value j
cubic law applied to steady state laminar flow reported in Klavetter and Peters. Unlike the :

!

between parallel plates. These fracture apertures matrix values, which had separate values for each

combined with fracture density were used to hydrologic unit, the fracture characteristic curves

derive bulk-fracture porosity, as reported in were the same for each unit.

Klavetter and Peters (1986). The bulk-fracture
porosities were assumed to be constant in the 4.233.2 Transport Parameters
current analysis.

Dispersion Length: The hydrodynamic dispersion
Fracturc conductirity: Peters et al. (1984) reported process works to disperse contaminants along a
on laboratory analyses of fractured tuff sample flow path through mechanical dispersion and
and the derivation of fracture properties based molecular diffusion. The dispersion length is a I

primarily on assuming the cubic law applied to parameter used in transport equations to capture
steady-state laminar flow between parallel plates the spreading of a contaminant. This parameter,
and determined the conductivity of a single not without controversy, is a factor that compen-
fracture. Ilased on the Peters et al. analyses, sates for a lack of knowledge of the conductivity
Klavetter and Peters (1986) reported the fracture field and therefore tends to exhibit a strong
conductivities used to represent the initial range dependence on the scale over which it is esti-
of unit properties. Ilulk fracture conductivities mated. For the current analysis, a range of 03 to i

(conductivity per unit area) were determined by 30.0 meters is used.
multiplying the single fracture conductivity times
the fracture area per unit area for each hydro- Rctardation Factors: IPA Phase 1 used an element-
geologic unit. The wider range of either the specific retardation coefficient to represent the
reported results or plus and minus 50 percent of chemical reactions affecting radionuclide trans-
the mean values reported in Klavetter and Peters port through the geologic medium. The IPA Phase
was used to represent the variability of the 2 effort also uses a retardation coefficient type of
parametric range in this analysis. This was done approach (retardation coefficients are calculated
to compensate for the limited data over the Yucca from sorption coefficients or Kes). A departure
Mountain site and the lack of a range for from the previous analysis is the assignment of
conductivity, as reported in Klavetter and Peters. Kas to specific hydrogeologic units, when data

were available to make the assignment. Ka values
The parametric range for a given hydrogeologic were selected, where appropriate, from Meijer
unit was subsequently used to calculate a (1990) and Thomas (1987). When information was
representative permeability range for a given not appropriate, values consistent with the Codell
hydrogeologic unit, using the same procedure to et al. report (1992) were used. The values were
account for spatial variability as was described specific to the following hydrogeologie units:
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4. Flow and 71ransport

Table 4-11 Fracture Representative Conductivities and Permeabilities (Permeabilities Given
in Brackets) for the Indicated Ilydrogeologic Units and the Values Used to Calculate

;
the Representative Values Based on 100 Data Realizations and the Calculational
Approach Presented in Figure 4-10

Data Range * Number of10 meter Representative Range
,

2
flydrogeologic Unit (mmlyr) Correlation Exngths (mmlyr)[m ]

Topopah Spring (welded) 20. to 100. 6 33. to 59.
[1.1 x 10-16 to 1.9 x 10-16]

! Calico Hills 145. to 435. 2 170. to 360.

(vitric, non-welded) [5.6 x 10-16 to 1.2 x 10-15j

Calico Hills 145. to 435. 4 190. to 310.

(zeolitic, non-welded) [6.2 x 10-16 to 9.9 x 10-16)
;

i Prow Pass (welded) 10. to 30. 2 12. to 25.

[3.9 x 10-17 to 8.1 x 10-17J

Upper Crater Flat 145. to 435. 6 210. to 300.b

(non-welded) [6.7 x 10-16 to 9.8 x 10-16]

Bullfrog (welded) 10. to 30. 10 15. to 20.c

[4.9 x 10-17 to 6.4 x 10-17]

Middle Crater Flatb 145. to 435. 4 190. to 310.

(non-welded) [6.2 x 10-16 to 9.9 x 10-16)

*Ilased on wider range of either the actual range or plus and minus 50 percent of the rnean value, as reported in Klavetter and
Peters (1986)

'Ilased on Calico Ilills.
'llased on Prow Pass.

1bpopah Spring Member of the Paintbrush lbff fast relative to the rates of sorption reactions.
Therefore, K values in the fractures were all set(Tpt): Calico Hills non-welded vitric (CHny): d

Calico Hills non welded zeolitic (CHnz); Prow to zero.
Pass Member (PP) of the Crater Flat Tbff (Tep);

K values were used to calculate retardationand Bullfrog Member (BF) of the Crater Flat Tuff d

(Tcb). factors via the following formula:

R = 1.0 + e(1 - n) Ks , (4_4)The Ka values for the matrix are presented in f g
Appendix B along with a discussion on how the
Ko alues for the matrix were derived from thev
Meijer (1990) and Thomas (1987) reports. A range where:
for sensitivity analysis was developed by assuming

retardat,on factor;a log-uniform distribution and increasing and Rf= i

distribution coefficient;decreasing the K values by one order of magni- Ad =
d

tude, to develop the ends of the distribution. O moisture content:=

Sorption was assumed not to occur in fractures, e grain density; and=

because of the conceptualization that How will be n = porosity.
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4. Flow and 'Iransport

4.2.4 Computational Model Description that are to be analyzed. nese flowpaths are
(Liquid Flow and Transport) described as 1-D segments, because in part, of

the 1-D nature of the flow and a calculational
He computational model, for use in the need for efficient simulation approaches that
total system performance assessment (TPA) would be suitable to the numerous simulations
computer code, used for representing liquid flow that are required for sensitivity and uncertainty
and subsequent transport of radionuclides, was analyses. It was anticipated that a simple depic-
developed to gain insights into the following tion, which still retained some realism with
processes and concepts: respect to site description, would be necessary for

#" "" "" "
o Matrix versus fracture flow;

Variation in hydrogeologie unit thicknesses Additionally, the horizontal diversion of unsatur-o
between the repository and the water table; ated flow, at the interface between hydrogeologic

units with contrasting flow properties, and the
Transport in the saturated zone; and transfer of liquid water, between fractures ando

matrix in the unsaturated zone, are two other |

Variation in geochemical retardation between aspects of unsaturated flow that have the po- !o
different hydrogeologic units. tential to be computationally very demanding. |

Therefore, special consideration was given to the J
He implementation of these processes and computational approach used to deal with these '

concepts into a computational module for the two issues. Rather than solve the flow equation
current analysis involved the development of a explicitly, it was decided to use a " table look-up"
calculational strategy, selection and development (discussed below under computer program
of a computer program (s), and determination of development) procedure to account for flow
site representation. All of these topics will be diversion above the repository and the interaction
discussed in more detail, to provide a better between matrix and fracture flow in the
understanding of the representation of liquid flow unsaturated zone.
and radionuclide transport in the current analysis.

4.2.4.1 Computational Strategy 4.2.4.2 Selection and Development of
Computational Model(s)

As has been discussed in prior sections (see
Section 4.23), the flow in the unsaturated zone The flow paths are assumed to be 1-D; therefore,

,

(between the repository and the water table)is the determination of the total amount of fluid flux
assumed to be primarily in the vertical direction, in a given flow path and the partitioning of flux
whereas the flow in the saturated zone, near the between the fracture and matrix is crucial. The,

water table, has been assumed to be primarily to NEFI7MN ll (Olague et al.,1991) computer
the south-east. Thus the flow representations, for program was selected to simulate liquid flow and .

' both the saturated and the unsaturated zones, radionuclide transport because of its ability to I
;

were assumed to be 1-D, with differing hydro- accommodate saturated and unsaturated flow and
'

geologic units for the seven repository sub-areas radionuclide transport, using a minimum amount |

i (see Figure 4-11). The seven repository sub-areas of computer time. However, to account for the
were selected based on a need to represent the diversion of flow and transfer of fluid between the

j variation in hydrogeology below the repository fractures and the matrix, a pre processor was
and use stratigraphic information for selected developed to determine the total incoming flux for

i boreholes at the site (Figure 4-6). Therefore, there each repository sub-area and the distribution of
are seven repository sub-areas, each connected to fracture versus matrix flow for each hydrogeologic
its own unsaturated and saturated zone hydro- unit present.

| geolgic sequences, similar to the representation
presented in Figure 4-6.;

A detailed description of the pre-processor is
The hydrogeologic sequences associated with the required to fully understand the manner in which
seven repository sub-areas define the flowpaths NEFI7MN 11 is implemented for the current
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4. Flow and Transport

analysis. The pre-processor, hereafter referred to saturation);
as FLOWAf0D, performs the following primary Gm = volumetric source term for the
functions: matrix continuum;

Gf volumetric source term for the=

o Determination of the areal flux; fracture continuum;
F fracture to matrix transfer term;=

o Determination of fracture flow; and e = water density;
viscosity of water;n =

o Determination of retardation factors, g gravitational coefficient;=

z-direction distance; andz =

Determination ofAreal Flux: The distribution of t time.=

recharge at the repository depth is anticipated to
have a degree of variation because of the tilting of A depiction of the hydrogeologic units and the
the bedding planes, variation in hydraulic proper- types of boundary conditions applied to the
ties, and the amount of recharge. To quantitatively cross-section is presented in Figure 4-12. Unit

,

I

estimate the spatial distribution of percolation, a properties were assumed to be homogenous and
series of two-dimensional (2-D) simulations were isotropic for the all the cross-section simulations.
conducted to develop an interpolation table for 'Io examine the spatial variation of the percola-
use within FLOWAIOD. The 2-D simulations tion, a number of steady-state simulations were
were performed using the DCAf3D computer performed over a range of percolation rates (.01
program (Updegraff et al.,1991) and made use of to 10.0 millimeters / year). The spatial distribution i
the cross-sectional stratigraphy depicted in Figure of recharge at the repository level resulting from

'

4-4 and parametric values (see Table 4-12) found these simulations was then used to develop a table
in Klavetter and Peters (1986). DCAf3D is a (see Table 4-13) which was used to interpolate
dual-continuum unsaturated flow simulator that total flux amounts for each of the seven repository
represents liquid flow in fractures and matrix as sub-areas (see Figure 4-6). Although this is a
separate but connected flow fields. The following simple representation it accounts for a measure of
flow equations are solved for the matrix and the flow diversion that is anticipated to occur for
fracture continuum, respectively: higher flux values. Future work will need to l

examine this phenomenon with more detailed |

modeling, which can take into account continuingq- i

C= ap - V 1 -(vp + egi:) |- r + (r' , (4-5) site characterization activities (e.g., characteri- 1

;

0' '# > '

zation of spatial variability of hydrologic proper-
ties, and kication of and further understanding of

3 the hydrologic significance of structures like
CIgg - V qf-(V/ + egV:) | - r + (/ , (4-6) major fracture zones or faults as sources of

0' W > focused recharge).

where: Determination of Hacture Flow: The partitioning of
fluid flux between the matrix and the fractures is

p water pressure in the matrix dependent on a number of factors such as them =

continuum; total flux, hydraulic properties of the matrix and
fp water pressure in the fracture fractures, and spatial and temporal hetero-=

continuum; geneities. For the present analysis, no attempt was
specific storage coefficient of the made to account for the effects of spatial andCm =

matrix continuum; temporal heterogeneities. The current analysis
Cf specific storage coefficient of the does account for the differences in hydrologic=

fracture continuum; properties, between the fractures and the matrix,
permeability of the matrix and the dependence of these properties on thekm =

continuum (dependent on flux. The sensitivity analysis required an efficient
saturation); means to calculate fluid flow. Therefore a table

k/ permeability of the fracture interpolation approach was implemented within=

continuum (dependent on FLOWAf0D. The interpolation table used in
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h Table 4-12 Ilydrogeologie Parameters Used for Simulating Two-Dimensional Flow (see Figure 4.12) with DCM3D, to h
$ Analyze the Spatial Distribution of Percolation at the Repository Depth j
L 8.

$ Characteristic Curre- 4
Fitting Parameters hansfer Factor * E

Permeability (m ) (m ) }2 2

Hydrogeologic Unit (conductivity, mmlyr] Porosity oc (ilm) 6 [No. Fractures] 3

Tiva Canyon Mb 9.7 x 10-19 [030] .08 8.2 x 10-3 1.6 N/A
(welded) FC 5.5 x 10-16 [170.] 1.4 x 10-4 13 4.2 1.6 x 10-15 [20]

Paintbrush M 3.9 x 10-14 [1.2 x 10 ] .40 1.5 x 10-2 6.9 NA4

(non-welded) F 1.6 x 10-15 [490.] 2.7 x 10-5 13 4.2 1.6 x 10-13 [1]

Topopah Spring M 1.9 x 10-18 [0.6] .11 6.0 x 10-3 1.8 NA
(welded) F 1.9 x 10-16 [59.] 1.1 x 10-4 13 4.2 4.4 x 10-14 [24]

i Calico Hills M 2.0 x 10-18 [.06] .28 3.0 x 10-3 1.6 NA
(non-welded, F 9.4 x 10-16 [290.] 4.6 x 10-5 13 4.2 7.2 x 10-17 [3]
zeolitic)

Transfer factor based on assumption of regular planar fractions (equals 4n%. where n is the number of fractures and k. is the matrix permeability).
' Matrix.
Tracture.

.
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Figure 4-12 I)cpiction of the hydrologie units and boundary conditions used to evaluate |
the spatial variation of percolation at the repository depth ;

1

Table 4-13 Distribution of Percolation for the Seven Repository Sub-Areas, as Depicted in
Figure 4-6

Percolation at Repository Depth (inmlyr)for Each Sub-Area
Surface injiltration
(inmlyr) Sub-Areas I and 3 Sub-Area 2 Sub-Areas 4,5,6, and 7

0.01 0.01 0.01 0.01

0.05 0.06 0.05 0.04

0.10 0.13 0.09 0.07

0.20 0.26 0.18 0.13

0.30 0.38 0.25 0.18

1.00 1.25 0.80 0.60

2.00 2.25 1.80 1.60

10.0 10.5 9.80 9.50
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4. Flow and Transport

determining the fraction of fluid flow was based the seven repository sub-areas and the distribu-
on 1-D flow simulations, using DCAf3D. tion of flux in the matrix and the fracture

continua. This information is then used by

DCAf3D was used to simulate 1-D unsaturated
FLOlVAf0D to define a series of transport paths

zone flow in a dual porosity medium (one fracture from each of the seven repository sub-areas to the

continuum and one matrix continuum) for a range accessible environment. The flow in a given

of percolation rates. Steady-state Dow was hydrogeologic unit could be a combination of
modeled for each of the hydrogeologic units, to fracture and matrix flow; however, for compu-

determine the fraction of the total flow that was in tational simplicity, the fracture flow and the

the matrix as a percentage of the saturated con- matrix flow are split into separate flowpaths. This

ductivity of the matrix. A table, within FLOlV- approach for simulating the fracture and matrix
Af0D, was constructed for each unit, to deter. flow precludes diffusive transport between

mine the fraction of flow in the matrix. The table fractures and matrix (i.e., matrix diffusion). This

expressed the amount of matrix flow and the total is likely to be a conservative assumption, because
flow as a fraction of the saturated conductivity of matrix diffusion is a potentially important

the matrix (see Table 4-14). The dimensionless retardation mechanism for fracture-dominated
aspect of the table allowed the same table to be flow. Parametric uncertainty for the Yucca

used throughout the sensitivity analysis, where hfountain cases, and the possible importance of

both the saturated conductivity and the fracture coatings in reducing matrix diffusion,

percolation were sampled parameters. The table may diminish the importance of this phenomenon

interpolation procedure determines the fraction of at the Yucca hiountain site.
the total flow in the matrix. It was assumed that
the remaining flow was in the fractures. Based on this approach, a flowpath over only one

.

hydrogeologic unit would result in two transport
Retardation Factors: The retardation parameter p ths (one for the matrix flow and one for the
was initially discussed in Section 4.2.3.3, under hapure Dow). &cause of the many hydrogeo-
transport parameters. The retardation parameter logic umts that comprise the flowpaths from the

,

is calculated within FLOlVAf0D, based on the IQ repository to the access,ble environment, there arei
value (sampled in the sensitivity analysis); the a senes of potential transport paths resultmg
grain density of the matrix (assumed to be a from all the poss,ible combinations of fracture and
constant for each unit); porosity of the matrix m trix flow (see Figure 4-13). FLOlVAf0D defines
(sampled in the sensitivity analysis); and the the transport paths for the flowpaths that have a
matrix moisture content (as mentioned previously, nonem Dux and provides the input data,no retardation was assumed in the fractures,

necessary to simulate the transport of radio-
because, primarily, of the limited surface area of nuclides with the NEFTlbtN H computer
the fractures compared with the matrix). Of these pmgram. Additionally, FLOlVAf0D distributes
values, the moisture content was the only value the repository releases from the source term
that required a calculation before determining the according to the fraction of flux m a particular
retardation factor. The moisture content for a fl wp th. For example, a flowpath that has 10
given hydrogeologic unit was derived assuming a percent of the total flux will receive 10 percent of
unit gradient in the unsaturated zone and using

the source tenn; While this approach offersEquation (4-2). Retardation in the matrix above limited interaction between the fractures and
the water table (recall that transport in the satur- m trix, it does account for the differing travel
ated zone is assumed to occur entirely in the times and fluxes caused by fracture and matnx

,

fractures and is thus unretarded) can vary 0 *-
because of a change of properties in the hydro-
geologic units and changes in moisture content,
caused primarily by changes in flux. A common discharge point has been assumed

(see Section 4.2.3.2) for all transport paths.
4.2.4.3 Site Representation Releases to the environment are obtained by

.

summing all the individual releases from all the
As discussed above, FLOlVAf0D does interpola- transport paths for each of the seven repository
tions to determine the total flux entering each of sub-areas.

1
,
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4. Flow and Transport

Table 4-14 Variation of Statrix Flux Versus the Total Flux for Each of the liydrogeologic Units
Simulated at Yucca hiountain

Total and Afatrix Flatt (Expressed as Fraction of Saturated Conductivity, Ks)
for the Indicated flydrogeologic Units

Calico Calico Upper A1iddle

Topopah flills flills l' row Crater Crater
Spring (ritric) (:. colitic) l' ass Flat Bidifrog Flat

|

K (mm/yr) .60 8,500. .63 140. 1.0 140. 1.0
3

4 .10 7.1 x 10-4 .10Total .17 1.2 x 10-5 .16 7.1 x 10
4 .10Matrix .17 1.2 x 10-5 .16 7.1 x 104 .10 7.1 x 10

'li>tal .50 3.5 x 10-5 .48 2.1 x 10-3 .30 2.1 x 10-3 .30

Matrix .50 3.5 x 10-5 .48 2.1 x 10-3 .30 2.1 x 10-3 .30 !

Total .83 5.9 x 10-5 .79 3.6 x 10-3 .50 3.6 x 10-3 .50

Matrix .83 5.9 x 10-5 .79 3.6 x 10-3 .50 3.6 x 10-3 .50

'll>tal 1.25 8.8 x 10-5 1.20 5.4 x 10-3 .75 5.4 x 10-3 .75

Matrix .97 8.8 x 10-5 ,92 5.4 x 10-3 .75 5.4 x 10-3 .75

,. 'Ilital 1.67 1.2 x 10-4 1.60 7.1 x 10-3 1.00 7.1 x 10-3 1.00

Matrix .97 1.2 x 104 .92 7.1 x 10-3 .98 7.1 x 10-3 .98'

4

i 'II)tal 3.33 2.4 x 10-4 3.20 .01 2.00 .01 2.00

Matrix .97 2.4 x 10-4 .94 .01 .99 .01 .99

I 'Ilital 6.67 4.7 x 10-4 6.30 .03 4.00 .03 4.00
4 .94 .03 .99 .03 .99Matrix .97 4.7 x 10',

'Il>tal 11.67 8.2 x 10-4 11.10 .05 7.00 .05 7.00

; Matrix .97 8.2 x 10-4 .94 .05 .99 .05 .99

Total 16.70 1.2 x 10-3 15.90 .07 10.00 .07 10.00

| Matrix .97 1.2 x 10-3 .94 .07 .99 .07 .99

1
:

J

0

1
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Figure 4-13 Depiction of the multiple transport paths, based on four different hydro-
geologic units and the indicated combinations of fracture and matrix flow

4.3 Flow and Radionuclide'Ransport field develops, to emulate transient flow condi-

Module for Gaseous Releases tions. This was a major deviation in NRC's
approach from the earher DSI steady-state calcu-

The elevated topography and unsaturated lations. The NRC staff wrote its own computer
fractured stratigraphy of Yucca Mountain favor code to solve the equations of flow, and in the
the existence of gas flows driven by thermal process, made other significant modifications and
gradients. Such flows have been observed in improvements to the DSI model.
relatively shallow holes (Weeks,1987). Thermal
gradient driven flows are expected to exist in the 4.3.1 Governing Equations
vicinity of the repository, particularly under the

The DSI model is based on sm.gle-phase flow of
.

influence of the repositoiy heat load. Such flows
have been predicted by various models and m ist air m Yucca Mountain. The followmg
researchers. assumptions are made m the denvation (see

Amter and Ross,1990):

He conceptual and mathematical gas flow model The gas behaves as an ideal gas..
chosen for IPA Phase 2 was the formulation of the
steady-state flow equation as originally presented The gas is saturated with water vapor.e
by Steven Amter and Benjamin Ross (Amter and
Ross,1990) of Disposal Safety Inc. (DSI), a DOE Changes in partial pressure of water vapore
consultant. Because gas flow is expected to have are accommodated by changes in gas
relatively fast transients in comparison to changes composition, with the total pressure
in temperature gradients through conductive heat remaining nearly constant.
transfer, one can evaluate a series of steady-state
flows at snapshots in time, as the temperature Gas viscosity is independent of pressure. ;

e
.
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All gas-filled voids in the matrix may be Constant terms are defined as:o
treated as a single porosity on time scales of

molar weight of dry air (28.96 g mol-1);years. Da =

molar weight of water vapor (18.02Dy =

o The unsaturated zone stays at constant g mol-1);
gas constant (8.3144 x 10 g cm s-27 2saturation. R =

mol-1 *K-1);

acceleration of gravity (980 cm sec-2]);
The system is then described by three equations, g =

a volume balance, a constitutive relation, and Po reference pressure (880,521 dyn cm ;=

Darcy's Law. The full equation describing the and
reference fluid density (.001007 g cm-3).system is then: eo =

I Other terms are defined as:
V2h -mVT Vh + h, (Vh)2 +

-

Temperature (degrees Kelvin (*K)T =

fr an externally calculated-

0. - O, dh, I
'

JT1

- + 0 ' (y + m ) - temperature field);7+K RT total pressure (dyn cm-2);- - P =

vapor pressure (calculated forPy =

~ 1 - c' g 0 ,' ah go e' (4-7) temperature)(dyn cm-2);
fluid viscosity (g cm-1 sec-1);+

h, RT , a: RT h, p =
2intrinsic gas permeability (cm );k =

and

+ f vk - (Th -e'!) - 0
elevation (cm): =

,

Boundaiy conditions on Equation (4-7) are no-
flow on the sides and the bottom, and atmo-

where: spheric pressure on the surface. The DSI model
rationalized that the sides were modeled as
topographic valleys that are air divides, much as#- ;e ' RT (h,0,, + h,0,) - 1 the centerline of the mountain is a ground-water
divide. No-flow at the bottom boundary was
chosen because of either low-permeability rock or

1 1 dh,,

t au + 7 + ; the presence of liquid water that wo .ld effectivelym- g
cut off the air flow.

-
The DSI modellinearized certain terms inh' - [' * and Equation (4-7) in order to simplify the solution,geo
and also because DSI did not have the necessary
relationships for temperature dependence pro-

h, p-- + : + h - h, . grammed into their model, The terms dhv/dT and
R00 dn/dT were replaced by their linearized equiva-

lents taken at a reference temperature of 300*K.

The term e' is the buoyant density of the air using The term m was evaluated only at the reference

the concept of " freshwater head." This concept is temperature. They also climinated some of the
used in calculating stratified flows in surface terms of Equation (4-7) altogether, namely those'

water and ground water when dealing with two containing (vh)2 and ah/ar. The terms containing
fluids that have only a small difference in density yk were included only where there were

(e.g., salt water and fresh water, or hot and cold permeability contrasts.
water). The terms hy and ha are the vapor-
pressure and air pressure heads respectively, in The no-flow boundary conditions were simulated

by setting flux to zero across boundaries:cm.
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4. Flow and Transport

q.g . _ m k .ah
. He NRC model improved on the original DSI

model in several significant ways:-eT- -0
p an (4-8),

'

Equation (4-7) was modeled with all termse

where n is the unit v- or normal to the boundary. except the one containing (vh)2 and ah/0:.
,

|

They chose to satisfy 3 . tion (4-8) by setting the Furthermore, several of the terms in Equa-

head at adjacent bounua, i nodes, so that the tion (4-7) were recast so that it was in a form
terms within the brackets were zero. more suitable for no flow boundary condi-

tions, using a block-centered finite difference
In a later improvement to the model, DSI (Ross et scheme. The term:
al.,1992) developed a formulation that included
atmospheric lapse rate (linear decrease in 3

temperature with elevation) to determine the free V'h + 7Vk -(Th - o?) (4-11),

atmospheric heads. Considering the atmospheric
lapse rate and assuming a constant mole fraction
of water vapor at all elevations resulted in the expressed in two dimensions x and y, in
equation: relation to the downward unit vector,

becomes:
~

}|
I

.ih (4 ah) + a (k ah ).
r

(4-9) I aP - P.,,,,

1 + T.' k

,
-

- ax ay By _ <

- (4-12)where:
-

-sm 0 + gg cos o
, gg .g

-
,

A d* 07
Parin = atmospheric pressure at : = 0; -

A the atmospheric lapse rate;=

the air temperature at : = 0;Ta =

where o is the dip angle.
and

The finite difference model was set up in an

0-f O,+nj,=T')(0,-0.)-
orthogonal x-y grid, with the layers parallel toPf

(4-10) they axis. The entire grid was tilted by the.

- . dip angle.

where V is the relative humidity outside the The advantage of the reformulation set up in
mountain at : = 0. Equation (4-12) is that the no-flow boundary

condition can be expressed simply as zero
This formulation was also adopted for IPA Phase permeability in the centered finite difference
2. scheme.

* The NRC model did not linearize most of theDSI originally used a node-centered, explicit finite
difference equation with Gauss-Siedel accelera- terms, but instead included formulas for
tion to solve the head field. Once the head field temperature dependency of hg and viscosity.
was solved, the veh> city field was calculated from The relationship for vapor pressure was
Darcy's Law, and particle tracking was used to taken from the " Steam Tables"in Thermo-
calculate travel times from the repository to the dynamic Properfics of Steam (Keynan and
earth's surface. Keyes,1936). The relationship for viscosity

was a quadratic-curve fit for dry air, with
4.3.2 NRC Model data coming from the Handbook of Chemistry

and Physics (Weast,1984). The finite-
The goal of the IPA Phase 2 gr.s-flow-model difference model was solved using an explicit
development effort was to attempt to duplicate algorithm and Gauss-Seidel iteration, with an
the DSI results and extend the model,if possible. acceleration factor.
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4. Flow and Transport

1

After initially testing its model, using the zone around the computed area, to include ao
linear temperature profile developed by DSI, larger quantity of rock. I
NRC decided to use a full 2-D temperature j

profile calculated from the equation for the It must also be recognized that the DSI model
time-dependent conduction of heat. has, thus far, been used to determine gas-flow i

,

Although, this model did not take multiphase pathways and travel times. The NRC model had |

processes into account, it did account for the to be capable of determining output flux of 14C !

growth of the isotherms as a function of time, for dose calculations and the cumulative release
'

and calculated the temperature profiles on for determining compliance with the performance
the sides of the repository as well as above requirements. This was accomplished by adding
and below the repos, tory. the following modifications:i

Two forms of the temperature model have been The capability to calculate the velocity fieldse
used.,to date. The first is a solution usmg Green,s for up to 10 different points in time a'fter, , ,

functions in a sempinfinite, umform medium in repository closing. This was done by provid-
two dimensions, with a fixed-temperature ing a temperature input file with temperature

,

boundary cond, tion at the earth's surface and an distributions at up to 10 selected times and
i ,

instantaneous heat source from a semi-infinite calculating the steady-state Darcy vek) city
plane (Codell,1984). A semi mfinite region was field for each time. The particle tracing
considered to best represent the repository; the routine interpolated the vek) city field tables
isotherms will extend out great distances through space and time. The tables were
unaffected by boundaries, except at the surface spaced at a few hundred years, for the first
and at contrasts in conductivity. The Green s 1000, years and then by a few thousand years
functmn solution was for an instantaneous heat thereafter to more accurately reflect
source. Tius was generalized to a time-dependent conditions during the initial period of rapid
heat source, based og 10-year-old spent nuclear temperature change.
fuel usmg a convolution integral evaluated
numerically with Simpson's rule quadrature. The

A source of IdC released within the engi-geothermal gradient was added to the tempera- e

ture calculated from the Green's function model. neered barrier system (EBS) in units of
This model calculated temperatures for all (curies / year) was provided to the model as
k> cations needed by the flow model. Temperature input. In the particle-tracking routine, a
gradients were calculated by finite-differencing of fraction of the appropriate source term is
the nodal temperature. attached to each particle released and the

fraction remaining on that particle after
radioactive decay is accumulated with otherTemperature distributions were also calculated

using a semi implicit finite difference model particles, accordmg to the year m which the

based on the Prickett-Lonnquist (Prickett and particle emerges mto the atmosphere. Tfus
"bookkeep, g" was required because parti-mlamnquist,1971) model for aquifer drawdown.
cles released at different locations within theThe advantage of this approach is that it lets the
repository experience different travel times.irregular surface boundary condition be sepre,

sented explicitly, whereas the Green's function The model approximates a continuous release
,

solution allowed the surface of the earth to be from the repository by an instantaneous

represented as flat, only. Another advantace is release of particles across the width of the
,

that the solution is no longer confined to u'niform fepository, at the middle of discrete time
heat-transfer coefficients and heat capacities. The intervals (every 50 years, for example).

finite difference model also allows the simulation
A file containing the calculated output fluxof the geothermal gradient more explicitly by e

input of a heat flux at the lower boundary of the (curies / year)is transferred as input to the
model. A disadvantage of the finite difference dose-calculation model. The accumulated
model is that it is difficult to represent an infinite release over the performance assessment
medium for heat conduction. This problem has period is used as input to the CCDF, for that
been partially overcome by creation of a buffer particular vector and scenario.
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4. Flow and Hansport

i
?

A logic diagram of the N module is shown in formance assessment simulations; however, as

.

Figure 4-14. discussed later in this section, the effects of

1 different thermal loadings on gas transport were
als nves 8 e us 8 Ws model

i 4.3.3 Application to Yucca Mountain

The gas flow model was applied to Yucca Moun- During the development of the model, runs were

|
tain using the simplified cross-section developed made with A"minary estimates of typical hydro-,

for the flow and transport-modeling tasks. The logic paraimm,' determine the sensitivity of
;

| section was extended 600 meters on each side, to the velocity field to the time varying temperature

! reach the natural no-flow boundaries needed to distribution. The permeabilities used for these

j contain the entire flow field. This cross-section calculations (in 10 square meters)were: 5.2 for4

| was further simplified by characterizing the Tiva Canyon (TCw); 16.0 for Paint Brush (PTn);

j stratigraphy as parallel layers at a 6' angle with 0.97 for Topopah Spring (TSw); and 9.7 for Calico

j the horizontal.The finite difference representation Ifills (CHn). The porosities and retardation

consists of 52 columns and 62 rows of nodes with coefficients were nct used for the calculation of
!

DX = 50 meters and DY = 10 meters. The flux distribution. The results of the calculations
2

i repository is 400 meters below the top of the land are shown in Figures 4-16 to 4-19.

j surface. The unsaturated stratigraphy was repre-

| sented by five parallel layers, as follows, with their The vapor flux distribution shown in Figure 4-16
respective, symbol and the assumed constant is for vapor transport induced by the geothermalj

|
thickness m meters m, parentheses: Tiva Canyon gradient alone, without the additional gradient
welded tuff (TCw, variable), Paintbrush non- created by the repository heat load. Most of thei

welded tuff (PTn,40 meters). Topopah Sprmg convective movement is contained in the upperj

j welded tuff (TSw,340 meters), Cahco Hills non- layers of the stratigraphy, because of the higher
j welded vitric tuff (CIfny,50 meters), and Cahe . permeability and the relief. Figure 4-17 shows
j liills non-welded zeolitic (Clinz,60 meters). Tius vapor flux distribution at 500 years after perma-

representat,on of the repository cross-section is nent closure of the repository. This is near thei1

shown m, Figure 4-15. time of highest thermal gradients in the host rock,
and the greatest convective vapor movement is '

i 4.3.4 Parameters and Modeled Results being induced. The vapor movement appears to

|
be symmetric about the repository, implying that

j Ranges of the sampled parameters used to model the heat load of the repository is the major
gas transport at Yucca Mountain are shown in influence at this time. Figure 4-18 shows vapor-'

Table 4-15. flux distribution at 5000 years after repository
I closure. The magnitude of flux at the repository

i The values for bulk-fracture properties were for 5000 years is about 20 percent of the flux for

j determined through measurements of fracture 500 years. The flux movement is still primarily

aperature widths and counts of fractures per unit influenced by the repository heat load, as shown
5

area (see Klavetter and Peters,1986). As such, the by the arrows. Figure 4-19 shows fluxes at 10,000
j

accuracy is questionable in addition, since there years after permanent closure of the repository.
:

! is no reduction in permeability because of The magnitude of flux at the repository for 10,000

i moisture in the fractures, the staff has assumed years is about 10 percent of that for 500 years.

that the full fracture conductivity is available for The circulation pattern, however, is again starting'

i vapor flow. Also in the simulations, the two to show the influence of topography and the

Calico Ilills layers were treated as one layer and geothermal gradient.

) not separately sampled.
The gas-flow model also appears to be useful for

j The temperature profiles for the simulation runs investigating the effects of thermal loading. The

i were determined from the means of the measured same typical cross-section was used to compare
i heat-transfer properties presented in the SCP gas travel times for a release at 500 years after 7

(DOE,1988a: Table 6-16). Only one temperature closure for thermal loadings at areal power densi- ,

i

field was used for all gas-flow runs in the per- ties of 57 kilowatts (kW)/ acre (the present'

;
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4. Flow and 'Ransport

INPUT SAMPLED HYDROLOGIC VARIABLES
FROM SYSTEM CODE ,

RELf;ASES FROM
TEMPERATURES =

SOTEC
-

I r%

1f 1f

h CALCULATEVELOCITf FIELDS

-

$1I

TRACE PARTICLES AND DECAY RELEASE

If
w-

STORE DECAYED RELEASES
ACCORDING TO TRAVEL TIME

If

OUTPUT FLUX AS A FUNCTION OF TIME
TO DOSE CODE

Figure 4-14 34C module logie diagram

|

|
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4. Flow and Transport

Table 4-15 Selected Ilydrologic Parameters for Yucca Mountain

Stratigraphic Permeability Retardation
2Unit Range (m ) Porosity Range

Tiva Canyon 6.5 x 10-17 .00014 10 - 100

(welded) 5.5 x 10-15

Paintbrush 1.6 x 104 .000027 10 - 100

(non-welded) 1.6 x 10-14

Topopah Spring 3.2 x 10-17 .000041 10 - 100

(welded) 3.2 x 10-15

Calico iIills 9.7 x 10-17 .000046 10 - 100
(non-welded, vitric) 9.7 x 10-15

Calico iIills 9.7 x 10-17 .000046 10 - 100
(non-welded, zeolitic) 9.7 x 10-15

sdesign value ),114 kW/ acre and 28.5 kW/ acre. repository or even to pass through the repository
The particle paths for these releases under the on the way to the surface, travel times would be
different loading conditions are the nearly vertical greatly increased because of the relatively large
lines from the repository to the surface shown in porosity of the backfill. Also, the fracture porosity
Figures 4-20 to 4-22. The nearly horizontal lines of rock is used in the model, rather than the
that cross the particle paths are front lines that matrix porosity, which is much larger. The
show the positions of particles along the different assumption is made that the gas stays in the
pathways at various times after release. Both fractures and does not migrate laterally on the
porosity and geochemical retardation (assumed to way to the surface. It should be noted that if only
be 10) were accounted for in the particle track- 10 percent of the matrix porosity is available in
ings. The actual average travel time for particles the Topopah Spring unit for lateral migration,
to reach the surface under the design loading travel time through the unit would be increased
condition of 57 kW/ acre was 2100 years, resulting by over three orders of magnitude. Although we
in an overall decrease because of radioactive consider our assumptions and our model to be

14decay of 22 percent of C transport. The actual conservative, we also consider that this assumed
average travel time for a particle to reach the confinement of gas transport to the fracture, by
surface under the loading of 114 kW/ acre was 980 possible fracture coatings, may be realistic.
years, resulting in an overall decrease of 11 per-
cent. The actual average travel time for a particle 4.4 Flow and '&ansport Auxiliary i

to reach the surface under the loading of 28.5 Analyses I
kW/ acre was 5900 years, resulting in an overall |

!decrease of 55 percent. Eleven auxiliary analyses conducted for this
demonstration were performed to evaluate the jA major assumption in the coupling of the source 3Ppropnateness and limitations of vanous com-

term model with the gas-transport model is that putational approaches and interpretations of data
the 14C moves directly from the waste package to used in this study. These analyses are summarized
the fractures in the host rock outside of the EBS. below and discussed m detail in the appendices at
If the gas were to migrate first to the backfilled the end of this document.They m, eluded: the

evaluation of Cmnputer programs (DCM3D and8Kikmatts r acre is used in this report for e parison with
the SCP r her than the metric equmlent of7k tts per hectare. NEFI7&lNII): evaluation of the K assumption:

,

d
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4. Flow and Transport

I

l *

2-D flow through a layered, fractured,modeling of the saturated zone at Yucca Moun- e

tain, to determine flow paths and evaluate water unsaturated rock (comparison with NORfA).

i table changes caused by climatic variation: evalu-
i ation of topography and transient conditions on Overall, the comparison of DCAf3D results for the

percolation; evaluation of modeling considerations four test cases compared well with the other com-
i

for unsaturated, fractured media; evaluation of puter programs and the analytic solution, indicat-
3

the effects of hydrologic structures on 2-D, varia- ing that the basic equations are correctly imple-
4

bly saturated flow; evaluation of C transport in mented. However, basic questions regarding theM

the unsaturated zone: and cation exchange. applicability of different approaches for simulat-
ing partially saturated flow in fractured rock have
not been resolved by the testing provided by the

4.4.1 Evaluation of the SNL Technology: four test cases. Many basic questions remain,4

Testing of the DCM3D Computer Code such as:*

Anisotropic considerations of a fractured) Sandia National Laboratories (SNL), formerly e
under contract to NRC, developed a computer system;
program for solving three-dimensional (3-D)

Representation of pressure equilibrationground-water flow problems in variably saturated, e

fractured porous media.To explicitly evaluate a between the matrix and fracture; and*

fractured media, the program implements a
e Transient effects.,

j dual-continuum approach that simulates the
i fractures and matnx as separate continua con-

Future work needs to examine problems that will
.

) nected by a transfer term that depends on the
! unsaturated permeability of the porous medium provide more insights into differences in fracture-

matrix interactions, because of different modeling
(sometimes referred to as a dual-porosity
approach). This approach, a departure from the approaches and assumptions.4

:

! more traditional composite characteristic curve This auxiliary analysis is discussed in greater
; approach, has not been previously used by NRC
j staff to simulate fluid flow at Yucca Mountain.

detailin Appendix C.

i An auxiliary analysis was conducted that com- 4.4.2 Evaluation of the Ko Assumption
; pared DCAf3D with other computer programs, to

allow NRC staff to gain experience with DCAf3D The system code of the present NRC performance
and better understand the implications of the dual assessment effort uses the K approach in esti-

,

d,

; continuum approach m the context of fluid flow in mating retardation of radionuclides. The relation-
: a fractured medium. ship of K to retardation is:d

| Because of the relatively recent interest in model-
1 ing fluid flow in partially saturated, fractured R = 1 + e g, (4-15)f

,

{ media it is difficult to find problems in the
j literature with which to evaluate the dual porosity

concept. Despite this limitation, four test cases where e is the bulk density, o is the moisture;

content, and R is the retardation factor that iswere used to provide some initial insights. The f,

; four cases involved: defined as the ratio of the velocity of ground
water to that of the radionuclide. Freeze and]

o 1-D flow in a horizontal soil column (analytic Cherry (1979) state that this relationship is valid

solution available); only when:
,

e Sorption reaction is fast and reversible;*
o 2-D flow in saturated-unsaturated soil and

(comparison with PORFLO-3);
.

2-D flow in a multi-layer unsaturated soil,o
based on a field experiment (comparison with A sorption isotherm is the k>cus of points
FORFLO-3, FL4SH, and TRACER 3D); and describing the concentration of radionuclide on

.

W
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4. Flow and Transport

i

R . He equilibrium constant for the reaction Ithe solid as a function of the concentration of f
radionuclide in the liquid. Drever (1988) adds that potassium replacing sorbed sodium is arbitrarily
for the relation to hold: given a value of 5 (i.e., > 1). He reverse reaction

thus has an equilibrium constant that is the
o He concentration of the radionuclide is inverse of 5 (i.e., < 1).

small, compared with the total concentration
of sorbing ions in solution. Results

In a system as complex as Yucca Mountain, it The results of the simulations are presented in the ,

remains to be demonstrated that simplifications Table 4-16. )

such as the Q approach in estimating retardation
tre valid. This auxiliary analysis tests two of the Conclusion
three requirements described above. nese
requirements are that: ne requirement that the sorption isotherm be

linear so that the retardation factor can be calcu-
o The sorption isotherm is linear; and lated from Q is correct. However, the concen-

tration front of the migrating ion can spread if
o The radionuclide is in trace amounts relative dispersion or diffusion is significant. A linear

to the total solute concentration. isotherm results from the condition where the
concentration of the migrating ion is trace relative

ne method of testing involves modeling sorption to the competing ion. Linear isotherms do not
reactions in a 1-D flowing system. This modeling result from the condition where the migrating ion

exercise simulates ion exchange involving sodium is trace relative to the sorbing site. When the

and potassium. He reaction considered is: isotherm is nonlinear and convex up, the Q value
associated with the highest concentration of the
migrating ion to be expected can be used to

K+ + NaX - KX + Na * , (4-16) determine the retardation factor. This method
does not work when the isotherm is concave up.

where Xis the sorbing site on the solid. This
system can be viewed as an analog for both the While dispersion tends to spread the concentra-
Na-K ion-exchange reactions involving zeolites tion front of the migrating ion, ion exchange,
and radionuclide-tuff reactions at Yucca Moun. where the corresponding nonlinear isotherm is'

tain. The computer code capable of simulating convex up, tends to maintain a steep concentra-
these processes is PHREEGM, an adaptation of tion gradient. On the other hand, ion exchange,
PHREEGE, for use in mixing cell flowtube sim- where the corresponding nonlinear sorption
ulations. This code can simulate speciation and isotherm is concave up, works in concert with
mass-transfer processes, including precipitation dispersion, to spread the front.
and dissolution; it also can simulate ion-exchange
reactions,1-D flow and transport, diffusion, and This auxiliary analysis can be applied to the
dispersion in a porous medium. The reaction modeling of conditions and processes expected at
veritten atxwe describes the situation where a Yucca Mountain. The assumption that all radio-
solution containing potassium flows through a nuclides will be in trace amounts relative to
column initially loaded with sodium. The potass- competing ions has not yet been proven. The
ium replaces sodium on the solid and this solute- waters at Yucca Mountain contain low concen-
solid interaction retards the movement of trations of solute. Based on the solubility values
potassium down the column relative to that of from the SCP (DOE,198Sa; p. 4-100), uranium,
water. In this study, the reverse of the reaction neptunium, cesium, and technetium could be at
above is also simulated, where a solution con- concentration levels comparable to those in the
taining sodium flows through a column initially uncontaminated waters. Furthermore, what con-
loaded with potassium. This auxiliary analysis stitutes a competing ion has not been established.
studies the effect of varying relative concentra- Thus. in a solution with multiple species, the
tions of sodium, potassium, and sorption site X, competing ion could be a major, minor, or trace
on the validity of the relationship between Q and constituent. Furthermore, at the low temperatures
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4. Flow and Transport

i

Table 4-16 Results of E Simulationsd

Concentrations (meqll)

Equilibrium Migrating Competing Sorbing Concentration Predictability
of R from 4Constant ion lon Site isotherm 4 (milg) Front Spread f

>l 1 1 1 Convex Up 0.6-0.12 Least Yes

>1 2 1 1 Convex Up 0.6-0.06 Least Yes

>l 1 1 167 Convex Up 100L-20 Least Yes

>l 0.001 1 1 Linear 0.6 Least Yes

<1 1 1 1 Concave Up 0.12-0.024 Most No

<1 1 1 167 Concave Up 33-2 Most No

<1 0.001 1 1 Linear 0.024 Least Yes

at Yucca Mountain, certain ion-exchange reac- gain experience in modeling large-scale saturated
tions may be kinetically inhibited, thus allowing flow and to draw very preliminary inferences re-
less thermodynamically favorable reactions to garding the effects of certain selected conditions
control the system. The questions concerning on the position of the water table. No effort, i

'

competing ions will have to be addressed by however, was made to make the analysis compre-

experimentation. hensive; only data that were readily available were
used. Some parameter values are taken from other

He simulations done in this auxiliary analysis published reports without verifying their accuracy.;

involved the binary system Na-K. Consequently, The analysis results should be considered as very
changes in one component could affect the other, preliminary and are likely to change when actual
as shown when the two components were in field data are used in simulations.
comparable concentrations. When the one
component was trace relative to the other, its For this application, FORFLOlV(Runchal andaddition to the system did not affect the other.
This resulted in a linear isotherm, and constant Sagar,1989; and Sagar and Runchal,1990), an

Ka alues along the column. However, Reardon integrated finite difference code, was modified tov
(1981) has shown that variations in the concen.

incorporate the free surface (water table)in a.

#

trations of a major component can affect the ground-water flow model. The model was set up

partitioning (Ka) of a trace component. Thus, in a
in the x-y (horizontal) plane. Provision was made

system as complex as Yucca Mountain, it is to allow for specification of recharge and dis-

crucial that there be a demonstration that the
charge areas. A finite-difference grid (13161'

(competing constituent) chemistry of the far field computational cells)is imposed on a region

is relatively constant or predictable over the life. approximately 200- by 200-kilometers. At this

time of the repository. Othenvise, the application regional scale, the Yucca Mountain repository

of the K approach would be very difficult to area is represented approximately by two grid
d nodes. In addition, to conduct more detailed

defend technically. saturated flow modeling in the vicinity of Yucca

This auxiliary analysis is discussed in greater Mountain, a sub-regional model consisting of a
finite difference grid (18,225 computational cells)detailin Appendix D,
is imposed on a region 50- by 50-kilometers
around the proposed repository site. Boundary

4,4.3 Regional Flow Analysis conditions for this sub-regional model consisted

Simulation of flow in the saturated zone in the of fixed pressures that were read from the
region containing Yucca Mountain in Nevada was simulation results of the larger regional model.
undertaken as an auxiliary analysis for the IPA The hydrological data for the simulations are
Phase 2. The primary purpose of the study is to obtained from previously published studies that
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4. Flow and Transport

themselves depended on numerical model cali- few meters to 275 meters. When the recharge at
bration for their parameter values. higher elevations was increased by a factor of 20,

the water table under Yucca Mountain rose by 85

Recharge was assumed to occur on outcrops at meters in about 700 years. Increase of recharge in i

|
higher elevations. Recharge areas included the Fortymile Wash by a factor of 10 raised the water
Spring Mountains, Sheep Range, Pahranagat table by about 100 meters. Backing up of ground
Range, Kawich Range, and Pahute Mesa (see water because of creation of a flow barrier south
Figure 4-23). Current recharge in these areas of Yucca Mountain resulted in a water table rise,

average from 25 to 50 millimeters / year. Discharge under Yucca Mountain, of about 200 meters. The

areas include Alkali Flats and the Furnace Creek largest water-table rise of 275 meters was calcu-
Ranch, which were modeled as fixed-head boun- lated when the flow barrier to the north of Yucca
daries. The entire modeled region was divided Mountain is removed. Figure 4-24 shows the
into eight zones, in which the hydraulic conduc- results of the modeling of Condition (i), described
tivity varied from 0.05 to 0.0035 meters /second. previously, in which the water table rise at nodal
The model contains a low permeability zone points near Yucca Mountain and Fortymile Wash
northwest of Yucca Mountain for simulating the is plotted as a function of a multiple of the
present-day high hydraulic gradient at that increased recharge rate into the regional model.
k> cation. The actual cause of the steep gradient is Figure 4-24 does not include the effect of re-
not yet fully know. charge into Fortymile Wash, which would cause

an additional rise in the water table.
Considering the present-day conditions, a steady-
state solution to the flow system was obtained. Results of the sub-regional model analysis of the
The steady-state solution was then used as the intrusive volcanic dikes in the vicinity of Yucca
starting point or initial state for simulating other Mountain showed water-table rises ranging from
conditions. The conditions simulated in the only a few meters to as much as 103 meters. For
regional model include: (i) climatic change in the certain dike locations and orientations, the water
future, increasing the recharge at higher elevations table actually dropped several meters in the
by factors of 10,20, and 30; (ii) increase of re- vicinity of the site. Figure 4-25 shows the simu-
charge in Fortymile Wash by a factor of 10;(iii) lated results of water-table rise, at the potential
rise in water level at Alkali Flats discharge area repository site as a function of dike orientation,
by 10 meters; (iv) geologic activity (volcanic or for the case in which the single intrusive dike
tectonic) to the south of Yucca Mountain, creating extends vemeally through the saturated zone
a flow barrier 20 kilometers long: and (v) geologic directly beneath the repositmy site. The dike
activity to the north of Yucca Mountain, breaking length is assumed to be 4 kilometers. The points
the existing flow barrier. Most of the above condi- on the plot represent the nodal points where the
tions were simulated in a transient mode, so that maximum water-table rise occurred, which in all
the time variation of the water table could be cases was k>cated somewhere along the fault. The
studied. maximum water-table rise for a single dike

intrusion can be seen from Figure 4-25, to occur,
Using the steady-state solution obtained from the for the dike orientation, approximately 75*
regional model for the present-day conditions, a counterchickwise from the east direction. The
total of 10 additional simulations of volcanic dike NRC staff has indicated that this particular dike
intrusions in the vicinity of Yucca mountain were orientation is the most likely to occur, because of
conducted, using the sub-regional model. These the present faulting patterns in the Yucca
volcanic dikes were situated at various orienta- Mountain area.
tions directly below the repository site, as well as
approximately 5 kilometers southeast of the site, A number of assumptions were made in this,

to determine their impact on the ground-water study, with regard to the numerical model, as well
flow, as the data. These assumptions, which are dis-

cussed in the body of the report (Ahola and
Based on the regional analysis, the rise in the Sagar,1992), should be kept in mind in interpret-
water table under Yucca Mountain because of ing the preliminary results given above. Specific-
various postulated conditions ranged from only a ally, with regard to the high water-table rises
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predicted, the staff did not consider the formation existence of a fault zone are characteristics used
of new discharge areas that such a rise may cause. in the analysis that were based on information on

Yucca Mountain. Whereas, the width of the fault-
This auxiliary analysis is discussed in greater ing zone, the net percolation rate, and the hy-
detailin Appendix E. draulic parameters of the matrix and fault media

used in the analysis were based only partially on
inf rm tion on Yucca Mountain. Therefore, con-

4.4.4 Efrects of Stratification, Dip of Strata, clusions regardm, g suitability of Yucca Mountainand Sub-Vertical Faults for the proposed nuclear waste repository are not
A numerical investigation of quasi-2-D unsatur. directly derivable from this analysis. Rather, the

ated flow in a vertical cross-section with dipping objective of this work is to help develop assump-
strata and sub-vertical fault is reported in detail tions for the flow module in the total performance

in the Center for Nuclear Waste Regulatory assessment system. Also, the investigation is

Analyses (CNWRA) report by Bagtzoglou et al. limited to 2-D or quasi-2-D simulations in a ,
(1992) and a technical paper by Bagtzoglou et al. vertical cross-section or 'thm slice, with dippmg

,

(1993). This work was performed as a part of IPA strata intersected by a sub-vertical fault zone. The ,

Phase 2 effort. The objectives and results of the simulations are performed in a transient mode, to

work are summarized below. study the manner in which the solutions to the
flow equation approach steady-state. Many other

IPA Phase 2 includes performance assessment of spects of multi-dimensional flow in the

the total system and detailed auxiliary analyses of unsaturated zone are worthy of detailed study.

selected important features of subsystems. He For a comprehensive review of var, ably saturatedi

main objectives of the auxiliary analyses in IPA 11 w and field heterogeneity, see Ababou (1991).
,

are to provide support to simplifications made in In particular, the steady-state flow regime result-
performance assessment of the total system by ing from a ' wet' hydro-climatic scenario, corre-
obtainmg better understandmg of a subsystem sponding to a net annual percolation rate of 50
through detailed analysis. Detailed analyses of millimeters / year was investigated. A hypothetical
flow in fully and partially saturated domains . test problem was developed, to take into account,
contammg heterogeneous porous media and dis- at least qualitatively: the effects of bedding (repre-

,

crete fractures were planned as auxihary analyses sented by five alternating layers); the presence of
,

,

in the IPA Phase 2. Analyses of saturated flow in the sub-vertical Ghost Dance Fault (represented
a region contaimng Yucca Mountam were by a thin layer of very coarse material); and the |

,

reported m an cath,er report (Ahola and Sagar, effect of inclination of the beds (dipping six de-
'

1992), which discussed fluctuations of water tabl grees eastward). A number of auxiliary tests were
,

for various cases, includmg 1iypothesized changes also conducted using variations on these hypo-
m recharge / discharge condit,ons and stratigraphy. thetical data. The main conclusions and resultsi

In the CNWRA report by Bagtzoglou et al. (1992), from this study, obtained with the aid of the
an analysis of the flow field m variably saturated 11/GFLOWsimulation code (Ababou and I

,

zone has been developed to understand the effect Bagtzoglou,1993) and data processor, are as l

of stratigraphic layermg. presence of a fault zone, follows. |
,

and the dippmg of strata.
'

First, it was observed that initial-boundary con-
An analysis has been performed for a deep ditions must be generated in a manner consistent
(approximately 530 meters) hard-rock system, with the hypothetical (and largely unknown) state
Some of the data for the analysis were taken from of the system in-situ. More precisely, a method
the Yucca Mountain project reports, but were was devised for generating initial-boundary condi-
freely modified to enhance the effects that are tions : hat are consistent with:(i) the assumed
being studied. Ilowever, at this stage, the report input percolation rate; and (ii) the assumed
does not aim at analyzing unsaturated flow at the material properties of the modeled cross-section.
Yucca Mountain site. Hydraulic and stratigraphic For instance, artificial boundary conditions are
parameters only resemble the Yucca Mountain needed for the East-West and for the North-South
site. For example, the depths to water table, the lateral boundaries. This is because, in part, the
number of geologic strata, their dip angle, and the cross-section is represented as a rectangular

4-59 NUREG-1464



4. Flow and Transport

i

!

domain bounded below by the water table, rather contrasted matrix and vertical fault proper- ,

than a more complicated domain following the ties is greatly influenced by the ratio of the |

actual' Yucca Mountain' topography. Artificial slopes of the matrix and fault unsaturated ;

;

boundaries connecting ground surface to water hydraulic conductivity curves.

table are also needed, particularly for the
Finally, the staff recognizes the need for intro-

East West faces. ducing in future work, data that are more directly

Recognizing that there are no simple, natural,
representative of the Yucca Mountain site. The

initial-boundary conditions that can be used for
stratigraphy should be refined regarding: the

the more cornplex problems, a method of suc- spatial configuration of geologic units; the ;

orientation of the fault; the existence of a fault
cessive approximation was implemented. This offset of the beds because of fault slip; the re-

,

method uses solutions of auxiliary flow problems
placement of the exponential conductivity curve

to set up pressure conditions for the more com- with the smoother van Genuchten-Mualem curve;
plex problems. Unfortunately, for the ' thin-slice * the increase in contrast of some of the fault

;

simulations reported in this study, the results properties: a more refined mesh, to simulate a
suggest that it is particularly difficult to design thinner fault zone: and generally a more careful
' consistent' initial-boundary conditions in the case selection of the unsaturated parameters of the
where the fault intersects lateral boundaries (in fault and of the rock matrix in each geologic unit.
the case at hand, the North-South oriented fault

iintersected the North-South boundaries). An This auxiliary analysis is discussed in greater
oscillating flow regime was obtained at large detailin Appendix E
times, that is, after all initial transients died out,
and this was done for both a horizontal and 4.4.5 Exploration of Dual-Continuum Flow i
dipping stratigraphy. This process appeared to be
localized in regions where the fault intersects Modeling Concepts |

these boundaries, although this requires further .Ib develop the ground-water flow and transport
,

:

confirmation. This was shown to be an effect of module, several different modeh,ng approaches ;
the discrete-time nature of the equations being were attempted. One of the approaches reqmred ;
solved, and was eliminated by using extremely the staff to learn and experiment with DCAf3D, a

'

small time steps (At -+ 0). The techniques used to Du l-Continuum, three-dimensional (3D),
identify these effects relied on detailed plots of Ground-Water Flow Code for Unsaturated, ;

,

global mass balance in terms of instantaneous net practured, I omus Media (Updegraff et al.,1991). ,

discharge rate and instantaneous rate of change lhe CAf3 code is based on a dual-continuum
'

of total mass. Large At yielded oscillations for model with matrix media compnsmg one porous,
,

both 2-D and 3-D flow systems, but seemed more equ a nt mndnuum and fractures the othu. It is
consequential in 3-D (fault-cutting pressure attractive to use continuum codes to model
boundaries). ground-water flow at Yucca Mountain, because

!explicitly modeling individual fractures at the
Based on the parameters used, and simulations se le of Yucca Mountam at this time may not be
performed in this study, the following conclusions possible or necessary. ;

,

can be reached:
At present, two main types of continua ap- |

The effects of stratification are important proaches are being used to model Yucca Moun- ;e

only for low net percolation rates and during tain site unsaturated fracture and matrix ground- !

the early parts of transient simulations; water flow; single continua and dual continua. |
Single continua approaches often use the same !

A dip angle of 6' to the East has a minimal porosity values for both matrix and fractures, ande ,

effect on the pressure-head distributions a single characteristic curve to represent matrix t

(approximately 2 percent of the maximum and bulk fracture-matrix hydrologic properties
!

pressure-head difference); and (Klavetter and Peters,1986). In contrast, dual-
continuum models consist of two interconnected

The flow behavior (ground-water fluxes and continua, with one continuum simulating flowe
travel times)of a system consisting of highly through the rock matrix and the other simulating
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)
flow through large numbers of fractures. The two 4.4.6 Release and Transport of Potentially i

continua are connected by a fracture-matrix Gaseous Radionuclides Other than
transfer term allowing water to flow between the "C during Volcanism and Normal
fracture and matrix continua. This enables a Operations
dual-continuum code to model the resistance to
water movement between the matrix and fracture Several potentially volatile compounds of 4c,9

Se,and 129I may be present in spent nuclearcontinua and may allow the code to simulate
situations where a single-continuum approach fuel. Because of the possibility of a gaseous path-

could experience code-convergence problems. way through the unsaturated rock at Yucca
Mountam from the buned waste to the atmo-
sphere, this auxiliary analysis investigated, using a
series of conservative calculations, the phenomena

A dual-continuum code may also be able to simu- by which volatile radionuclides could be released,
late conceptual models that single-continuum and whether they posed enough of a threat to
codes cannot. For example, in a single-continuum warrant further study.
model of unsaturated fracture and matrix ground-
water flow, when water saturation in the matrix Vapor pressure of possible volatile radionuclide
reaches a level where bulk fracture flow occurs, compounds were taken from the available litera-

faster velocities are computed, but with no change ture and estimated thermodynamic information.

in direction. Therefore, this approach assumes Given the estimated vapor pressures, a portion of

that bulk fracture flow contains the same aniso. the inventories of the volatile radionuclides could

tropies as the matrix. However, individual frac. be released at normal repository operating
lconditions. The bulk of the inventories of thesetures tend to be linear features with strong

radionuclides would be contained within thean!sotropies.1herefore, for a single fracture it is
reasonable to assume that irrespective of the flow structure of the spent nuclear fuel, however, and

direction in the matrix, flow in the fracture will be the vapor pressures of those inventories would be

strongly influenced by the anisotropic properties yeduced. Barometric pumping caused by changes
, ,

of the fracture. Furthermore, when there are large in atmosphene pressure was considered a possi-
ble mechanism for release of volatile radio-numbers of fractures with similar linearities, a

general fracture anisotropy may be created that is nuclides from breached waste-package containers.

different from the rock matrix. This may be the For temperatures and atmosphenc pressure

case at Yucca Mountain, where faults and frac. vanations m the SCP design, the staff's conserva-
,

tures are believed to be vertical or steeply dipping t ve calculations estimated that less than 1 percent
,

of the inventory of volatile radionuclides would be(DOE,1988a; pp. 3-175,3-179, and 3-185; and
Barton et al.,1989). Use of a dual-continuum code yeleased from the waste packages to the geosphere

in this type of situation may be advantageous, be- m 10,000 years. The staff further estimated that

cause in a dual-continuum code, different aniso- m st of the volatile compounds would become
associated with hquid water m the rock rather

, ,

tropies can be assigned to both the matrix and
than remam, mg m, the gas phase.fracture continua.

The staff also estimated the effects of an intrusive
basaltic dike causing temporary heating of the

In this auxiliary analysis, simulations using the rock near waste packages. For a 10-meter-wide |

DCM3D code demonstrate that the dual. dike of 3000 meters length, the staff conservatively
'

continuum code DCM3D can model flow in two assumed that all volatile radionuclides in a 100 <

!

continua with different anisotropies, and that meter wide region would be driven off by the

depending on the problem to be modeled, it may increased temperature. This represents an area

produce significantly different answers than a approximately 6 percent of the total repository 1

single continuum code. area for the SCP design. Even if all of the inven-
129tories of 94c, WSe,and 1 in 6 percent of the

repository were released to the accessible environ-
ment, the total consequences would sum to only

This auxiliary analysis is discussed in greater about 0.125 of the releases allowed under 40 CFR
detailin Appendix G. Part 191. On this basis, the staff concluded that
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1

the releases were not large enough to warrant Because of the importance of the USGS regional
further study. modeling work, with respect to site characteriza-

tion of the Yucca Mountain site, the NRC staff

This auxiliary analysis is discussed in greater have acquired the subregional model of Czarnecki .

detailin Appendix II. (1985) and the MODFE computer code. PC-based .

versions of the code and model have been pre-
pared to facilitate staff evaluation. This evaluation

4.4.7 Evaluation of USGS Ground-Water is provided below, and serves as an example of
Modeling for the Region That Includes how the staff can directly obtain and evaluate
Yucca Mountain numerical codes and models developed under

DOE's high-level waste program. In this way, the
This section describes the major ground-water NRC staff can become more knowledgeable about
modeling work that has been performed by the codes and models during site characterization and :
U.S. Geological Survey (USGS) for the region of before receipt of a potential license application.
southern Nevada. Emphasis will be placed on the
evolution of the subregional model originally Finally, the work of Czarnecki (1992) represents
developed by Czarnecki and Waddell (1984), an important 10-year forecast of how future

ground-water levels will be affected by human

In the late 1970's,the USGS began an appraisal of activities. After 10 years of site characterization, it
,

the Nevada Test Site for potential disposal sites will be possible to see how well the regional model

for high-level nuclear wastes. This work included has predicted the perturbations caused by pump-

regional geologic and hydrologic investigations, ing at Wells J-13 and J-12. It is expected that one

and a regional ground-water flow model was of the many scenarios analyzed by Czarnecki will

developed by Waddell(1982). Waddell produced a approximate actual ground-water withdrawals at

2-D, steady-state, finite-element model that the well sites, providing a test of how well the

coveied an area of about 18,000 square kilom. regional model represents present-day conditions

eters. This model extended from the Pahranagat in the flow system near Yucca Mountain. l

Range and Las Vegas Valley on the east to Pahute
Tlu.s auxiliary analysis is discussed m. greater

. ..

: Mesa and Death Valley on the west. The model
! included the Yucca Mountain area and almost all detailin Appendix 1.
! of the Nevada Test Site.
| 4.4.8 Modeling Saturated Flow to the

Accessible Environment| Following identification of the proposed Yucca
Mountain site, Czarnecki and Waddell(1984) In the development of the ground-water flow and "

developed a subregional model within the hydro- transport module, several different modeling
logic subbasin that includes the site. This model approaches were attempted. DCM3D was used to i

was derived using a parameter-estimation proce- analyze a dual-continuum approach for modeling
dure developed by Cooley (1977,1979,1982). a fractured, porous media. Using this code, a 1-D
Czarnecki (1985) later revised and improved this saturated zone flow model was built from the ,

model to help develop smaller site-scale models of Yucca Mountain site, across that portion of the
groundqvater flow and transport for the Yucca saturated zone simulated by the performance
Mountain site. lie initially prepared a steady- assessment flow module, to a k) cation near the
state base-case model and revised it to simulate presently defm' ed " accessible environment
the geohydrologic effects of increased recharge in boundary"(10 CFR 60.2). .

'

the region. A transient version of the model was
later used to evaluate scenarios related to the Simulations of ground-water flow and water-table
large hydraulic gradient h)cated north of Yucca elevation were conducted for a range of material
Mountain (Czarnecki 1990a). The ivork of properties. From these simulations, it was
Czarnecki and Waddell (1984), Czarnecki (1985, observed that:
1989,1990a,1990b), and Czarnecki and Wilson
(1989) illustrates a methodical process for The slowest vek> cities and longest flow timese

developing and improving numerical models of were obtained from runs that used matrix
ground-water flow. properties. Seepage velocities were 1.3 x 10-6
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A flow and transport model, for movement ofand 1.6 x 104 meters / year, resulting in e

extremely long calculated flow times of 3180 total carbon through the system that consists
million years and 31.7 million years; of a number of connected volumes or " cells";

and
o The fastest vek) cities and shortest flow times

A model of 14C migration as a trace quantityewere obtained from runs that used hydrologic ,

properties from well tests. The average m the general movement of total carbon.
'

seepage vehicity was 473 meters / year and the For a simp e 1-D examP e of vertical as flowl l 8calculated flow time was 10.6 years; and from the repository to the atmosphere, the staff
,

,

,

re ched the following conclusions:
o A simulation of fracture flow that, like matrix

property simulations, used low saturated The resuhs of the analysis show a significante
hydraulic conductivities, produced faster flow redistribution of autochthonous carbon
velocit,es, and shorter flow times than matrix among solid, liquid, and gas phases, even ini

property runs. Th,s simulation contamed areas remote from the repository plane. j
,

i

smaller porosity values than the matnx prop- Carbon remains predominantly in the
erty runs and illustrates the importance of aqueous solution,in spite of the fact that
. determining fracture porosity values, which at near-field heating results in a reduction of
this time are hypothetically determined for liquid saturation, abundant calcite precipita-
bulk fracture property flow codes. tion, and increased equilibrium fractionation

of CO into the gas phase.2
This auxiliary analysis is discussed in greater

Transport of '8C released from the repositoryIdetailin Appendix J. e
is generally retarded by a factor of approxi-

the hquid phase. In addition,1jobilization in
mately 30 to 40 because of imnM4.4.9 Geochemical Model for C Transport C released

in Unsaturated Rock early dunng the penod of solid calcite pre-
Under the unsaturated, oxidizing conditions cipitation can be fixed for a long period

expected for a geologic repository at the Yucca before repository cooling leads to redissolu-

Mountain site, 8dC contained in spent nuclear fuel tion of the calcite.

may be converted to carbon dioxide and be
Tlu.s ayxiliary analysis is discussed m. greater

. .. .

transported with moving gas to the atmosphere.
There are several mechanisms that could facilitate detail m Appendix k.

the transport of gaseous radionuclides, including
M , to the atmosphere, and these are discussed in 4.4.10 The Exchange of Major Cations atC Yucca MountainSection 5.6.

Zeolites are crystalline, hydrated aluminosilicates,
Carbon-14, as carbon dioxide, would interact with which are characterized by an ability to readily
ions in the ground water and country rock, and exchange cations with aqueous solutions. The
would therefore be retarded with respect to the presence of zeolites is seen as an important
transport of inert gases. Smee the temperature, barrier to the migration of radionuclides to the
gas flow, and water saturation of the rock will accessible environment. This auxiliary analysis
respond to the large amount of heat caused by the was undertaken to address two questions related
decaying nuclear waste, the chemical processes to the exchange of cations in Yucca Mountain.
leading to retardation of gaseous MC will be
complicated. The staff investigated the geo- The first question concerned the stability of
chemical interactions of 14C for a geologie zeolites. Using potassium / argon (K/Ar) dating

MC techniques, WoldeGabriel cf ut. (1992) determinedrepository in partially saturated rock. The
transport model consists of three parts: that the zeolites from boreholes in the Yucca

Mountain vicinity range in age from 2 million
A geochemical model describing the state of years to 10 million years old. Ilowever, iono
all carbon species in a representative volume exchange involving potassium and sodium on
of rock; zeolites has been shown to reach equilibrium in
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about 2 days (Pabalan,1991). How, then, can a on the zeolites, and therefore the K remains
mineral that can alter within a couple of days immobile. Consequently, the K/Ar technique for
exist unchanged for at least 2 million years? To determining the age of the zeolites should not be
answer that question, simulations were performed affected by ion exchange, given the low concen-
in which pore water, whose composition approx- trations of cations in the ground water and slow
imates that found at Yucca hiountain, percolates flow rate in the vadose zone.
through site-specific zeolite layers for a period of
approximately 150,000 years. ne simulation was The simulations performed to address the second
intended to represent the chemical reactions that question in this auxiliary analysis required
would take place between the cations dissolved in modeling the three ion-exchange reactions: ;

the pore water and the cations sorbed onto
zeolites. If, in the simulation, the potassium ions Nax + K+ = KX + Na+ (4-17),

attached to the zeolites become mobile, there
would be reason to doubt the zeolites could be

2Na+ + CaX = 2NaX + Ca + (4-18)2

accurately dated using a K/Ar technique. If, 2 ,

however, the K is immobile, the K/Ar ratios
would not be affected by ion-exchange reactions. 2K+ + CaX = 2KX + Ca + (4_g9)2

2 ,

The second question to be answered by this
analysis involved the determination of pore-water Equilibrium constants for Equations (4-17) and
com' positions from the unsaturated zone. Peters et (4-18) were from Pabalan (1991). Equation (4-19)
al. (1992) describe methods of measuring pore was derived by multiplying Equation (4-17) by 2 ;

water compositions from rocks of the unsaturated and adding the result to Equation (4-18). The
zone, plus the possible causes of changes in the equilibrium constant for Equation (4-19) was

,

compositions of the pore waters, due to the derived similarly.
method of extraction (compression). Given that
ion-exchange reactions involving zeolites are fast By using the compositions of clinoptitolites from
(Pabalan,1991), can it be determined what the Yucca Mountain (Broxton et al.,1986) and the

chemical composition of pore water from the equilibrium constants from Pabalan (1991) and

unsaturated zone is if the composition of the this study for Equations (4-17) through (4-19), the

zeolite in direct contact with the pore water is relative concentrations of the exchangeable

known? cations in the pore were calculated.

The results of the exercise demonstrate the widene simulations performed to address the first variation in the pore-water chemistry which is
. .

,

question m this auxihary analysis concernmg the possible in the vicinity around Yucca Mountain.
validity of K/Ar datmg relied on the geochemical In addition, this analysis has shown that the

,

modehng code PHREEGM (Nienhuis and
,

chemical composition of the pore waters in
Appelo,1990). This analysis mvolved simulatmg contact with the solids in the unsaturated zone

.

the flow of site-specific ground water tiirough may be different from the composition of the
site-specific porous rock, at a site-specific rate.

, ,

, water in the saturated zone.
The simulation that was performed used mole ]
fractions of Na, Ca + Mg, and K, derived from the This auxiliary analysis is discussed in greater
zeolite compositions reported by Broxton et al. detailin Appendix L
(1986). The flushm, g solution composition in the
simulation approximates that of the site-specific
water from Peters et al. (1992).

4.4.11 Considerations in Modeling
Percolat. ion at Yucca Mounta.in

The results of this auxiliary analysis demonstrate The infiltration at Yucca Mountain could vary
that the K in the zeolites is relatively immobile. considerably because of topography, spatial
This is because of the large reservoir of K held in variation in hydrologic properties, and the inten-
the zeolite, versus the amount of exchangeable sity and duration of the rainfall. The effect of
cations in the liquid. There simply are not enough these variations on the rate of percolation at the
cations in the pore water to exchange with the K repository depth is uncertain. Detailed spatial and

NUREG-1464 4-64

1
j



---. .,-- -.- . - - - .- -. - - - . - - - -

1
.

4. Flow and Transport

1

1
1

temporal hydrologic modeling exercises have been underlying dry, low permeability unit or large

; proposed to provide msights on the impact of episodic infiltration into a dry unit). he numeri-,

these variations. cal difficulties were traced back to the manner in;
which pressures are evaluated at the grid block

i
j The surface boundary condition for many model. interface (either a linear interpolation or a

ing exercises is assumed to be a constant value Newton-Raphson iteration scheme). Numerical

over large areas. Although this type of assumption Problems arose when very dry-node (meters of

| may offer a type of " average" behavior of percola- suction) and wet-node (near zero suction) press-
.

i tion, a more explicit model which takes into ures are interpolated to arrive at an interface

] account both the change in hydrologic properties Pressure. When this situation occurs the saturated
and topography (e.g., alluvium in a wash), is node increases in positive pressure (meters ofi
needed, to better understand the effect this type pressure) before any appreciable water flows

| of spatial variation has on percolation. Although between the two nodes. This situation is a result;

very detailed topography of Yucca Mountain is of the interface pressure value remaining a large

readily available, site characterization is still quite negative value, until the wet node attains the very

1 limited in providing a detailed description of the large positive pressure to balance the high suction

hydrologic layering and structures below Yucca value of the dry node. This effect in the 1-D"

Mountain, to determine the effect on percolation transient simulation resulted in large oscillations

(isolated areas of increased recharge may either . in the pressure, as the recharge front moved down

: be of benefit or detriment to performance, de- the column. This type of behavior is considered toa

be an artifact of the numerics, rather than caused
! pending on whether the recharge intercepts the

by the physical system. Upstream-weighting of the
i repository). Despite this characterization limita-

pressure interpolation scheme has been intro-tion, the current exercise was conducted to gain
:

insights into the importance of this effect, duced into the DCM3D computer program, to

j examine the viability of modeling on a small correct this effect. This technique has corrected.

the observed aberrant behavior; however, further
| spatial scale (meters to tens of meters), and gain

testing is needed to examine numerical dispersion
| experience on the recently developed computer

effects before performing the above simulations |

i program DCM3D (Updegraff et al.,1991). A 2-D '

! simulation based on detailed spatial variation and again.

; topography was conducted to analyze the affect
on percolation. The simulation revealed an ability 4.4,12 Comparison of NEFTMN II to:

to concentrate recharge in the low-lying alluvium UCBNE41
,

and indicated the numerical difficulties in NEFTRAN II, an SNL transport code (Longsine
'

;' examining this type of localized, focused recharge. et al.,1987), was compared to UCBNE41 (Lung et
al.,1987). UCBNE41 is a saturated 1-D transport

Likewise the duration of rainfall could have a code that uses an analytic solution. Durm, g the
significant impact on the determination of the C mPanson an error in the internal documenta-amount of percolation at Yucca Mountain. tion to the UCBNE41 code was found and cor-

.

'Ippically, surface boundary conditions assume a yected. De ,imtial concentrations should be input4

small annual, steady-state average infiltration rate. in m les/ cubic meter, not grams / cub,ic meter.
'

De effect of using an infiltration rate based on:

| averaging rainfall over an entire year, as After making this change, the two computer codes
; compared to using a transient infiltration rate, compare well. Figures 4-26 to 4-28 compare the

needs to be evaluated, to better understand any results of NEFIRAN II and UCBNE41, for a test
correlations,with percolation and fracture flow. A case based on sample data set No. 3 in the
1 D simulation was conducted with transient NEITRAN II documentation. Since UCBNE41

,

| , filtration rates, to examine the effect on perco- requires a constant velocity, the initial velocitym
;

lation and fracture-flow rates. was maintained for all times. Sample data set No.;

;

| De above two simulations experienced similar
'll.c. tons and w.w-L tee were sub eque iy contacted and

M c*" $ , & ,,*i M 7"g,H pnumerical difficulties simulating the infiltration of ' ''$*"%d*,$d
.

; a sharp wetting front (either infiltration from a
the bnivenity or california at serkeiey.

tact at

wet, high permeability alluvium in a wash into an'
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4. Flow and Transport

3 prescribes a doubling of the initial vehicity at variations in the infiltration rate; spatial varia- i

50,000 years. bility of hydrologic properties within a hydrogeo-
logic unit; variability in the thickness of the

Other transport codes such as UCBNE40, hydrologic units; and assumptions regarding ,

UCBNE50, UCBNE51, and UCBNE52 were not fracture matrix interactions. The current analysis

compared to NEFTRAN 11 in this study. Ilowever, accounted for some of this uncertainty by use of a
,

they are very similar to UCBNE41. As transmitted correlation length, to develop a representative !

to the NRC staff, all the codes in the UCBNE40 permeability range for each hydrogeologic unit,
and 50 series ask for initial concentrations in use of different hydrogeologic unit sequences, and

grams / cubic meter but do not accept the atomic thicknesses attributed to different sub areas of the
mass as input. UCBNE40. UCBNE50, UCBNE51, repository, and the use of 2-D flow modeling
and UCBNE52 have therefore been altered to results to interpolate spatial variation of percola-
indicate that the initial concentrations should be tion caused by the slope of the hydrogeologic
input in moles / cubic meter, not grams / cubic units. These model abstractions were considered
meter. UCBNE40 compiles correctly. UCBNE50, to be very important to the conceptualization of
UCBNE51, and UCBNE52 contain a non-ANSI the flow problem and proved to be equally

(American National Standards Institute)-standard important to obtaining reasonable computer
feature. They alter the value of a do loop variable execution times for the TPA computer code.
inside the loop. This feature causes problems with However a number of issues that are considered ;

'

some FORTRAN 77 compilers. This problem was important to estimating percolation were not
documented, but not corrected. Fixing this prob. evaluated in IPA Phase 2. Issues that need to be !

lem would require reworking the entire looping examined further include: the relationship ;

structure of the program. The codes UCBNE40, between highly transient rainfall and percolation
UCBNE50, UCBNE51, and UCBNE52 should be estimates; the effect of topographic lows and fault
tested further before being used. zones as sources of increased recharge; how

spatial variability in hydrologic parameters affect

4.5 Conclusions and Suggestions for percolation; and the effect of fracture imbibition
n percolation (also see Recommendation 2).Further Work

A number of conclusions and recommendations 2-Eramine modeling assumptions agcctingresulted from:(1) the development and miplemen-
fracturc-matrix interactiontation of computatm, nal tools for calculatmg

ground-water flow and radionuclide transport;(2)
the analysis of results related to the conceptual hiodeling assumptions regarding the interaction

models used for ground-water flow and radio- between matrix and fractures are very important,
because of differences in fluid velocities andnuclide transport; and (3) the auxiliary analyses. A

desenptmn of the more salient conclusions and retardation between the two flow systems. These

recommendations relevant to ground-water flow differences are primarily caused by the fracture ,

and transport are presented below: hv pm hvig a very small bulk porosity
44 to 10 ) and limited surface area of the(10

fracture walls, compared with the large bulk
.

'

1-Eraminc modeling issues afccting percolation porosity (.1 to .4) and large surface area associ-

Conceptual model assumptions with respect to ated with the pores of the matrix flow system. The
IPA Phase 2 analysis used a dual-continuumpercolatmn should have a major effect on water

flux through a repository k)cated in the unsatur- approach that represented the fracture and matrix

ated zone. One-dimensional approaches, like that systems as separate but interacting continua.

used in the IPA Phase 2 analysis, can be very
,

sensitive to assumptions regarding percolation. Steady-state interaction between the two continua
The modeling assumptions and uncertainties were modeled, assuming the fractures were
affecting percolation rates need to be analyzed to planar, regularly spaced, and without a mineral :

| better understand their effect in relationship to coating affecting the movement of water across
the range assumed for percolation. Uncertainty in the fracture surface. Further simulation efforts

'

the percolation rate, in part, can be attributed to: could improve the understanding of conceptual
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1

modeling assumptions regarding small-scale comparing the results with those of the "com- |

interactions at the fracture-matrix interface (e.g., plete" model, which includes the coupling of water
detailed simulations to examine the equilibration movement in the liquid and gaseous phases,
of pressure between the fracture and matrix, under non-isothermal conditions. Simulation
considering transient conditions and the effects of efforts could examine the variation in moisture ;

mineral coatings on fracture surfaces) and large- contents and fluid flux, through the repository, ;

scale effects concerning the flow field within a caused by vapor movement and condensation
hydrogeologic unit (e.g., examine how the small- (this effect would be especially pronounced during
scale effects propagate through a geologic unit). the thermal phase of the repository). These results
These further analyses can be used to modify would provide more realistic fluid flux for the
current IPA models and revise parametric ranges. source-term and flow and transport modules.

3-& amine hydrogeologicfeatures and heterogeneity S-bamine refinements in the saturated modeling to
in the context ofproviding a "short circuit"through improve concentration estimatesfor dose calculations
the unsaturated zone

The calculation of dose requires a determination
The IPA Phase 2 flow and transport analyses of the radionuclide concentration. The concentra-
assumed that fluid flow and radionuclide trans- tion determination required an additional refine-
port could be represented through 1-D stream ment of the transport model, beyond what is
tubes for each of the hydrogeologic units. This required for the calculation of integrated dis-
representation does not account for possible charge, for comparison with the EPA standard.
"short circuiting" of the low conductivity matrix This determination required not only the inte-
pathway via hydrogeologic features (i.e., fault grated discharge of radionuclides, but the
zones) or fracture flow initiated by perched water quantity of water associated with this discharge.
forming in areas of heterogeneity. Two and For the current analysis, the contaminant plume
three-dimensional analyses could investigate the was assumed to remain near the water table, and
impact of fault zones and perched water on assumptions were made concerning the local
pathways through the unsaturated ame. If the population and its water usage. Additional refine-
impact were of sufficient magnitude, then addi- ments in these assumptions could require signifi-
tional pathways could be added to the flow and cant improvements in the current modeling
transport analysis in future IPA phases. approach for flow and transport and place greater

demands on data requirements. Initial efforts
should concentrate on compiling different ap-

4-& amine the coupling of water in the gaseous and Proaches used for modeling saturated fractured
liquid phases rock and their relationship to field conditions at

Yucca Mountain, as a guide for possible improve-
Although a number of characteristics of the f ow ments to the current analysis.
system have been included in the abstracted
models of the TPA computer models, a number of
characteri.stics of the real system have not been 6-& amine modeling assumptions afecting
included. The real problem is transient,3-D, retardation infractures
partially saturated flow with significant air and
water-vapm movement in a fractured, porous Radionuclide releases, in the liquid pathway, to
medium complicated by potentially significant the accessible environment were affected pri-
heat transfer and the associated flows of gas and marily by the presence of fracture flow. The IPA
liquid affecting the redistribution of moisture. Phase 2 analysis conservatively assumed that
How these phenomena can be approximated by there was no retardation in the fractures and did
simplifying assumptions and still provide an not consider the process of matrix diffusion in the
adequate representation for the calculation of modeling. Future work needs to evaluate the
system performance is poorly understood at this nature and magnitude of the conservatism of
time and needs further investigation. Abstracted these assumptions and the relationship of fracture
models need to be tested through simulation, coatings in affecting these processes.
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7-Access the usefulness of additionalintermediate tions have both benefits and disadvantages.
c:lculationsfor understanding theflow and transport Experimental information with respect to
results fracture-matrix interactions is extremely scant

and is needed to provide insights on the
The IPA Phase 2 performance measures were applicability of these approaches.
integrated discharge and radionuclide dose,
Oftentimes, it is difficult to explain these results (2) Ground-water flow modeling is affected by a |

m the absence of other mformation on modelmg number of assumptions at a very small scale
results for individual modules (e.g., fluid flux or (millimeters to centimeters) and at a large 1

'

water vek) city for the ground-water pathway, and scale (tens of meters to kilometers). At a very
release rates for the source term module). Rese small scale, assumptions with respect to
mtermediate results proved extremely valuable in characteristic curves (pore scale) can have
both determming if the modules were perform, g dramatic impact on interactions between them

as expected and m assistmg the sensitivity analy- matrix and fracture flow fields,in addition to
sis, it would be beneficial to further examine the assumptions regarding steady-state versus
modelmg approaches and identify m, termediate transient flow. At a large scale, there are a
calculations that could be performed to provide number of assumptions and features (topo- |

further insights on model and system perform- graphic details that lead to spatial variation ;
,

ance. For example, the current analysis used a of recharge and discharge areas, discrete I

,

idual-continuum model to represent the fracture- features such as a fault zone, spatial varia-
matrix system as separate but interactmg contm, ua bility in hydrologic properties, and layering of
that enabled a simple procedure to be imple- geologic strata) that can have significant
mented for performing intermediate calculations impact on the distribution of fluxes through-
concerning fluid flow in the fracture and matrix out the unsaturated zone. Further analysis is
contmua. needed to better understand the impact of

these assumptions on the overall repository
Recommendationsfrom the Attvillary Analyses performance.

The auxiliary analyses contributed to parametric (3) 99Several potentially volatile compounds of
values used in the TPA system code and to Tc, 79Se, and 1291 may be present in spent
understand assumptions and limitations used to nuclear fuel. Conservative estimates of
represent ground-water flow and radionuclide gaseous releases of these radionuclides
transport. The assignment of individual para- during volcanism and normal operations were
metric values through an auxiliary analysis is not sufficiently low to not warrant further study,
discussed here except in terms of impacting

14C will be affectedassumptions and limitations of the analysis. A (4) The transport of gaseous
brief description of the more salient conclusions by variation in saturation, gas flow, and
and recommendations related to the auxiliary temperature, caused primarily by heat from
analyses are presented below (more complete decayinf nuclear waste. Geochemical model-
descriptions can be found in the associated ing of I C transport demonstrated a retarda-
appendices): tion factor of approximately 30 to 40, because

of primarily iansfer of carbon between the
CO in tte gas phase and dissolved carbon-(1) The representation of a fractured system can 2

be accomplished via a discrete fracture ate and bicarbonete in the liquid phase.
model, a composite approach which attempts Some 14C might be trapped temporarily, in

to average the matrix and fracture system, or precipitating calcite during the period when
a dual-continuum approach which treats the temperatures are rising, and released from
matrix and fracture as separate but inter- the calcite as it redissolves, as temperatures

acting continua. Each of these representa- fall.
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5 SOURCE TERM MODULEI

5.1 Introduction promote dramatic changes in the chemical and
hydrologic environment surrounding the waste

The model used by the staff to calculate the packages. Temperature and water flow rates will
-

source term in Iterative Performance Assessment vary widely in both time and space. The geology
(IPA) Phase 1 was that incorporated in the NEF- of the mountain is of a fractured, porous rock

; 7701N (Network Flow and Transport) computer material with high spatial variability. The prob-
code obtained from the Sandia National Labora- lems with heterogeneity are increased because the

i tories (SNL)(see Longsine et al,1987). In this type of water flow of greatest concern is fracture
i model, radionuclide releases would occur only flow. The characteristics of the waste material

after failure of the waste package canister,2 char- such as age, burn-up, heavy metal inventory, and
acterized as a single failure time. spent nuclear fuel versus defense vitrified waste

(glass) will vary spatially in the repository. Envi-
In IPA Phase 2, the staff developed its own com- ronmental variables such as water flow rates,
puter code to calculate the source term. The water saturation, water chemistry, and tempera-
SO7EC (Source Term Code) module (see Sagar ct ture will vary in time and in space in the
al (1992)) deals with the calculation of aqueous repository.-

j and gaseous radionuclide time- and space-
dependent source terms for the geologic reposi- The prol; sociated with heterogeneity are

'
tory. It does so by considering the variations in addressed m part in the source term module
those physical processes expected to be important SO7EC by dividing the geologic repository into a
for the release of radionuclides from the engi- number of zones, referred to as " repository sub-

'

nected barrier system (EBS). areas". Within each repository sub-area, all
chemical, physical, and waste form properties are

Three primary calculations are done ir. SO7EC: assumed to be identical. The release rate for each.

(a) failure of waste packages because of a combi- repository sub-area is then the release rate for an
'

nation of corrosion processes and mechanical individual waste package in the repository
stresses;(b) the teaching of spent nuclear fuel; sub-area times the number of waste packages in

ICCO gas from the oxida- the repository sub-area.SO7EC calculates thei and (c) the release of 2
tion of UO and other components in spent performance characteristics for an individual2,

j nuclear fuel and hardware. The principal features waste package and extrapolates the result to the
; of the staft's source term analysis are discussed entire repository area.

below.,

Information concerning variability may come
; 5.2 Overall Structure of the Source either from standard input parameters listed in

Term Code Appendix A or from output files created by other
!

modules of the total-system performance assess-

i 5.2.1 Conceptual Model ment (TPA) computer code. To limit the amount
of input data and code complexity, the assump-

The proposed geologic repository at Yucca tion is made that (except for temperature) a
Mountain will consist of a large number of waste separation of parameters can be performed be- i

packages placed in drifts and perhaps in bore- tween spatial and temporal variations. For each I

i holes. The repository environment will change parameter, the input appears as a time-variant
with time, as a result of radioactive decay, leading repository average (or reference) value and a set
to initial heating of the rock, followed by a long of load factors for the individual repository sub-,

cooling period. The heating is anticipated to areas. SO7EC and the temperature code, CANT 2
(described in Section 2.13), consider only seven4

separate repository sub-areas. The small number
8ne figures shown in this chapter present the results from a demon-
mation of start capabairy to review a rerformance assessment. of repository sub-areas is madequate to describe

.

These figures. hke the demonstration, are hmited by the use of a Continuous distribution of failure times for the
'"* """" P* "8 """P'*"' * "d 'P "' d '*' waste packages and the fractional release rate for

Dc''f"J"$''i,7f. age" is used here synonym usly with " con ~ the EBS. The concept of ensemble averaging to

i 5-1 NUREG-1464
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5. Source Term

choose parameters that best represent all waste corrosion penetration for each waste package as a

package canisters in discussed briefly in Section
function of time. Waste package failure times for

5.3.5 and in greater detailin Appendix L each repository sub-area are recorded for use in
the release-rate portion of the code. The corrosion

5.2.2 Input to and Output from SOTEC Portion of SOTEC is not coupled to the liquid
release calculations and could be put m a separ-

The structure and flow of the source term code is ate code. In the corrosion calculations, the
illustrated in Figures 5-1 and 5-2. Data are read corrosion rate is estimated at the beginning of

into SOTEC from a series of files. Some of the file each time step. At the end of the time step, the
names are initially fixed, however the majority of total corrosion depth is compared with the critical
file names are read from the main input files. thickness for buckling. If the remaining waste

package thickness is less than the critical thick-
As noted in Chapter 2, many of the TPA modules ness, or if the remaining thickness is less than
can run in either the " internal" or the " external" zero, failure is presumed to occur. Depending on
mode.3 In the internal mode, SOTEC reads from input assumptions, the waste package may either
the file of input parameters produced by the Latin fail completely, resulting in a flow-through system,
Ilypercube Sampling (LilS) procedure. Many of or fait partially, with a specified maximum volume
the parameters in SOTEC that are read from the inside the failed waste package,
stand-alone input files are overwritten. Over-
written parameters represent either random

Calculation of liquid and gaseous releases beginsparameters or system-wide input parameters. with evaluation of the failure time and types forFigure 5-1 presents input and output files for
SOTEC. Some of the output files for SOTEC are each repository sub-area. Individual waste pack-

only written when operation is in internal mode. ages in each repository sub-area can fail by three
different mechanisms. The first type of failure is

All of the major output files written by SOTEC initial defectives, representing waste packages that
are designed to be read by other codes. The major were defective at the time of repository closure.

output of SOTEC is the release rate, as a function Defective waste packages will begin releasing MC
of time, for each radionuclide for each repositoU at time = 0 and begin releasing radionuclides in
sub-area. Additional outputs are: the aqueous phase once the waste package cools

below the boiling point and begins filling with
Waste package lifetimes for use in some of water. The second type of failure is by scenario. >o
the other disruptive consequence models; The scenario option fundamentally allows the

.
TPA computer code, or the analyst, to specify a

The 100(1-year . inventory for each radio- time of failure for a portion of the waste packageso
nuclide, assuming radioactive decay only, in each repository sub-area. The primary purpose,

with no other loss from the waste package; is to facilitate evaluation of alternative scenarios
.

besides corrosion / buckling failure of the waste
The cumulative release from the EBS of each packages. The scenario option can also be usedo
radionuclide in each repositmy sub-area; and by the TPA computer code to specify a waste

p ekage lifetime distribution independent of the
The failure times by corrosion necessary for corrosion calculations.The third type of wasteo
evaluation of the model for seismic failure. package failure is by the corrosion / buckling

.

*"' " ' " " " " "

5,2.3 Structure of Calculations

He overall flow of the calculations in SOTEC is After sorting out the type and timing of the
illustrated in I igure 5-2. Subsequent to readmg. failures in each repository sub-area, the liquid
the input files, SOTEC k> ops over time calculatmg and gaseous release calculations begin. The

calculations proceed by repository sub-area, with

$'n"diNmUtEh tTe r?l Iq'u [["'f[" internal time and radionuclide h) ops in the liquid'' " "" I

up ro te
ules are generated. In the internal mode. the modules are arparate and gas release modules. The calculations are set
#'En"e'r'aUdTE1 ptSIc'*A*n"t icIa"[a'n'y"SinI t e$"I t5tN'"Ilhe sy[.up to handle multiple chains of radionuclides and* " ' ''"

i g
iem code. multiple isotopes of the same element.
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BASIC INPUT
SOTEC.INP

OTHER FLES

GLOBAL DATA FROM TPA

TPA_ SOT.SGD
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SAMPLEDDATA FROM LHS

LHS_0000.0VT

1f

DATA FROM OTHER MODULES

TEMP: TZONE.DAT
SEISMO: SEISOT.DAT
DRILLO 1: DR1 SOT.DAT
VOLCANO: VOLSOT.DAT
FLOMOD: FLOSOT.DAT

If

SOTEC CALCULATIONS

1I

OUTPUT FOR USE BY OTHER
MODULES

NEFTRAN: SOTNEF.DAT
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AIRCOM: SOTC14 DAT

SENSITIVITY AND UNCERTAINTY

ANALYSES: CONFAILOUT
MAXRELOUT
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Figure 5-1 SOTEC-Source term code input and output files
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5. Source Term

Subsequent to the release calculations, the release Table 5-1 Initial Radionuelide Inventory
rates are summarized by calculating cumulative (in curies per metric ton of heavy
release and interpolated to even grids for writing metal (Ci/h1Tilhi))
to file.

Nuclide CilhfTilhi Nuclide CilhITilhi
5.2.4 Radionuclide Inventory

The inventory of radionuclides included in the 246Cm 0.0258 226Ra 3.67 x 10-7
calculations of IPA Phase 2 were carefully

238U 0.318 210Pb 4.7 x 10-8screened from a large list of radionuclides, to
include only the major contributors to cumulative

245Cm 0.126 137Cs 7.66 x 104

release and dose. The primary objective of this
screening was to reduce to a minimum the num- 241Am 1640 135Cs 0.35 !

ber of calculations m the computer programs,
without substantially affecting the results. 237Np 0.288 1291 0.0295

Starting with a list of 37 radionuclides, the TPA 243Am 15.5 99Tc 12.3
computer code was run for 50 LIIS vectors of the
fully disturbed (csdv) scenario, and the results 239Pu 308 59Ni 3.56

tabulated for cumulative release at the accessible
environment and on-site dose to the farm family. 240Pu 508 14C 1.54

A radionuclide was retained in the inventory if, in
79Se 0.381any of the 50 vectors,it contributed more than 1 234U 1.89

percent of the U.S. Environmental Protection
4 23nrh 1.29 x 10-4 94Nb 0.793Agency (EPA) cumulative release limit for that

nuclide. The screening analysis also checked the
maximum dose to the farm family, to see if any of
the radionuclides that might have been screened presents the radionuclide m.ventory used m. the
out on the basis of cumulative release should have Phase 2 analyses.
been kept on the basis of dose. In all cases, how-
ever, the cumulative release criteria were more

5.3 Waste PackaEe Environmentrestrictive than dose.

5.3.1 IntroductionIf a radionuclide screened out of the inventory
was a parent to another radionuclide, the inven- The waste emplacement environment at Yucca
tory of the progeny was adjusted upward to hiountain is expected to be highly complex.
account for the decay of the parent. This was hiodeling for the IPA Phase 2 requires a relatively

238Pu, which was simple conceptual model for the interaction of theimportant for the radionuclide
screened out, and whose decaged inventory was waste packages and their immediate environment.

4added to that of the progeny U. Table 5-1 The following subsections discuss the thermal,

hydrologic, and geochemical environment for the
waste package, as Conceived in IPA Phase 2.

' Currently, a revised set of standards specific to the Yucca Mountain
ed in accordance with the p visions of the

siteisbem develop $$$$UIEEEfNliN!$#$#' 5.3.2 Thermal Environment$N287[a'Iy i i . rceis o ui.
gate a rule, moth ymg 10 CFR Part 60 of its regulations. so t at . .

these re ulations are consistent with EPA's public health and safe The repository environment will change with time
''"Iir$[imenllI,YE[$"Itive n N$[aNS"rd'"rSsNd Ef 0*' ' as a result of heat generated in the decaying' ' ' " ' " ' " "'

Yucca Mountain. Nevada, consistent with the findmgs and recom- Waste. Heat will be transferred in the host rock
cn

Ed#$"rIYaln"g'"iN*uM*vEo'n$c"n"!aNan"I"IdIg$c*r'n f t$eS$c'c'a'"primarily by thermal conduction, but heat transferi
will be complicated by the evaporation and con-Mountain repository. It is assumed that the revned EP standards

Ih , '; i cu rfy a"' f y densation of water, and the transport of air and"" ' '"
cu ly i art

prtain to the need to conduct a quantitative performance assess- water vapor. The movement of water vapor and
ans to estimate postckmure performance of the liquid water will affect the hydrologic environmentmen e
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for periods of time after waste emplacement. The ages has not been demonstrated, however, so the
strengths of the thermal effects will be a function authors found it prudent to postulate mechanisms
of the types of waste and the thermalloading per by which liquid water could reach the waste
unit area. He repositmy temperature model for packages, and carry away dissolved radionuclides:
IPA Phase 2, discussed in Section 5.4.2. considers

only heat conduction in a ur}iform semi-infinite Drippingfractures-Fracture flow in the rocke
medium, and does not take mto account could occur under conditions where infiltra-
two-phase flow. tion exceeded the hydraulic conductivity of

the rock matrix. Several mechanisms could
IPA Phase 2 considers only simplified aspects of lead to h> cal saturation, such as perching
the thermal environment for several of the models: along rock interbeds, fracture flow along

continuous pathways from areas of local
Onset of waste package corrosion-The waste recharge at the surface, and the return ofe

packages are assumed to remain dry, and no condensed water that had been evaporated by
corrosion of the waste packages occurs the waste heat. These phenomena are dis-
before the temperature falling below the cussed more thoroughly in Chapter 4.
assumed boiling point, at the repositoiy, of 96
degrees Celsius (*C).

Direct contact of waste package with rock ore

rubble infilling material-The air gap sur-
Corrosion modelparameters-Several of the rounding the waste package could be com-

e

corrosion parameters in the model of Section promised if it were to become filled in with
5.4.1 are temperature-dependent. porous material from rock spallation or

. sedimentation. Another possibility would be
e Carbon-14 source term model-As described the tilting of the waste package so that it

| in Section 5.6 3, the release rate of gaseous leans against the side of the emplacement
"CO from the spent fuel waste form is. borehole.2

temperature dependent. The rate of hquid
release predicted by the model does not

Condensation of water onto surface of wastedepend directly on the temperature, e

packages-Minerals contained in the ground-
water that might come into contact with the533 Hydrolog,ic Environment waste package surface could become highly

ne assumed disposal concept adopted in the IPA concentrated, leading to a condition of
Phase 2 is one of vertically placed waste packages vapor-pressure lowerm, g (Walton,1993).

,

surrounded by an air gap, as discussed in the U.S. T1iese highly concentrated mmeral solutions

Department of Energy's (DOE's) 1988 Site "! ght remam hquid at temperatures sig-
,

Characterization Plan (SCP)(see DOE,1988). nificantly above the boiling point of water.
One of the main intentions of this design is the Furthermore, the solutions would probably be
isolation of the waste packages from liquid water, corrosive.

since there would be little or no direct contact of
the waste packages with the surrounding rock. In immersion of wastepackage-Perched watere

an unsaturated environment, capillary suction or a general rise in the regional water table
should keep liquid water diverted away from the could immerse the waste packages. Another
air gap and confine it to the rock. possible mechanism for waste package

immersion might be the mineralization of
If no liquid water could reach the waste packages, fractures near the waste packages, because of
there would be little possibility of water-borne hydrothermal activity induced by repository
radionuclide releases to the geosphere, even if the heat or an external heat source. The plugged
waste packages failed. Gaseous radionuclides fracture might then allow the collection of
could still be released, however, as could releases infiltrating water that would otherwise drain.
in the case of disturbances such as human intru- The possibility of waste package immersion
sion and volcanism. The reliance on engineered was not considered to be a credible scenario
design to maintain the dryness of the waste pack- in the IPA Phase 2 analysis.

NUREG-1464 5-6|
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,

53.4 Interaction of Liquid Water with Waste 53.5 Ensemble Averaging
Form: Direct Contact For the sake of computational speed, the IPA

l'hase 2 analysis used a " lumped parameter"
The 11% Phase 2 model for release of dissolved approach, m which the entire repository is repre-

,

radionuclides considers that there might be direct sented by a relatively small number of waste pack-
contact of dripping liquid water with some of the ges. Since the reposhoy source term, consistmg

,

waste packages. Based on the infiltration of of tens of thousands of waste packages (Johnson
meteoric water, the carrying capacity of fractures and Montan,1990), is bemg represented by only
and matrix in the vertical rock columns, and on seven repository sub-areas, with only one waste
horizontal diversions by the dipping bedding Padage per reposhoy sharea, there must be
planes, the hydrologic models discussed in c reful considerat,on given to the way ,m whichi

,

Chapter 4 are used to estimate an areally aver- the repository sub-areas represent the ensemble of
aged rate of water carried by fractures. In some waste packages.
cases, all Dow will be carried by the matrix, and ,

consequently, there will be no release of dissolved Presently, the arithmetic average of external
radionuclides by direct contact of liquid water. environmental parameter values (e.g., tempera-

ture, flow rate) for all waste packages in the

For the cases where there is fracture flow, drip. repositmy sub-area is chosen for a representative

ping liquid water from fractures is likely to be
waste package. Additionally, there is only one set

non-uniformly distributed over the repository. of source term parameter values (e.g., corrosion

There would be a wide distribution of amounts of parameters, solubilities) representing the corro-

dripping water, and many of the waste packages
sion, liquid, and gaseous release submodels per

might never receive any. On average however, the repository sub-area.

total rate of water inuux q affecting each waste A demonstration of the conditions under which
package is likely to, be no greater than th the lumped parameter approach might be valid is
effective cross sectional area A,(or funnel presented as an 11% Phase 2 auxiliary analysis in
factor )of the emplacement hole times tiic Appendix L For solubility limited releases of,

average fracture infiltration rate I ; that is: single, long-lived radionuclides, the ensemblef

average cumulative release per waste package is
represented exactly by the arithmetic averages of

(5-1)q = A, If. the flow rate per waste package <q>, the waste
package failure time < / ail >, and the waste pack-
age failure volume < Vo/> . The waste package

The effective cross-sect.ional area of the emplace- failure time, however,is a calculated parameter
.

ment hole A, is chosen to be a umformly dis- that is based on temperature and a number of
,

tributed random area between 0 and 0.4 square corrosion parameters which might not be
meters per waste package, based on a mean area represented correctly by their arithmetic means.
for the borehole of 0.2 square meters. There are
several reasons to believe that the flow rate of The ensemble mean parameters for the congruent
water affecting the waste packages would actually release case should bc <1/q> (the harmonic

mean), < t aif/q > , and < Vo/q > , which are muchj be far less: f
more complicated parameters. Use of the arith-4

metic average values of q, waste package-failure
For partially saturated How, openings areo

. barriers to flow rather than conduits. Even in
parameters, and Vo may not necessarily give good
results for radionuclides that are not solubility

j fractures and the emplacement borehole,
limited.

I capillary tension would likely restrict water to

|
the fractures and borehole walls; and Numerical experiments with the release rate

; models themselves confirm that cumulative
Dripping fractures would occur only occa- release of the long-lived solubility limited radio-) o
sionally, and drips might not land on the nuclides is proportional to flow, which demon-

:

waste package or in places that would lead to strates that the arithmetic mean flow rate is the'

corrosion or entry into the waste package. correct ensemble average to use for these
;

; 5-7 NUREG-1464
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5. Source Term

radionuclides. Release of congruently released A = average decay rate for gamma emitters
radionuclides is not proportional to the flow rate, in waste (year-1);
but for these radionuclides, the flow rate is Ej = reference corrosion potential (mV);
relatively unimportant. As expected, numerical T , temperature (*K);
experiments with SOTEC showed a relatively low t = time (years); and
sensitivity of radionuclide releases to flow rate q, Eco,7 = corrosion potential (mV).
for congruently released radionuclides. The effects
of using the arithmetic mean of Va and the The equation for the corrosion potential assumes
parameters for the failure model has not been that the influence of radiolysis varies linearly with
determined for IPA Phase 2. gamma dose rate, and that temperature affects

the corrosion potential in a linear fashion. The

5.3.6 Geochemical Environment impact of radiolysis appears as a maximum corro-
sion potential effect at time - 0, and dechnes with

The waste package material, the waste itself, and time, with radioactive decay of gamma emitters.
the heat generated by the waste will affect the The dependence of the corrosion potential on
geochemical environment in a complex way. The temperature and radiolysis is presumed to be
IPA Phase 2 source term models do not explicitly obtained from independent theoretical analysis
consider changes in the geochemical environment, (e.g., Macdonald and Urquidi-Macdonald,1990)
except to the extent these effects have been taken or experimental data and translated into func-
into account in choosing the parameter ranges for tional forms allowed in SOTEC.
the submodels. The effects of heat on the geo-
chemical environment presented in the IPA Phase Rates of pitting and crevice corrosion depend
2 auxiliary analysis in Appendix K were explored directly on the corrosion potential. When the

Min regard to the transport of C in the gas phase. potential is elevated above a critical value that is
This auxiliary analysis was used to justify a range dependent on the type of metal, metal history, and
of re;ardation coefficients. solution composition, localized corrosion begins.

The critical potential may be referred to as E a,p
5.4 Waste Package Failure Modes Ecry, or Ec,n, depending on the context and the

type of corrosion involved. When the potential is
5,4.1 Corrosion Models lowered sufficiently, the localized corrosion pits

generally repassivate. This is sometimes referred
SOTEC considers the failure of waste packages to as the repassivation potential or protection
from initial defects, corrosion, mechanical potential E ,w.f
processes, and disruptions. For any given metal
and set of environmental conditions, the corrosion SOTEC currently allows only one critical potential
potential is a major factor influencing the types of for each of pitting and crevice corrosion and the
active corrosion processes and their rates. The critical potential is assumed to be a function of
importance of the corrosion potentialis reflected temperature, but not of solution composition.
in the philosophy and implementation of the
corrosion routines in SOTEC, SOTEC assumes

5.4.1.1 General t,orrosion
that the corrosion potential is a function of
temperature and radiation dose rate: General corrosion is assumed to begin when

repository temperatures drop below a specified

En,,, - E + A(T- 298) + pe" (5-2) Onpuq temperature. In the atngsppere, general
i ,

corrosion is known to become sigmficant when
the relative humidity exceeds 80 percent. At the

where: elevation of Yucca Mountain (approximately 1500
meters above sea level), this corresponds to a

A = empirical factor for temperature effect temperature of approximately 96*C, assuming
on corrosion potential (millivolts / conservatively that the air is 100 percent water
degrees Kelvin-mV/*K); vapor. Once corrosion begins, the corrosion rate

# = empirical factor for radiolysis effect on is described by a generic power law equation (for
corrosion potential (mV); more discussion, see Williford (1991)) of the form:

NUREG-1464 5-8
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rate can be estimated from an equation of the,

r = ue rf I C[C{,whenT<To, (5-3) form:d

lwar= (5-5)where r is the corrosion rate, u, b, c, d, c, and f are gF,
empirical constants Tis absolute temperature,
and Iis time. Instead of concentrations Cf, C2,

a is
. .

where s. . !he active current density; w is theetc., of aggressive species, the logarithm (to base formula weight of the waste package material; e ,si
10) of the concentrations can be used. In some the material density;:is the son valency; and Fis

, ,

interpretations of this equation (e.g., Kubaschew- the Faraday constant.SOTEC assumes a constantski and flopkins,1962), b is the activation energy,
active corrosmn rate.and c is the gas law constant.

5.4.1.3 Pitting Corrosion
General corrosion is assumed to represent a
passivated metal and as such is independent of Episodic evaporation and condensation of water
the corrosion potential. on the surface of waste packages resulting in high

concentration of aggressive ions makes them

5.4.1.2 Crevice Corrosion susceptible to pitting corrosion. Mcchanistically,
,

pitting corrosion is similar to crevice corrosion
Crevice corrosion is af fected by a number of and it is possible to develop detailed models.

coupled processes. These include mass transfer, (Farmer et al.,1991) for predicting critical pitting ,

production of metal ions within the crevice and potentials or electrochemical conditions within the |
'

hydrolysis. In the literature both the steady-state pit. Alternatively, heuristic stochastic models may
and transient models for crevice corrosion exist also be developed (Henshall,1992). For develop-
(see Watson and Postlethwaite (1990) as an ment of the SOTEC code, a strategy similar to
example). However, for inclusion in SOTEC, such that for crevice corrosion will be followed. De-
models are too complex and computationally time tailed models for pitting corrosion are still under
consuming. Therefore, a strategy to develop a, development, and a constant propagation rate is
simple parametric equation for crevice corrosion assumed for pitting,in Version 1.0 of SOTEC.
for use in SOTEC has been adopted.

Pitting corrosion is assumed to begin when the

Crevice corrosion has two characteristics:(1) criti- critical potential for pitting is reached. Pitting is
cal potential for initiation and repassivation; and assumed to begin immediately when the critical
(2) propagation rate. Initiation time depends on potential is exceeded. The critical potential is
the corrosion potential of the metal exceeding the given by Equation (5-4). The rate of penetration |

critical potential for crevice-corrosion initiation, by pitting is assumed to be identical to the rate in 1

crevice corrosion, as described by Equation (5-5).

The repassivation potentialis taken to be a
function of temperature: 5.4.2 Temperature Model for Source Term

5.4.2.1 Introduction
Ey = E, + C T. (5-4)

Spent nuclear fuel will generate significant quan-
titics of heat, leading to increases in the tempera-

where: ture of the waste package, fuel, and surrounding
rock. The increase in temperature, in turn, will |

Ey = crevice repassivation potential (mV), lead to changes important to the performance of
Er = reference potential (mV): and the repository, such as chemical equilibrium and
C = temperature-correction factor kinetics of the fuel and rock, mechanical changes

(mV/* K). to the host rock, waste package corrosion, and
movements of gas and liquid. In the IPA Phase 2

Subsequent to initiation, crevice corrosion is analysis, temperature is taken into account
assumed to penetrate the waste package at a explicitly in only three places; the gas velocity for

,

constant empirical rate r. The active corrosion the MC transport model; the onset of corrosion m
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the source term model; and release of dC from data on the h> cation and characteristics ofI

the spent nuclear fuel under dry conditions. individual fractures.

'Ile main purpose for program CANT 2 is to 5.4.2.3 Thermal Loading of the Repository

generate temperature for the surface of each Under the design evaluated in IPA Phase 2, each
waste package, to determme th( time at which the waste panel would contain thousands of waste
temperature falls below the boihng pomt, as- packages with different waste makeup (i.e., some
sumed to be the onset of corrosion m the, source will be vitrified defense wastes, most will be spent
term model. The temperature of the fuel inside nuclear fuel, but of varying ages, from different
the waste packages is calculated from the skin types of reactors, and a range of burnups).

4temperature for the C source term model, by Therefore, each waste package type will have a
means of an empirical correlation (see Section different heat output rate as a function of time.
5.6.3.5.5).

5.4.2.4 NRC Temperature Model
5.4.2.2 Ileat Transfer in Yucca Mountain The U.S. Nuclear Regulatog Commission temper-
lleat transfer under both natural and repository ature model is similar in some respects to the

modified conditions at Yucca Mountain will be models of Altenhofen and Eslinger (1992) and

complicated because of the unsaturated nature of also Johnson and Montan (1990). There are a

the geologic media. Air circulates within Yucca number of significant enhancements that makes

Mountain under the influence of forces such as the present model more suited to our work m IPA
wind, barometric-pressure variations, and natural Phase 2. It is very fast and efficient, so it could

,

convection. Heat is transferred through conduc. actually be incorporated into the system model if
tion in the rock, and, to some extent, by the mov. necessary (although it is not presently

ing air, both as sensible and latent heat. Ileat. implemented th,s way).i

transfer coefficients for conduction are sensitive
to the degree of saturation of the rock, which can As a first approximation of temperature of the

change both spatially and temporally. Close to the waste packages within the repository, the report

emplaced waste in the proposed repository, latent authors considered the followmg simplifymg
,

heat transfer and drying of the rock take on assumptions:

greater importance. Experiments (e.g., Ramirez IIcat transfer is by thermal conduction only;o
and Wilder,1991) and sophisticated mathematical
models (e.g.,13uscheck and Nitao,1990) indicate The medium is homogeneous with constant,

e
deviations m temperature from model predictions thermal diffusivity;
based on conduction only, especially close to the
emplaced waste. Furthermore, models of con- Waste packages are placed on a plane surfacee
ductive heat transfer cannot predict the drying in a semi-infinite medium. The semi-infinite
and re-wetting of the rock close to the waste medium simulates a constant temperature at
packages. Models to predict two-phase heat and the surface of the earth, but extends infinitely
mass transfer are at the cutting edge of tech- in depth and laterally; and
nology. In addition to the long computer run
times associated with these models, there are a e Heat output of each waste package as a
number of fundamental questions about how to function of time only.
treat two-phase flow through fractured porous
media. Although it is possible to simulate two- The present model uses linear superposition of
phase flow at the scale of individual fractures, the temperature field for all waste packages in a
modeling of the waste package and larger scales panel, superimposed on the temperature field
must generally rely on the equivalent porous from all other panels represented as rectangular
medium approach, to capture the effect of flat planes, as shown in Figure 5-3. Each waste
fractures in the matrix. Modeling of individual package is represented as a solid rectangular
fractures is not feasible on the larger scale, parallelepiped with an instantaneous release of
because of both the large amount of computer heat per unit volume. The heat source in each
resources that would be needed, and the lack of panel can vary from panel to panel. Convolution
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temperature model'
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of the instantaneous Green's functions for one whereas the expressions for a cylindrical waste
waste package is performed numerically, to package would be many times more complicated
generalize the temperature to the time-varying (Carslaw and Jaeger,1959).
heat source term.

The temperature rise T' at any point x', y', z', and

Even with high efficiency, it would be very costly time t', in space relative to the center point of a
to evaluate all of the thousands of waste packages. single parallelepiped, can be calculated by the
Instead of calculating the temperature of all waste convolution of a Green's function, for an instan-

packages, the program samples a representative taneous release of heat and a function describing

number in a Monte Carlo fashion from each the rate of heat release:
panel. For the IPA Phase 2 study, there were a
total of 66 waste packages sampled, approximately

'

,.

apportioned to the 17 waste panels according to
W,y,r',r) - G(1',y,z', r') 6(r-t') dr , (5-6)

the spent fuel load per panel. Since the geologic
repository is divided into a small number of a

repository sub-areas (seven in IPA Phase 2), each
repository sub-area consists of a whole number of where x', y', z' is the position in the local coor-
waste panels. The present grouping of the waste dinate system for each parallelepiped, t'is the
packages and panels into individual repository time relative to the emplacement time for each
sub-areas is shown in Figure 5-4. parallelepiped, Gc is the temperature Green's

function for an instantaneous unit release of heat,

The contribution to the temperature of a sampled Fc is the heat-release rate as a function of time
waste package from the surrounding waste pack. evaluated at time (T - t'), and T is a dummy

ages in the panel is simplified greatly by assuming parameter of integration. T' is the temperature
that all waste packages are identical within a that would be produced by a single parallelepiped
panel. The geothermal gradient is assumed to be a in complete isolation from all others,
constant, so that the temperature of the rock
(without the addition of repository heat)would be For an instantaneous parallelepiped heat source
a function only of depth. In the model, the geo- of one Joule in an infinite medium, the Green's
thermal temperature addition is constant for each function Gc is defined:
panel, based on the depth below the surface of the
earth of the panel center. This temperature is then 1

added to the temperature calculated for the indi- Gc = G, ' G ' G, , (5-7)y

vidual waste package. P

'

} -x'G, = erf }/4kt'
The temperature model considers only spent +x

+erfnuclear fuel waste. Heat loading, age of waste, ,

and spacing of waste packages may vary between _ , _ /4kt '
panels, but the model also assumes that all waste
is buried instantaneously (i.e., there is no pro-
vision for temperature changes during the waste "E + y/ 'E _y/

2 2emplacement phase). G, = crf + crf ,

. /4kt' . . /4kt ' .
Green's ihnction Modelfor Individual %ste
Package: The parallelepiped representing the
waste package has a length equal to the actual y 7 y
cylindrical waste package, but its width and depth T+2 T -:7
are adjusted so that the volume is equivalent to O' " "[ + "I
that of the cylindrical waste package. This - /4kt, , _ '/4kt , ,
parallelepiped shape allows the definition of a
relatively simple analytical expression for where li' L, and H are the width, length, and
temperature for an instantaneous heat release, height of the parallelepiped, respectively; e = the
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Figure 5-4 Grouping of waste package canisters and waste emplacement panels in
temperature model (after Johnson and Montan,1990)
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bulk density of the rock: C = the heat capacityp
of the rock; k = thermal diffusivity of the rock; c,, = G . c,,, . cyy ,

(5-9)and erfis the error function. The temperature at 4 /nkeC,,
any point x, y, z in space calculated from the
contributions of all the other waste packages in

1r h
'~

the waste panel, would be- 2 + x" 2 _x"c - cg + ,g ,y 5 5
. . . .

W1.

T(x,y,z,1) ~ [ Tilx|-xy|-y,z|-z,t -t|} : (5-8) .
.;y

. ;y + y". L-y"L
,.s

2 2
G,,, = crf + crf ,and

5 5
. . . .

where Ncf. = number of waste packages in panel
- - ~-

L; xi.,yp, ri. is the location of the center of each
(z" _: *)2parallelepiped; and t is the startmg time (i.e., Gy = exp _ _exp - (2 " + 2 .)2. . . . .

i .

/4kt2 /4pg2
>

time of emplacement) for each parallelepiped.
_ _ _ _ ,

All waste packages are assumed to be identical W and L are the width and length of the panel,p p
within a waste panel, but may vary from panel to respectively; e = the bulk density of the rock: Cp

panel. Equation (5-7)is used to define a table of = the heat capacity of the rock; k = thermal

temperature versus time and distance from the diffusivity of the rock; and z* = depth of the
rep sitory below the surface of the earth. |

waste package. Although Green's function for the
parallelepiped is not axially symmetric, the iso.
therms in the x-y plane around the parallelepiped The temperature caused by the panel for a
are approximately circular a short distance from general heat release rate can be calculated with

the waste package. These tables are then used to the convolution integral:
'

efficiently sum the temperature contributions for
a large number of waste packages, using Equation
(5-8).

T,(x",y",z", t") -- ;

C (5-10)
G,(x",y",z",r") F,(r-r") dr ,

Contribution of Other %ste Panels: The waste o

package temperature contribution from the other
waste panels is calculated in a similar manner to
the single panel in a waste package fielt. The where t" is the time relative to the emplacement

panels are represented as rectangular flat plates. time for each panel, and F is the heat. releasep

The temperature at the earth's surface is held rate as a function of time evaluated at time (r -

steady, and is parallel to the repository plane, t"), and r is a dummy variable of integration. The
,

temperature T is the temperature that would be '

p
produced by a single panel in complete isolation
from all others.

'Ihe Green's function for temperature at any point
,

x, y, z relative to the panel center (x", y",2") The temperature at any point (x, y, :) calculated
contributed by a panel with an instantaneous heat from the contributions of the individual panels j

load of one Joule is: would therefore be: |
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5. Source Term

corrosion was taken as the arithmetic average ofg,,, g) , all waste packages within a repository sub-area.

Ng,

[ T jr j - x, yf - y, r f - 2, t-I ] , (5-1I) 5.4.2.6 Extent of Possible Errors in NRC
f f i f f Temperature Model

, ,, 3

Some of these possible errors in the approach are
discussed below:where Nt = number of panels;x f yf , i s thep f i

!r each
* "

t ti tirne (i.e . ti ) en p a er unt t transf r by t -p as 1 faad
panel. The temperature at the sampled waste. liquid (i.e., the heat pipe). Neglecting these l

package locations is the sum of the contributions effects would underestimate heat transfer,
of the panel temperatures, the other waste possibly leading to predictions of higher
packages, and the geothermal gradient. temperature, which, in the present case,

would be non-conservative because it could
lead to later re-saturation and waste pack-

5.4.2.5 Use of the Temperature Model age failure from corrosion;

For the source term model, the staff is mainly Thermal properties of the host rock will be ae
mterested in the waste package surface temp- function of water content, which will vary

|crature, because that will determme the mimmum with time, irrespective of fluid movement.
time at which the waste package can be wetted by Also, the site consists of multiple layers of
hquid water. The boihng point of water at the materials with differing heat-transfer
Yucca Mountain site is about 96 C, but this properties;
might vary slightly because of the tilt of the
repository causing an elevation difference from The conduction model does not account fore

one end to the other. Mineral concentrations in heat transfer by convection or radiation
the repository water (especially if concentrated in across the air gap between the waste package
minerals through evaporation) might also alter the and the host rock; and
boiling point. This " wetting time" is taken to be

Averaging the waste package temperatures inthe time for the onset of corrosion leading to e

wi.ste package failure and radionuclide release. a repository sub-area would likely overesti-
The coolest point on the waste package's surface mate the cooling time for those waste pack-
will be at its top, so this temperature is used to ages on the edge of the repository sub-area
determine the minimum time for waste package farthest from the center of the repository.
wetting. Waste packages near the center of the
repository stay above the wetting temperature for 5.5 Structural Failure Models
a longer period than those located at the edge of
the repository. The temperature generated by this 5.5.1 Introduction
model is also used for 14C source term modeling.

.The structural failure considered for IPA Phase 2IdThe gas flow model used for the C analysis (see . buckling failure of the corroded waste package.s
Section 43) also is temperature-dependent, but
uses a numerical solution different than the Egrnal dynamic loads from IPA Phase 2 sce-

nanos may be superimposed onto emplaced waste
present model, packages, to predict buckhng failure. The anal-

ytical expressions (Bazant and Cedolin,1991; and
A total of 66 randomly selected waste packages Roark and Young,1975) used uniform waste
were used to determine the temperature for the package temperature and uniform waste package
IPA Phase 2 source term model. The number of thickness.
waste packages was apportioned between the 17
waste panels approximately proportional to the Consistent with structural engineering analysis
waste loading per panel. The panels were, in turn, practice, the waste package is assumed to be a
arranged into seven repository sub-areas, as long slender cylinder subject to both axial and
shown in Figure 5-4. Temperature for the onset of radial symmetric loads. The cylinder is uncon-
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strained in the radial direction. The stiffening i

y # O-h (5-14)effect contributed by the waste form inside the E
,

cylinder and the end plates is conservatively 3E
neglected. The material properties are assumed to |

be functions of temperature. Only static or quasi- For a unifonn arial extemalload in the elastic ;

static loads are considered. range, with a safety factor of 3, buckling occurs
when:

In a typical buckling analysis, three types of
bucklings are analyzed: clastic buckling, elastic-
plastic buckling, and plastic buckling. For the IPA I'E a p 1 E t

. y2_ __ ,

2 RPhase 2 buckling analysis, only clastic buckling is 3 fj /3_ y
considered, because this form of buckling occurs ,

before clastic-plastic and plastic buckling, and it
is conservatively assumed that after clastic The critical thickness is: ,

buckling, corrosion of the buckled waste package
would no longer contain the radionuclides inside 0.32(a)
the waste package. A safety factor (load factor) of 'c = (5-16)3 _ (y) .
3 is normally used to account for the uncertainty
and inconsistency experienced in the use of the
clastic buckling formula. where:

t

5.5.2 Buckling Evaluation , Pc /(1 - v ) (5-17) {
2

,

For a unifonn radial extemalload and for a safety (5E
factor of 3, assuming a uniform radial external
load Pc, elastic buckling occurs when: For a umfonn aritd and radial externalload,

,

buckling failure occurs when:

. .

3

Pe E I Pr 0.92 E
j- 2 Py 2 4(3_ p ) J[~ (5-12) y 2 Py 2 . . .

, , (5-18)2 ' ,

g
~ ~

.R . . t .
. where: |
4 where L = length of the cylinder.
l PE = external load (Megapascal-MPa):

Failure because of bucklm.g is assumed to occur
.

! Py = buckling load (MPa);
E = elastic modulus when the calculated critical thickness tc is greater

(MPa - 182.000 x [t - 6 x 10" x (7-20)]); than the current (corroded) thickness or, equiva-1
,

. t = wall thickness; lently, when the external load exceeds the critical *

T = current temperature (degrees buckling load. |

j.
Celsius *C)-

Ro = radius of cylinder; and 5.6 Waste Dissolution and
v = Poisson's ratio Radionuclide Releases

(0.25 x 11 + 4 x 10" x (T-20)l).
5.6.1 Introduction

.
The critical thickness tc can be: Figure 5-5 shows a failed waste package, as repre-

'

sented in SOTEC. Water is assumed to enter the
#

0.32(a) waste package and exit again, carrying dissolved
'c " (5-13) radionuclides only (colloids are treated as a; _ (y) .

subcase of dissolved radionuclides and will be
discussed further in Section 5.6.2.5). The model

'

where: also accounts for radionuclides transported away
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5. Source Term

from the waste package by molecular diffusion 5.6.2 Waste Dissolution
through the adjacent rock.

5.6.2.1 Effective Waste Package Failure Time

Radionuclides are released from the spent nuclear No dissolved radionuclides can leave the waste
fuel waste form at a rate determined by the altera- package until it is perforated and water can enter
tion rate of the uranium dioxide fuel, as well as and leave. The waste package fails from damage
from crud, gap, grain boundary, and cladding. or corrosion at time 1/uif. The temperature drops
These compartments are shown in Figure 5-6 (see below the boiling point at time tcwf. The model
Apted,1990). assumes that no water can enter or leave the

waste package until t > tcwi and t > tfati. The |

Radionuclides can leave the waste package at a effective time at which fuel degradation can begin, i

t ,c, is 'given by.rate no greater than that allowed by the solubility f

of the element in the water. SOTEC allows for :

radioactive decay of each radionuclide and pro- Ic = AIAX (I I )- (5-20)c - ;duction from previous elements in the cham. The
inventory of the unaltered uranium dioxide is
calculated analytically by the 13ateman equations No dissolved radionuclides can leave the waste'

| (llateman,1910).The inventory of released radio- package until it is perforated and water can enter

i nuclides inside the waste package is calculated by and leave. ;

i numerical integration.
'

) Upon failure, water flowing into the waste pack-
age is assumed to come into intimate contact with

Molecular diffusion is accounted for in SOTEC the fuel. Radionuclides are released either instan- !i

by assuming a spherical source with no advection, taneously or congruently, with the alteratior) of the
and then adding the diffusive component to the UO fuel. On contact with water, those radio- ;

2advective component of transport out of the waste nuclides being released congruently are released
#

r

| package. In the diffusion model, the inner surface at a rate tied to the alteration rate of the U0 and2
i of the sphere is held at the concentration of radio,

the inventory o,f remaining radionuclides ,m thenuclides in water inside the waste package. The fuel. The leaching time t caci, is defined as:, /
|

concentration a fixed distance away from the
- waste form is held at zero. The diffusion model
| accounts for molecular diffusion, retardation, and 1

#1"d'
radioactive decay, but does not allow for produc- " (ff x alt) ' (5-21) |I

tion from a parent radionuclide.

Where alt is the fixed alteration rate of the wetted |
.

On waste package failure, water is assumed to fuel, andffis the fraction of fuel that is wetted at ,

begm, entermg the waste package at a rate qi,,. any time, SOTEC assumes that all fuel in thei

| There is no outflow until a critical value Vmar .m waste package will eventually be contacted and r

j the waste package is exceeded, at which point the consumed, even though only part of it is wetted at
outflow is: any given time. j.

,

( V }2 No alteration of the spent nuclear fuel occurs
,

until t,c, and release from the spent nuclear fueli f
' Gad . Oa p'I | y (5-19) continues for ficaci, years beyond t,c. The release'

fk ,l stop time 1, is defined as: ,4 1 t
4

i
4 '

where k is an arbitraiy " weir" coefficient chosen tu = 1 +t (5-22)g, .

so that the numerical integration of volume occurst

i smoothly and converges to steady state quickly
once the maximum volume is reached: Vis the Subsequent to alteration of all the spent nuclear,

fuel, at time = t,, additional release from thevolume of water; and Vmar is the volume of water /-

at which overflow occurs. For the present model, waste package may continue from the released, |;

k = 0.8. but undissolved inventory (discussed in 5.6.2.2).g
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i

The model does not consider that oxidation of the 5.6.2.3 Advective Mass Wansfer
fuel in the dry state affects liquid release. Ranges Advective mass transfer from the waste package
of solubilities used in the source term module are occurs at the rate at which water leaves; that is,
presented in Appendix A.

Woui,i = Cigoug ,

5.6.2.2 Solubility Limited Release where Ci s the aqueous concentrat. ion of radio-i
.

As the fuel is altered, it releases its radionuclide nuclide i. ne radionuclide concentration also is

inventory at the alteration rate into the released
the boundary condition for the diffusive mass

but undissolved (RBU) inventory. This assump. transfer from the waste package.

tion is generally called the " congruent-release"
mode, and assumes that the radionuclides are 5.6.2.4 Diffusive Mass Transfer
contained in the matrix of the UO . Radio- The model assumes that mass can be transferred2
nuclides not contained m, the matrix, but collected by molecular diffusion, irrespective of convective
at the grain boundanes and in the cladding gap, mass transfer from flowing water into and out of
are assumed to be part of the RBU inventory at the waste package. Diffusive mass transfer is from
the moment of failure, an assumed spherical source into a domain

unaffected by other waste packages and the flow
Release of radionuclides from the waste package rate of liquid water through the waste package !

|is possible only in the dissolved state. The inven- and the surrounding rock. He boundary condi-
tory of allisotopes of an element are collected, tions are the concentration of water inside the ;

and the model determines if the hypothetical waste package at the inner spherical boundary |
concentration of that element is greater than or and zero concentration at the outer radius of the

'

less than the solubility limit. If the hypothetical spherical boundary. The differential equation
concentration exceeds the solubility, then the solved is:
actual concentration of the waste package water is
held at the solubility limit. Otherwise, the con-

K ac =D ,2acil - A KC .
(5-23)

1 3 r
centration of the waste package water is the RBU 2at r dr ( dt j
inventory divided by the volume of water Vin the .

twaste package. There is an assumed minimum
volume of water of 1 liter in the waste package, to where K is the retardation coefficient, C is the
avoid division by zero. The concentration of the concentration, t is time, D is the coefficient of
element in the waste package water is reappor- molecular diffusion, r is radius, and A is the decaya

tioned to the isotopes, when determining the coefficient. The present formulation considers
! release rates. only decay of the radionuclide in question, and
j does not consider generation of the radionuclide

! The mass of each radionuclide remaining in the from chain decay of other radionuclides.

| waste package water and RBU inventory is calcu-
The radius of the source sP ere for diffusionalh

lated by a material balance describmg the inputs mass transfer was chosen so that the surface area
,

gr.
* was equal to that of the cylindrical waste package. |;

.
The spherical geometry with no advection allows a1 o Radionuclide released from the fuel; relatively simple solution either numerically or;

j analytically, since it is one-dimensional. The i

Production from radioactive decay of another present formulation for molecular diffusion is ano
radionuclide; approximation, since the waste package is not a

; sphere, and advective mass transfer is not
considered in its solution. The staff believes thatI

'

'

o Losses from radioactive decay;
the formulation is conservative for the following

{re sons:i o Advective flow; and

The concentration of the inner boundary is |*
,

o Diffusion. held constant at the concentration inside the
.

.i
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waste package, neglecting the substantial from the inventory, when evaluating Equation
barrier of the waste package,itself; (5-24) by numerical integration.

o Neglecting the production of the radionuclide he Parameters of water influx qin, alteration rate
from chain decay of other radionuclides alt, wetted fraction E, diffusion coefficients, and
causes the concentration gradient to be maximum volume of water in the waste package
steeper than it would be if production from Vmar effectively allow the selection of several

other chains were allowed (for those radio. modes of potential release; e.g., a small Vme,
nuclides in chains); and ensures the so-called " wet drip" case (Pigford ct

al.,1992), whereas a large Vmar leads to the,

o Setting the concentration at the outer bound. " bathtub" case. Very low flow would correspond
ary at zero causes the gradient to be steeper to the " moist continuous" case where the only |

than if the effect of buildup from other waste mechanism for liquid release would be diffusion.
packages were considered.

5.6.2.5 Weatment of Colloids
The numerical solution to Equation (5-23)is Colloidal radionuclides are potentially important
obtained in a finite difference grid with varym.g at the Yucca Mountain site. Radionuclides such
grid spacing. Diffusion coefficient and effective as plutonium have large inventories and are
porosity may vary in each finite difference cell. long-lived, but have generally low solubilities.
Each solution requires the solution of N linear Under conditions of a high alteration rate of the,

algebraic equations, where N is the number of fuel matrix, there is evidence that they might form i
increments in the finite difference grid. The equa- colloids when released from spent nuclear fuel ;
tions are tri-diagonal, and several of the terms do (Wilson,1990). SOTEC does not explicitly handle 1

not vary with time. De solution of the equations the release of colloids from spent nuclear fuel. A
with the Thomas algorithm is quick and efficient mechanistic treatment of the phenomena leading

4

(Lapidus,1%2). to growth of colloids from supersaturated liquids
may be incorporated into the next update of

The rate of change of mass mi of each radio- SOTEC In IPA Phase 2, colloids are considered
nuclide in the w;aste package is determined by the to be part of the dissolved inventory, and are
following equation: treated in the calculations by adjusting the

solubility upwards.
,

Om
j - m ,.i A,.i - m, A, - c, q + w, - we (5-24) 5.6.3 Calculations of Gaseous Releases of

14C
4

The rate of release of radionuclide i from the fuel 5.6.3.1 Introduction
is defined: Carbon 14 is a potentially important radionuclide

at the partially saturated Yucca Mountain site
wj = m; x g x alt (5-25) because, in the gaseous form, it could migrate.

quickly to the atmosphere. Its abundance in spent
nuclear fuel-roughly 10 times the present limitThe flux of radionuclide ileaving the waste pack- for cumulative releases of radioactive material-age by molecular diffusion is calculated from the

concentration gradient: and its long half-life of 5720 years, contribute to
a the importance of the potential issue.

,

W (f) * 4 O (Co,- C ) Carbon-14 is generated in nuclear fuel by thet
(5-26) neutron activation of IdN,13C, and 170 containedd, ,

in the fuel and other materials in the reactor core
(Van Konynenburg et al.,1984). The main

where c , is the waste package concentration. C , reservoirs for IdC are the cladding, thei
is the concentration at the first grid point, and cladding / fuel gap and grain boundaries, and the
AR is the grid spacing between the innermost fuel itself. There will be little IdC in vitrifiedf

two points. The diffusive flux w (t) is subtracted defense waste stored at the site.s,
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14C in The 14C release model makes the followingPark (1992) estimates the inventories of
both spent nuclear fuels from boiling water conservative or simplifying assumptions:
reactors (IlWRs) and pressurized water reactors

There can be no release of gas before waste(PWRs), as shown in Table 5-2. Currently, Park e

also estimates that there will be 70,00() MTilM of package failure;
spent nuclear fuel in the repository, consisting of

e Claddm.g does not protect the spent nuclear22,500 MTilM of IlWR fuel and 40.500 MTilM of
PWR fuel. 'The inventory of 14C is estimated to be fuel frmn oxidation:

8' Once the waste package fails, it provides no' *

resistance to the inflow of air or the outflow
Wn h.onynenburg (1991) reports that the chem.ical of CO '2'forms of the 14C inventories are uncertain, but
that they are believed to exist partially as ele- On waste package failure, a " prompt releasee
mental carbon, carbides, and oxycarbides in the fraction" of approximately 2.5 percent (Van
fuel, and as dissolved carbon and carbides in the Konynenburg et al.,1991) of the total
metal. 'lhe form in the cladding oxide is unknown, inventory is released from the waste package
but is at least partially in the reduced state. instantaneously;

Most of the 14C in the fuel, cladding and hard- On waste package failure, cladding ande

ware must first oxidize in order to be released in structural metals undergo oxidation, and
the gas pathway. Although elemental carbon is release 14C at the rate that the metal oxidizes;
generally stable at low temperatures, thermo- and
dynamics in air favors the formation of gaseous

On waste package failure, oxygen diffusescompounds such as CO and methane. Further. .
2

more, carbon does not form protective oxide into the spent nuclear fuel and oxidizes the
14C to 14CO , which then diffuses out to thelayers like corrosion-resistant metals. Van Kony. 2

CO was waste package,14nenburg ct al. (1987) noted that 2
released from cladding in an oxidizing environ-

.l'he bases for the assumed release mechanismsment with a radiation level of 10,000 rad / hour and

a temperature of 275*C. Kopp4and Munzel(1990)
are discussed in the following paragraphs.

showed 14CO releases from C-doped zirconium2 W .2 Pmumt Rekaw h.aelm.nsheets at temperatures as low as 200 C, with
virtually no radiation, and in an atmosphere of On failure of the waste package and cladding (no
mostly argon with air and water impurities. In credit taken for the cladding integrity), a portion
very pure argon, however, there was no measur- of the total 14C inventory estimated at about 2.5
able release of 14C. The dependence of release on percent (Van Konynenburg et al.,1991) would be
the 0 content of the gas indicates that carbon released quickly (i.e., within a few hundred years).2

14was undergoing oxidation in the impure argon. This inventory represents the C held kmsely on
Although kinetic considerations might restrict the the cladding and in the cladding / fuel gap and

14C in the grain boundaries. Experiments on ruptured spentformation of gaseous compounds of the
fuel, the model conservatively assumes that any nuclear fuelindicate that on cladding failure 0.5
14C available to become oxidized is converted to percent of the inventmy is released from the
14CO. fuel / cladding gap (Wilson,1990). The initial layer2

of oxide and crud on the cladding is the other
The 14 14C.C gas release component of SOTEC con- readily available inventory of loosely held
siders that 14CO is released from the fuel, This layer holds a relatively elevated level of 14C,2

cladding, and hardware compartments on failure some produced by activation in-situ but, some
of the waste package. Several of the release probably picked up from the circulating water
mechanisms depend on the presence of oxygen. within the reactor. The chemical form of this 14C
Although there may be small quantities of oxygen is uncertain, but experiments in which cladding
initially present in the waste package as impurity was heated indicate that the release rate of 14CO2
in the inert gas or as water, most of the oxida- appears to be controlled by a diffusion process
tion would not occur before waste package failure, from a layer of finite thickness.
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1

14C Content in Spent Nutlear Fuel (in Ci/MTIIM) (after Park,1992) |Table 5-2 Adjusted

Burnup
lype (AfWd/hfTHM) UO2 Zircaloy Hardware TOTAL

BWR 35,000 0.69 0.48 0.13 1.3

PWR 40.(XX) 0.73 0.22 0.26 1.21

Average 0.72 0.31 0.21 1.24

Smith and Baldwin (1989) showed that as much as C - 1" f

..3_If,2n+1 ['"+["'' m (2n + 1)nt2 percent of the spent nuclear fuel 14C inventory ,

2Ce n,, (was released in zircaloy cladding heated to 350*C ;

for 8 hours. The release rate is an Arrhenius
(5-28)relationship consistent with diffusion out of a

layer of finite thickness, with an activation energy where r = Dt/L , C = x/L, and L is one-half the2
of between 19 and 25 kilocalories/ mole. However,
the rate of release depended on the presence of claddmg thickness. !

air. In argon with a trace of air (50 parts-per- For Dt/L = 1.5, C/Co is close to unity, meaning2

milhon oxygen), release rates were lower by a nearly all 14CO would have diffused out of the2factor of about 10, indicating that the carbon was system. Relying on experimental data of Smith
m a reduced state and had to be oxidized before and Baldwin (19S9), which indicate virtually
be, g released. complete release of 14C from the oxide layer in 8m

hours at 350*C, the fraction removed from the
. . 14C from the sample at other temperatures is related to theIf it is considered that the release of

cladding oxide layer is governed by the diffus!en panmeter Dt/L . Time to reach an equivalent
,

2

mechamsm, it is possible to estimate the upper concentration profile is inversely proportional to
bound of release rate for the temperature range of the diffusion coefficient; that is:
interest, approximately 350* to 100'C. One-
dimensional molecular diffusion through the film

D/22D111of thickness 2L can be expressed by the partial =
,

differential equation: L L33

or for constant film thickness,
2aC 0c

-=D (5-27) yL (5-30)2
,

at ax 1
2 = 11 D

--

2

where D is the diffusion coefficient, C is the
The ratio Dj/D can be related by the Arrheniusconcentratica of 14 2CO , and x is the distance2

measured from the edge of the cladding toward equation to be:

the center. The boundary conditions that apply to
-kg_g)Equation (5-27) are: p,

(5-31)-=c
D2

C = Co t x = 0 ,a
The time for an equivalent release at lower

aC
- = 0 at x = L (center offilm) . temperatures is illustrated in Table 5-3, assuming
h 12 = 8 hours, at 350*C, for E = 19 and 25 kilo-

calories / mole. R is the gas law constant, and the

Equation (5-27) has the following solution subscripts refer to the two different temperatures.
(Carslaw and Jaeger,1959):
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t

Table 5-3 Diffusion of 34CO from Surface 5.6.3.3 Cladding Integrity2
Oxide

Protection of the spent nuclear fuel by the clad-
ding has been ignored in the IPA Phase 2 source

: 12 6 cars) 12 6 cars) term models for liquid and gaseous release. The
Temperaturc E = 19 E = 25 staff believes this to be a conservative assumption,,

(* C) (Kcal/ mole) (Kcal/ mole) but it is difficult to prove, to the contrary,that the
; cladding would survive for long periods of time.

"' "#8 ""# ''" "E " 'S Y**
350 0.00091 0.00(191 ,

dding (s usually a highly corrosion-e
300 0.0035 0.0053 resistant zirconium alloy (but some of the

,

older fuel was clad in stainless steel); and
1 250 0.017 0.043

Most fuel rods emplaced in the waste pack-.
200 0.12 0.55,

; ages will be mtact, but some will have a small

150 1.3 13 number of undetected pinholes or cracks in
the cladding, generally considered to be lower

100 27 690 than 1 percent.

) 75 169 7800 Factors in favor of loss of cladding integrity are:

Under circumstances of sufficiently high4 e

temperature in an oxidizing environment to
cause oxidation of the fuel to lower-densityEquation (5-30) was used to est.imate 12, for a
U Og, fuel rods with cladding defects are,

3
i range of activation energies and temperature,

,

known to split further. At temperatures above
250*C, fuel oxidation was high enough to,

Results presented in Table 5-3 indicate that for cause propagation of defects, but below|
: temperatures as low as 75*C, release of the 14C 250*C, the defects were not observed to
i by diffusion out of the oxide film would be nearly propagate (Einziger and Kohli,1984). Those
i complete within 10,0(X) years, and possibly much defected rods that do split allow oxygcn to
: less time. Furthermore, there may be sufficient further oxidize fuel, causing the defect to
; oxygen present in an unfailed waste package as an spread down the length of the fuel rod. De
. impurity, or from the radiolysis of water to allow waste package must first fail, to allow oxida-

14i partial escape of CO from the cladding into the tion of the fuel and further splitting of the2
1 waste package before failure. On the other hand, fuel rods:

there are few direct data on 14CO releases from2
.S zirconium at low temperature. While cladding is highly corrosion-resistant,e

there are factors, such as hydride reorienta-
! The observation that release from the cladding tion, that could lead to failure;

depended on the presence of oxygen indicates that
Cladding could fail by mechanical breakagej the 4 e

C may be m a reguced state m the oxide caused by handling errors, waste packagefilm. The oxidation to CO might depend on the2;

combined effects of temperature, oxidizmg envi- buckling, or earthquakes; and-

ronment, and ionizing radiation. Considering the
uncertainties, the staff must assume a conserv- The fuel rods will be pressurized up to 50e

ative model for release of 14C from the oxide atmospheres, so the cladding will be under
s ress.layer. In the present model, the entire quantity of

[4C in each waste package contained in the
5.6.3.4 Release of 34C from Oxidation ofprompt-release fraction -2.5 percent of the

spent nuclear fuel inventory-is assumed to be Cladding
; released to the geosphere at the time of waste The cladding oxidation layer is about 10 microns

package failure. thick, initially. The cladding metal itself is on the

NUREG-1464 5-24

_ _ .



;

5. Source Term

order of 0.5 to 1.0 millimeter thick, and contains itself) is conservatively included with the
idC.the bulk of the IdC in the cladding. The zircon- zircaloy cladding as a source of

ium alloy generally used for cladding is highly
corrosion-resistant, but in an oxidizing environ- 5.6.3.5 Release from UO2
ment with elevated temperatures, cou!d oxidize. IdC is contained in the

IdC contained in the metal as The largest inventory of
Upon oxidation, the
elemental carbon, carbides, and oxycarbides could Spent nuclear fuel tied up as solid solutions,

elemental carbon, carbides, and oxycarbides.
be released as IdCO.2 Investigatiora of the oxidation of grains of spent

nuclear fuel indicate that the rate of oxidation is
Studies of zircaloy degradation in air have been controlled by diffusion through at least two
performed in connection with dry-cask storage barners; the gram boundanes, and the film of
(Einziger and Kohli,1984). The gain in weight of ox dized fuel surrounding each grain (Emziger

,

Zircaloy samples, attributed to oxidation, has and Buchanan,1988). Irradiated spent nuclear
been determined to proceed in two modes. The fwl mntains nummus cracks which allow gas to
first mode, known as the " pre-transition" phase, e sily permeate the mass. Ihe smallest scale of
shows weight gain proportional to the cube root interest is the , dividual grains, that are on them
of time until the oxide thickness reaches a critical rder of 10 to 20 microns in diameter.
value. The " post-transition" phase shows a linear
weight gain, for oxide-layer thickness, greater than The model for release of C from spent nuclearid

the critical value. It is most likely that the clad- fuel makes the following assumptions:
dmg reaches post transition within the reactor

UO oxidizes at a rate controlled by the |core. e 2
diffusion of oxygen through the grain

Post-transition cladding oxidation appears to boundaries and film of higher oxide;
follow an Arrhenius relationship (Garzarolli et al.

The oxygen concentration at the oxide / fuel1980), that is: e
boundary will be zero because all oxygen is
being consumed by fuel oxidation;y ,

= A E IT (5-32)
IdC can oxidize only after the fuel oxidizes;A' e

IdCO2 will be released from the spent nuclearwhere A is the coefficient, milligrams / square e

decimeter; E = activation energy, calories / mole; fuel at the rate that the spent fuel oxidizes;

R = gas constant,1.987 calories / mole /*K; and T IdCO2 must diffuse outward through the
i

<

*
= absolute temperature, Garzarolli et al. presents oxide film and grain boundaries; and
several empirical formulas for the post.
transitional weight gain because of oxidation.
Values of A = 1.87 x 10 milligrams / square [4oncentration profiles for both oxygen and*

.

7
CO2 are at steady state, although the ,

decimeter, and E = 22.200 calories / mole, were positmn of the boundary changes with time,
chosen from the formulas presented by Garzarolli
et al. because they represented the most 5.6.3.5.1 Fuel Oxidation Model
pessimistic model. The release model for cladding
oxidation makes the following additional The present model assumes that the fuel mass in
assumptions: each waste package can be represented by two

concentric spheres, as shown in Figure 5-7. The
IdCO is released from the zircaloy at the outer sphere represents the diffusion barrier foro 2
rate that the metal oxidizes. Zirconium is a the grain boundaries, and has the equivalent
strong oxygen getter, so oxygen concentra- spherical diameter of a fuel fragment, about 0.2
tions available to oxidize carbon would be centimeter. The inner sphere represents the diffu-
limited until the zirconium oxidizes; and sion barrier through the oxide film on the surface

of the fuel grain, with a diameter of about 20

o Other irradiated structural metal buried with microns. The boundary conditions for the model
the waste (other than the waste package are zero oxygen concentration at the fuel / oxide
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NFigure 5-7 C gaseous release model

interface and atmospheric oxygen concentration at governed by the diffusion rate of oxygen at the
the outer diameter. interface:

Diffusion of oxygen through the fuel grain will be 'y g 'g,
governed by the following partial differential -=Nm (5-34)' . ' , ,

DI em arequation:

a/ where: r' = radius of fuel / oxide interface; D =

2 ar <r D aC)
aC 1 2

I (5-33) diffusion coefficient in the. oxide, square
~=

ar >
,

at r
centimeters / year; and emis the density of the

.

oxide, moles / cubic centimeter. The term Nm is the
where C = oxygen concentration, t = time, r = conversion factor for UO , in terms of moles UO22
radius from the center of the sphere, and D = oxidized per mole O reaching the boundary. X. ray
diffusion coefficient. diffraction analyses of samples of oxidized fuel

indicate that for the temperature ranges likely to
The diffusion coefficient D is a function of be encountered in the repository, most of the
temperature, and differs for the oxide layer and oxide formed will be U 0 , although4 9
grain boundary layers. The boundary between the stoichiometrically, the oxide appears to be U 0,3 7
spent fuel grain and the oxide layer changes as the because of excess oxygen loosely held by the
oxide layer grows, making this a moving boundary lattice (Einziger,1992). For the purposes of the
problem. The rate that the boundary recedes is present analysis, Nm will be taken to be 3 (i.e.,3
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IdCO gradients are at -

moles of UO will be oxidized by 1 mole of O (1/2 assumption that the O and 2

mole 0)). steady state. At steady state, Equation (5-36) for f
2

2 IO concentration reduces to:

14CO Diffusion5.6.3.5.2 Model for Oxygen and 2
a/ SC) (5-38)2 =0,

The model for the release of IdCO is similar to - r- t

2
' ' # #

the UO oxidation model. Diffusion of idCO22
through the fuel grain boundary layer and oxide
layer will be governed by the following partial which has the general solution:

differential equation:
A

($'7+ '

OCc'I -A Ccscc 1 a/ 2rD (5-35)=2 - ,

al r ar \ at j

where A and B are constants.

where Ce = idCO concentration, t = time, r = The boundary condition for oxygen is atmospheric2
radius from center of fragment, and 2 is the concentration at the surface of the sphere and

iddecay coefficient for C. The outer boundary zero concentration at the boundary between the |

U 0 and the fuel: !conditions are: 3 7

Cc = 0 at r = R . C = Co, at r = Rj, andt
" #"'

At the inner boundary, IdCO enters the oxide2

layer from the just-oxidized fuel. The gradient of Between r' and Ro, diffusion coefficient Do
and R1, D applies. For aIdCO concentration is adjusted to account for applies, and between Ro i2

diffusion: composite hollow sphere between r and Rf. there-
fore, the mass rate of oxygen transport to the
surface of the fuel at steady state is:

ac 3M de ac I
ar 4:rr[3Do 3 (5-36)'r'

pux ~ A:rRi Dh
where M is the initial inventory of IdC and D
diffusion coefficient in the oxide layer. The # =lC 4,r(c,, ~ c') (5-40)
diffusion model depends on the UO oxidation - ..

2

model, to provide the position of the moving g()-g) + g-g)-
boundary, and the source flux of IdCO2, at the
inner boundary, as the oxide layer grows. Release
of idCO at the outer boundary of the fragment is The rate of growth of the film is related to the flux

2
calculated from the concentration gradient at that of oxygen. In terms of the oxidation rate of the

boundary; fuel surface, Equation (5-40) becomes:

)
4c = 4:rR p, d '

'"''
2 (5-37) (5-41)= ,

4 ,

h ~ k) * Yii ~ ~ Y~' *0u

where q = the rate of release from the fragment,
~

~

curies / year and Dj = the diffusion coefficient in where:
the boundary diffusion layer.

Co = the concentration at the surface of
the fuel, taken here to be zero; and

5.6.3.5.3 Numerical Solutions

A simple semi-analytical solution to Equation Ci = concentration of oxygen at the
surface of the fuel, taken here to be

(5-35) was developed, which depends on the
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the volumetric concentration in the and must first become oxidized to be released |
atmosphere,0.2 moles /22,400 cubic in the gas pathway, although thermodynamics i

centimeters. in air favors the formation of gaseous com-
pounds such as CO . Although kinetic con-2

The rate of growth depends on Ra and the diffu- siderations might restrict the formation of
14C in the fuel, thesion coefficients Do and Df, which are functions gaseous compounds of the

14Cof fuel temperature. The temperature of the fuel is model conservatively assumes that any
estimated from the temperature of the waste available to be oxidized is converted to

14CO;package (generated from the CAN72 program 2

externally) corrected with an empirical formula
determined from a calculational exercise on fuel The model assumes there is no resistance ofe
temperature shown m Figure 5-8 (0 Neal et al., 14CO once it is released from the fuel frag-

, 2
1984). The growth of the oxide layer is calculated ment (i.e., there is no resistance for diffusion
by numencally integratmg Equation (5-41). through the 'ong length of the failed fuel rod,l

or through pinhole failures of the waste
14CO generated at the oxide /fuelinterface must package). This conservatism is relatively less

,

2
.

diffuse out through the oxide and grain boundary important for the far-field release calcula-
layers to leave the fuel fragment. In,CO ,n thethe steady-tions because of the long periods involved;
state assumption, the gradient of 2i that is, diffusion and barometric pumping
radial direction is steady, but because the 1C 14CO to escape tocould allow virtually all 2
decays radioactively, the gradient will be some- the geosphere, even for relatively small failure
what different than for a non-decaying substance. holes. Resistance to release from the waste
Although it is possible to have a separate model package might be more important in evaluat-
for diffusion of 4CO at steady state,it would be ing compliance with the EBS subsystem2
much more complicated (mvolvm, g ser,ies of Bessel requirements set forth in 10 CFR 60.113,
functions) than the model necessary for the which are more sensitive to'short-term rates
diffusion of the non-decay,ng oxygen. Numen. cali of release; and
experiments on a somewhat simpler problem
however, demonstrated that the error in neglecting

14A portion of the C in the spent nuclear fuelthe decay of 14C in the diffusing layer was negli. e

CO to may be in a chemical form that is not easily14gible, and therefore the rate of release of 2
released. Experimental data in which spent

the waste package was taken as its rate of nuclear fuel was heated to temperatures of up

production at the oxide boundary, to 450 C in oxygen indicated that up to half
ofthe 14C remained in the solid, and was not

5.6.3.5.4 Overall MC Model Conservatism released as 14CO (Van Konynenburg,1991).2

The 14C release rate model is considered to be
conservative for the following reasons: 5.6.3.5.5 Parameter Estimation and Model

Verification / Validation
o The protection of the spent nuclear fuel from

The 14C source term model is based on anoxidation afforded by the cladding is ignored
in IPA Phase 2. Zircaloy is a highly abstraction of many complex processes. At the

corrosion-resistant material, and it is likely present time, the model can only be compared to
data on UO oxidation. It relates UO oxidation2 2that it would protect the fuel, after waste

package failure, for a substantial period of to diffusion through two layers of matenal and
4outward diffusion of CO through the same two2time. Protection of the fuel even for a few

hundred years would have a substantial im- layers. The simplifying assumptions taken in the
model are:pact on the calculated release rate, because

the greatest potential for release is the period
The fuel is represented by concentric spheres,during which the fuel temperature is highest; e

of a single set of dimensions (i.e., the
* Most of the 14C in the fuel, cladding, and irregular shape of the fragments and grains is

hardware is likely to be in a reduced state, not taken into account);
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Figure 5-8 Fit of temperature difference between waste package skin and maximum fuel

o The current version of SOTEC allows only its implementation could be obtained from
steady-state diffusion: experimental data.

No effects of the waste package or cladding 5.6.3.5.6 Data on Spent Nuclear Fuel Oxidationo
on the diffusional processes are taken int Several investigators have collected data on the
" ' " " " ' oxidation in air of spent and un-irradiated reactor

fuel in connection with intermediate storage
o The increase in surface area caused by (Einziger,1991,1992; Einziger and Kohl; 1984;

oxidation of the grains is not taken mto Einziger and Buchanan,1988; Einziger et al.,1991,
account; and 1992; Woodley et al.,1989; and Thomas et al.,

1991). The main concern of these investigators
Although there are some direct data on re- was the degradation of the waste form for fuelino
lease of 14CO from cladding and the grain / contact with oxygen at temperatures of several2

gap inventory, releases from the largest inven- hundred 'C (e.g., dry storage in air). The experi-
tory in the fuel itself are lacking. There are mental programs concentrated on the physical
data on UO oxidation, but there are appar- changes to the fuel resulting from oxidation in2
ently no data available for release of 14CO2 failed rods rather than from the releases of
from fuel grain oxidation- radionuclides.

Nevertheless, the model was considered to be Quantitative data on fuel oxidation in air were
realistic enough that the parameters necessary for basically of four types:
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Thermal Gravimetric Analysis (TGA); parameters for fuel oxidation. Data on sampleo

weight gain and film thickness at fixed tempera- (
o Dry-bath analysis; tures were put into the form of " conversion

fraction"of UO to U 0 versus time.The fuel2 3 7
oxidation model wao Ceramography; and conversion versus t,s then exercised to predict theime of UO grams to U 072 3

, ;j The only model parameters that could vary were:

"'
In TGA, samples of spent nuclear fuel weie ex-
posed to air at fixed temperatures, and the gain in Fragment size (i.e., radius of outer sphere);e
sample weight because of oxidation was recorded
continuously, with an analytical balance. In the Diffusion coefficient through oxide layer ate
dry-bath tests, samples were kept in small cruci- the reference temperature of 200*C;bles held at fixed temperatures m an aluminum
block, and weighed periodically outside the
apparatus. Ihe advantage of the dry-bath tests Diffusion coefficient through the graine

was that they could be performed for very long boundary layer at the reference temperature
of 200*C; and

times, on the order of years, whereas the TGA
experiments were limited to shorter periods, up t

Activation energy for diffusion coefficientea few nmnths.
(considered to be equal for both layers).

Ceramography is the inspection of thin slices of The parameter identification does not at the
spent nuclear fuel, to visually observe the growth present time take into account any differencesof oxide films around individual fuel gratns. These
observations gave valuable, quantitative mforma- between fragment sizes, grain sizes, or types of,

fuel'
tion about the sizes of fuel grains necessary for
the implementation of the mathematical model

Data on fuel conversion were collected in eight
and the rate of growth of the oxide thickryess. In
addition, ceramography gave qualitat ve mforma- sets from TGA, Dry Bath, and ceramography,

tion about the mechamsms of oxidation (e.g., the representing experimental periods from 700 to

fact that the film of oxide appears to be growing 12,000 hours, with the lower temperatures repre-

at a consistent rate throughout the sample sented by the longer periods. Although data were

mdicated that diffusion of oxygen through gram. available on v. hole-fuel fragments, as well as

boundaries and cracks probably was much faster crushed fuel, only the whole-fragment data were

than the diffusion across the oxide layer, itself). used for the parameter identification for IPA
Phase 2, because these samples were more like the
actual spent nuclear fuel that would be in the

X-ray crystallography gave quantitative informa- repository.
tion on the chemical species of the oxide formed
at different temperatures. Among the more inter-
esting indications of X-ray crystallography was

The parameter identification was performed by
manually varying the parameters and observingme observation that for temperatures below about the agreement between predicted and observed

200*C, the oxide formed was primarily U 0 , conversion for the eight data sets. Parameters4 9
even though it appeared to be U 0 stoichio- giving the best comparisons are given in Table3 7
metrically (Einziger et al.,1992). 5-4.

5.6.3.5.7 Uses of the Data for Parameter Graphical results of the model/ data comparison
Identification are given in Figures 5-9(a) through 5-9(h). Al-

though there is a degree of scatter in the data, the
Aside from identifying the chemical form of the model prediction is quite reasonable for the pa-
oxide layer, only the quantitative data on grain rameters chosen. Bear in mind that only one set
size, growth of oxide film thickness, and sample of parameters was used to represent what are
weight were used, to determine the model certainly nonhomogeneous samples.
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;

4

5.6.3.5.8 Discussion Table 5-4 Model Parameters from Manual
Identification'

There are several facets of the model for 14C re-
lease from the fuel matrix that could lead to Modct Parameter Value
errors. These factors are discussed below, and m.,

4

the recommendations for further work,in Section
5.8: Grain radius (cm) 0.001-

<

Fragment radius (cm) 0.1
o The IPA Phase 2 model considers only

4
geady-state concentrations of oxygen and Reference film diffusion 5.256 x 10

CO m the fuel. Although it was possible to coefficient (cm /yr)2
2

-

get a consistent fit of the model predict,onsi
to measured UO conversion rates, there is Reference grain diffusion 5.942 x 10-32.

some indication, from the transient modeh,ng coefficient (cm /yr)
,

2 ,

discussed in Section 5.6.3.5.1, that the coef
ficient for diffusion of oxygen through the Reference temperature (*C) 200.0
grain boundanes should be relatively bigger
than it appears in the steady-state rm> del fit Activation Energy (Kcal/ mole) 32.0
(Grambow,1989). Thermal gravimetne analy-
sis data on many samples indicate a period
of very slow initial weight gain, followed by a
substantially higher rate. This result has been
interpreted as the transient diffusion of oxy-
gen through the grain boundaries before properties determined by their position in the
oxidation of the grains. A transient model fuel rod and distance from the pellet edge. ,

l

would be capable of simulating this phenom- Furthermore, the fuel would be expected to

enon, but was not successfully completed for vary from one rod to the next, in the same

IPA Phase 2, because of problems with mass core, and from one set of spent nuclear fuel

balance. Tne steady-state model used in IPA to another, depending on such factors as
|

Phase 2 is incapable of simulating such a reactor type, burnup, and fuel manufacturer;

transient. At high temperatures where diffu- and

sion coefficients are large, there is relatively
The present model calculates an ensembleelittle difference between the conversion of

large fuel fragments and crushed samples, release rate from all waste packages, to feed

indicating that the grain boundary diffusion into the gaseous transport model. Waste

is fast. At lower temperatures, the difference packages in different portions of the reposi-
between whole and crushed samples is much tory would be expected to have quite different

14CO , because of
more evident. Although the steady-state gaseous release rates of 2

model appears to fit the data well, it may, in factors such as temperature, thermal loading,

fact, be portraying the transient diffusion as a and age of the waste. Furthermore, the same |

much lower rate of conversion, especially at factors would lead to gas-flow velocities

lower temperatures. This could lead to varying from one portion of the repository to
another, and these variations would beinaccurate predictions of conversion rates at
correlated to the variations in the idCO2low temperatures, for times much larger than
release rates.the period of 12,000 hours, for the longest

experiment:
5.7 Source Term Auxiliary Analyses

o The IPA Phase 2 model assumes that the oxi- Two auxiliary analyses conducted for this demon-
dizing fuel can be characterized by a single stration were performed to evaluate the appropri-
set of parameters. Actually, each sample of ateness and limitations of various computational
fuel oxidized in the laboratory consisted of approaches and interpretations of data used in
grains of varying sizes, and material this study. These analyses are summarized below.
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5.7.1 Ensemble Averaging for Source Term series of conservative calculations, the phenomena

Parameters by which volatile radionuclides could be released,
and whether they posed enough of a threat to
warrant further study.

For the sake of computational speed in the sys,
tems model, the IPA Phase 2 analysis approxi-
mated the large number of individual waste
packages by only seven repository sub-areas, with Vapor pressure of possible volatile radionuclide
one waste package per repository sub-area. fin,s compounds were taken from the available litera-

,

analysis evaluates the way m which the averagmg ture and also estimated thermodynamic informa-
of a large number of waste packages can be ac- tion. Given the estimated vapor pressures, a por-
complished with the least error. The demonstra- tion of the inventories of the volatile radionuclides
tion of the effects of ensemble averaging of the could be released at normal repository operating
parameters associated with the source term code conditions. The bulk of the inventories of these
was performed for a simplified case of only two radionuclides would be contained within the
radionuclides, one solubility limited and the other structure of the fuel, however, and the vapor
limited by congruent dissolution of the UO fuel. pressures of those inventories would be reduced.2

Furthermore, both radionuclides were considered Barometric pumping caused by changes in atmo-
to have long half h,ves and the analysis did not spheric pressure was considered a possible mech-
consider decay daughters. anism for release of volatile radionuclides from

breached waste packages. For temperatures and
atmospheric pressure variations in the 1988 SCPThe staff concluded that for solubility limited
des,gn, the staff,s conservative calculations esti-i

releases of single, long-lived radionuclides, the mated that less than 1 percent of the inventory of
ensemble average cumulative release per waste volatile radionuclides would be released from the
package would be represented by the arithmetic w ste packages to the geosphere in 10,000 years.
averages of the liquid flow rate q per waste The staff further estimated that most of the vola-package, waste package failure time, and the tile compounds would become associated withvolume Van held by the waste package at the time

I, quid water m the rock, rather than remam, mg m,f
,

of failure Ian. The corresponding ensemblef
parameters for the congruent release case would the gas phase.

be the harmonic mean flow rate per waste
package, the mean of t au/q, and the mean of/
Vau/q. There is presently no apparent way to The staff also estimated the effects of an intrusivef
choose the ensemble means of environmental basaltic dike causing temporary heating of the
parameters to use in the system analysis that rock near waste packages. For a 10-meter wide
would apply to all radionuclides. dike of 3000 meters length, the staff conservatively

assumed that all volatile radionuclides in a 100-
meter-wide region would be driven off by the

This auxiliary analysis is discussed in greater
mcreased temperature. This represents an areadetailin Appendix M.
approximately 6 percent of the total repository

,

'

sub-area for the 1988 SCP design. Even if all of
the inventories of *Tc,79Se, and 129 in 6 percentI

5.7.2 Release and 'I.ransport of Potentially of the repository were released to the accessible
Gaseous Radionuclides Other than "C environment, the total consequences would sum to
durmg Volcamsm and Normal only about 0.125 of the releases allowed under 40
Operatwns CFR Part 191. The results of this analysis sup-

ported the staff's decision to neglect, for the time
79Several potentially volatile compounds of Se, being, releases of volatile radionuclides other than

#fe,and 1291 may be present in spent nuclear MC in the Phase 2 analyses. This analysis, how-
fuel. Because of the possibility of a gaseous ever, was based on preliminary models and data,
pathway through the unsaturated rock at Yucca and does not intend to foreclose further study of
Mountain from the buried waste to the atmo- the issue of volatile radionuclides at Yucca
sphere, this auxiliary analysis investigated, using a Mountain.
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i

i

5.8 Conclusions and Suggestions for walled packages placed vertically in boreholes,

Further Work with an air gap between the waste package can-
ister and the surroundm, g host rock. However,

He following recommendations to improve the since the issuance of the SCP, DOE has developed'

source term model came out of the work pre- a significant interest in more robust waste pack-
a

! sented in Chapter 5: age concepts for both borehole and drift em-
placement, including consideration of overpacked

1-Improve modeling ofinteraction between the multi-purpose canisters for spent nuclear fuel. As

waste and the near-field enrironment.
Part ofits ongomg waste package Advanced Con-
ceptual Design (ACD)(see TRW Environmental1

IPA Phase 2 analyses simplified treatments for the Safety Systems,1993), DOE has identified various
thermal, hydrological, and geochemical environ- concepts for evaluation: (1) metallic multi-barrier

,

ments, based on the disposal concept of vertically containers; (2) metallic shielded containers;
placed waste packages surrounded by an air gap, (3) small metallic multi-barrier containers;
as presented in DOE's 1988 SCP. Failure of the (4) nonmetallic multi-barrier containers; (5) over-

| waste packages, by corrosion and transport of dis- packed multi-purpose canisters; (6) universal cask;
solved radionuclides from the waste package,is (7) SCP single containers; and (8) defense HLW
expected to depend on contact with liquid water. containers. Concurrent with the waste package
In IPA Phase 2, waste packages were considered ACD program, DOE is assessing the merits ofi

to remain dry until their surface temperature various repositoiy thermal loading strategies (i.e.,
,

dropped below the boiling point, and then as- cold, intermediate, and hot). Any decision re-
4

j sumed to com: into contact with liquid water garding repository thermal loading should be
' from dripping fractures and wet rock. Future integrated with the waste package concept. The

models need:(1) plausible re-wetting mechanisms behavior of the waste packages in the environ-
for dry rock; (2) the possible influx of liquid water ment of the geologic repository will depend
such as dripping fractures:(3) condensation of markedly on the concept finally adopted, the
water vapor on waste package surfaces, because mode of emplacement (e.g., borehole or drift), and
of capillary and solution effects;(4) rise in the whether backfill or an air gap will be employed in'

water table, and (5) water reflux, driven by reposi- the balance of the EBS design. The current;

i tory or geothermal heat. Additionally, alterations models will have to be modified as DOE prog-

| to the hydrologic environment from climate resses in site characterization and makes
change or hydrothermal processes, along with decisions about its thermal loading strategy, waste<

man-made changes, need to be factored into package design, waste package materials, and
models for water influx. Models to determine additional engineered barriers.4

accurately the contact of waste with liquid water
.

will be highly design-specific to the repository 3-Derelop more mechanistic modelsfor waste-

concept finally adopted. Much of this work is ex- package corrosion.

: pected to stem from confirmatory lab-scale and Corros. ion will be affected by a number of coupled
.

field-heater tests used to validate mathematical processes that melude heat and mass transfer,models of two-phase heat and mass transfer (Bus- production of metal ions within the crevices and
,

check et al.,1993). Since the experimental data
P ts, and hydrolysis. Episodic evaporation andi

,

must be necessarily of short duration and small.
condensation of water on the surface of waste

- ,

scale, relative to those of the repository, reliable
Packages may result in high concentration ofmathematical models may be the only way to aggressive ions at temperatures well above the

extrapolate results to greater times and distances. n rmal boiling point. The present versson of
In this regard, the basis for the development of SOTEC used in IPA Phase 2 considered simph,-
these models will rely on a mechanistic under- fied models for corrosion. General corrosion was

,

,

standing of the processes and events related to'

assumed to begin when repository temperatures
waste package interaction with its environment. drop below boilmg, and was described by a

,

E'"''5' P**" I** equation. Models af crevice
.

2-Revise modelfor current DOE disposal concept. and pittmg corrosion assume an empirically
.

IPA Phase 2 was based on the waste package derived temperature and radiation-dependent
concept described in DOE's 1988 SCP of single- corrosion, critical and repassivation potentials,
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5. Source Term

and constant corrosion propagation rate. Needed properties of the spent nuclear fuel into account,
improvements to SO7EC include codes ab- cither explicitly, or by defining effective input
stracted from complex physics-based models, and parameters that capture the variability without
inclusion of other localized corrosion modes, making the models too complex for total-system
taking into account the geochemical environment performance assessments.
and mechanical stresses. The models should also

R.Cinvestigate the correlation between near-field 6-Improre modelsfor the rclease ofgascous

chemical conditions, and corrosion and leaching. For several reasons, the release of 14C from the
waste was one of the most important radio-

4-Improre modelsfor the cEccis of heat. nuclides identified in the IPA l'hase 2 study:
(1)14C can be released from the waste form as aThe present temperature model uses a semi- gas whether or not there is liquid water involved;

anal)tical approach for conduction-only. Mor 14
, (2) the estimated inventory of C in the spent

realistic models could take heat and mass transfer
, nuclear fuel probably exceeds that which would be

m two-phase flow into account, to better estimate allowed under 40 CFR Part 191; and (3) there may
the temperature m the near field and the transfer be direct pathways for gaseous flow from the
of hquid water and water vapor (lluscheck,1993)' waste to the atmosphere through the unsaturated
mputs needed to predict the onset of corrosion zone. SO7EC considers the release of gaseous
and the interaction of hqmd water with the warte. 34CO emanating from the waste form, tied to the2

oxidation of UO from diffusing oxygen and25-Tale spatial and temporal rarm. bility m. t escapc of 14CO through the oxidized film2account m sourcc term modcls. (Codell,1993). There is little if any direct evidence
34

For the sake of computational speed, IPA Phase 2 of gaseous C emanation from spent nuclear fuel,
used an approach in which the entire repository however, and the 14C releases in SO7EC were

was represented by only seven zones or sub-areas, based largely on speculation on the mechanisms
within which all w'aste packages were of the same for oxidation of the UO , and diffusion of MCO2 2

design and experienced the same environment. through the oxidized film and interstitial spaces.
Future IPAs should deal with the difficult prob-

14C emanations mustlem of spatial and temporal variability of material A better model for gaseous

properties and external driving forces'. If highly w it more definitive experimental data on spent
, ,

- fuel. Among the questions that await experimentalsimplified models are required, then the IPAs
results for the 14C model are (Van Konynenburgshould be able to demonstrate how spatial and
et al.,1987): (1) the chem, cal form of 14C in theitemporal variabilities propagate through the

14Csystem. IPA Phase 2 began to explore appropriate spent nuclear fuel: (2) the diffusion of the

ensemble averages of the temporally and spatially [hrough the spent fuel matrix and the product of
varying input parameters for the simplified

- its oxidation, and the form of the diffusmg sub-

models. stance (e.g., elemental carbon, CO, CO ): (3) the2
variation in 14C inventory in the different fuel
ssemblies, because of type of fuel, typeAn issue related to spatial and temporal varia- and burn-up;(4) the rate of oxidation of gf reactorC m,

bility is the distributed nature of some param-
eters. The distinction here is that the models elemental or compound f,orm;(5) the preferential

Im atmns of unoxidized C m the fuel (e.g., alongmight be able to account explicitly for known vari-
ations of parameters in space (e.g., temperature) grain boundan,es, within fuel grains); and (6) the

da t of the state of UO fuel oxidation on release
,

2and time (e.g., water flux). The distributed param-
g, powdenng of U 0s at high temperature)3eters cannot be completely characterized spatially

- gempest et al.,19SS).or temporally, but should nevertheless be taken
into account in the models. For example, SO7EC Additional points concerning the model for CO'314

assumes that the oxidizmg fuel can be character- release are:
ized by a smgle set of parameters. The spent
nuclear fuel, however, is highly heterogeneous, The IPA Phase 2 model ennsiders the releasee

consisting of grains of varying size and material of gaseous 14CO emanating from the waste,2
properties (Stout et al.,1991). Improved source based on steady-state diffusion of oxygen and
term models should take the variability of the 14CO . Although it was possible to g'et a2
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consistent fit of the model predictions to 8-Consider modes of waste packagefailure other
measured UO conversion rates, there is evi- than corrosion.2
dence that transient diffusion may be impor-
tant. Failure to include the transient diffusion Waste packages might also fail from mechanisms

of oxygen evident from the data could lead to other than corrosion, such as seismic shaking,

inaccurate predictions of conversion rates at volcanism, and inadvertent human intrusion.

Iow temperatures. The model could be Although IPA Phase 2 considered failure by

improved by considering transient diffusion. drilling, volcanism and seismicity, the models
were highly simplified. Improved models of seis-
mic failure might take into account the range of

o The Phase 2 model assumes that the oxidiz. frequencies of carth motion, and realistic dynam,ci
ing fuel can be characterized by a single set modes of the waste packages. Models for failure
of parameters. The spent fuel, however, is by volcamsm might take into account mechamsms
highly heterogeneous, consisting of grains of of interaction between magma and ti1e waste
varying size and material properties. Future packages (e.g., corrosive gases and viscous forces).

,

IPA models should take the variability of the
hnproved models for human intrusion might con-

properties of the fuel into account explicitly. sider the site-specific likelihood for exploratory
drilling, shear forces from drilling fluids, and

The present implementation of the model for mechanisms that could bring radioactive material
. .

o
4the release of gaseous C mixes the contribu- to the surface. These disruptive events could also

tion from the seven repository sub-areas for have.a significant effect on the other aspects of
, ,

use in the two-dimensional gas flow model. the repository performance.
MC is highly depend-Since the release rate of

ent on the temperature of the waste packages
and the times of failure, this procedure might 9-Improre modctfor the dissolution ofradio.
lead to needless errors in the release rate at nuclidesfrom the wasteform,
the accessible environment. The procedure
for calculating transport to the atmosphere The chemistry within the waste package was

should be revised to take into account the treated in a highly simplified manner in IPA

variations in release rate from the seven Phase 2. On waste package failure, water was

repository sub-areas. assumed to infiltrate the waste package and come
into intimate contact with the fuel. Radionuclides
were released from the waste form to the inside of7-Improre structuralfailure modcls, the waste package at a rate determmed by the

,

alteration rate of UO , and instantaneously fromAnalytical expressions for buckling are only avail- 2

able for simplified geometries and loading condi- crud, gap. grain boundaries, and cladding. Trans-
tions with static loads. A buckling model for a port out of the waste packages was limited by
complex geometry and multiple and transient solubility of the nuclides.The models did not
loads would require a complicated and computa- consider colloids explicitly: colloids were con-
tionally intensive simulation unsuited for IPA. The sidered to be part of the dissolved inventory. The
structural failure considered in IPA Phase 2 was model could be improved by taking into account
for buckling of a highly simplified waste package the formation and subsequent transport of
weakened by corrosion, with external forces from colloids. Reflective of this interest, the NRC staff

seismic shaking. Structural failure depends on the is presently conducting a literature survey of the
engineering design, and the model should be role of colloids in the release and transport of

adjusted accordingly, for changes. Once the engi- radionuclides from vitrified waste forms and
neering design has been finalized, the structural spent nuclear fuel. Improvements in the model for
failure of the waste packages from dynamic and waste form dissolution should also consider
other forces could be analyzed deterministically speciation of the elements released to the water,
by numerical and experimental techniques, and the contribution of minerals from the ground-
abstracted for IPA. These analyses would include water and corrosion products from the waste
the possible impact of mechanical fatigue of the package, the changing temperature, and other

;

waste packages from recurrent, low-intensity, factors such as ionizing radiation. Subsequent'

seismic activity. iterations should also investigate models of spent
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fuel dissolution based on electrochemical theories controlled release of radionuclides, as demon-

(Shoesmith and Sunder,1992). strated in static dissolution tests (Wilson,1990).

10-Improve modelfor transport of radionuclides li-Inchule modelsfor other wasteforms.
from the waste package. The NRC staff's first two IPAs focused on eval-

uating the performance of waste packages forMass transfer out of the waste package by flowing
spent fuel, recognizmg that by the year 2030, spentwater and diffusion was included in IPA Phase 2,
fuel will constitute roughly 97 percent of the curie

based on the 1988 SCP conceptual waste package. mventory of waste expected to be emplaced m, a
These transport mechanisms are highly specific to repository (DOE,1992). However, this does not

,

both waste package and overall repository design. mean that the waste form resultmg from the
Plausibic mechanisms for transport from failed

P anned vitrification of existmg defense related
,

l
waste packages will need to take into account the IILW can be neglected as a potential contributor
design finally adopted by DOE. Both NRC and to the overall source term. Accordingly, m future
DOE total-system performance assessments con- IPAs, the staff should develop a source term
sidered rather simplistic idealizations for trans- m del for the expected mventory of glass waste
port from the waste packages, such as bathtub or packages, with special consideration to the

,

moist continuous cases (see Sagar et al.,1992). kinetics of glass dissolution, formation of secon-IIowever,in future assessments, the NRC staff
plans to develop a more mechanistic model, which

dary silicate mineral, colloid formation, and mass
, ,

transport of radionuclides. Further, waste forms
,

predicts the mass transport of radionuclides from ther than light water reactor spent fuel and
the waste packages. The transport model, in con- defense-related glass may ultimately need to be
junction with the waste form dissolution model, c nsidered if they are determined to be
should consider the rates that water contacts and Potentially s,ignificant sources. These may include

,

enters the waste package, interacts with the waste
any transuranic or greater-than-Class-C wastes.form and transports radionuclides from the waste

124nlop soune term model dstractionsfor IMn del sh uld r cog 7 ti a t e s e f aste
packages will represent a broad range of varying Even though the analysis of the release of radio-
stages of degradation, with some completely intact nuclides to the geosphere from the waste form
and others significantly degraded from both antic- was highly simplified, the source term models and
ipated and unanticipated processes and events. codes represented a large proportion of the over-
These conditions are progressive over the 10,000- all complexity of IPA Phase 2. The recommended
year period of regulatory interest. Although improvements listed above will further add to the
conservatively neglected in SOTEC, the model complexity of the models. A substantial effort will
could include recognition that degraded waste be required to develop models that both take into
packages, including failed fuel (e.g., defective account the complexity of the source term, yet are
cladding), can still contribute to the isolation or simplified enough to be practical for IPA.
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I6 DISRUPTIVE CONSEQUENCE ANALYSIS

6.1 Overall Approaches for'Reating addition to the base case (o), the four categories
of fundamental causative events from which sce-Consequences of Disruptive Events
nario classes are formed for Phase 2 are: climate

ne performance of the undisturbed geologic change (c); drilling (d); seismic (s); and volcanic

repository may be modified by a number of dis- (v)-
ruptive events, as discussed in Chapter 3. Those

e Ch. mate change is represented by change m.
.

considered in Iterative Performance Assessment
the mfiltration rate at the surface of the(IPA) Phase 2 were: climate change (pluvial sce, mountam and in the height of the water table.natio); human intrusion (including exploratory The mfiltration rate is treated as a sampled

drilling-drilling scenario): seismic shaking (seis-
Parameter, where its value ,s determmedi

mic scenario); and magmatic eruption (volcanic usmg Latin Hypercube Samphng (LHS)(de-scenario). These events, individually and in com. scribed in Section 2.L3). The height of the
,

bination, have the potential to alter repository water table ,s increased by 100 meters, com-i
performance in several different ways. ney may

Pared with the base case m the chmateresult in direct releases of radionuclides to the sceriario model. Chmate change can onlysurface in the form of contaminated drill cuttings,
indirectlyy affect release of radionuclides from

,

or indirect releases, by way of the liquid or gas
pathway, augmented by premature failure of the repository.

waste packages.2 Human intrusion into the repository is con-e
sidered to occur by exploratory drilling.

The approach employed in developing the disrup- Drillmg ,s considered to cause both a directitive models was to use the undisturbed system
and indirect release of radionuclides to themodels, or " base case," to the extent practicable, surface. Indirect release is caused by drilh,ng- 1

to assume a " reference biosphere"3 for computing imtiated failure of waste packages, which
,

doses, and to use the least aggressive approach determmes the source term. In computmg the j
feasible. This involved generally altering the input direct release of radionuclides from drilling,
data to the computational modules to simulate a renmval of radionuclides from the engineered
disrupted condition (e.g., earlier failure of the barrier system (EBS) and rock column, by
waste package to simulated drilling, seismic or hquid and gaseous pathways, up to the timevolcanic failures, or increased infiltration to

of drilhng, are taken mto account.simulate a pluvial climate). However, there were
several modules developed specifically to simulate Seismic events are assumed only to lead toe
the tune and extent of the drilhng, seismic, and premature failure of waste packages, affecting

,

,

volcame failures. only indirectly the release of radionuclides
fr m the repository. The model does not

Each scenario class is denoted by a four-tuple (as allow the alteration of site hydraube proper-
a2 a3 a4), with al,2 4 corresponding to the letter ties, because of fault movement along the
c, s, d and v, respect vely, referring to the four dis- linear segment representmg the fault. Because
ruptive events, or the letter o, to denote that the

sectm, are numerous faults and fractures mter-there
particular disruptive event is absent. There are a

g the repository perimeter and its sur-maximum of 24 == 16 distinct scenario classes that r undmgs,,t is expected that movement alongi
are possible. For example, the base case is de- existmg faults will change the hydraulic char-

'
,

noted by oooo, and the fully disturbed by csdv. In acteristics of the site to a mmamal degree.
,

:

Magmatism is modeled as both intrusive and*%e figures shown in this chapter present the results from a demon.

0 '' e.xtrusive magmatic events. Intrusive magma-$'e' "igurc7.NWhc I o ,'ar Ym e"d b
"

n t e us f tism is modeled as a linear dike m the planemany simphfying assumptions and spane data.
of the repository and results in an indirect

Me term " waste package" ts used here synonymously with " con.
tainer" and " canister? release of radionuclides. Extrusive magma-

3 Defined in section 7.2.1. tism is modeled as a volcanic eruption of ash

|
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flow extending from the basement. This event 6.2 'Reatment of Climate
is assumed to result in a direct release of
radionuclides. Coupling among magmatism ne climate at Yucca Mountain for the past
and other release mechamsms are not con- approximately 50,000 years was assumed to char-
sidered. For example, the removal of radio- acterize future climates at the proposed repository

,

nuclides from the EBS and rock column by. site. Variation in precipitation and temperature in
magmatic events is not taken mto account in the Yucca Mountain vicinity was no more than a
computmg the release of radionuclides by few degrees Celsius (*C) decrease in temperature,
hqu,d and gaseous pathways, and vice versa. accompanied by an up to 40 percent higher thani

present (ca.150 millimeters annually) precipita-
The models of disruptive events for early failure tion. To ensure a conservative analysis in IPA
of the waste packages work in conjunction with Phase 2, pluvial scenarios were incorporated by
SOTEC (Source Term Code), described in Chap- assuming an increase in infiltration from the
ter 5 (and in Sagar et al. (1992)). SOTEC con- possible wetter climatic conditions associated with
siders only one representative waste package per likely cooler temperatures in the next 10,000 years. '
repository sub-area, but is invoked three times to The conservative increase in infiltration was

- include: (1) initial failures (e.g., manufacturing modeled by assuming a higher range for infiltra-
defects); (2) failures from corrosion; and (3) tion (5.0 to 10.0 millimeters / year in future sce-
failures by scenarios (i.e., drilling, seismic, or narios, versus 0.01 to 5.0 millimeters / year for the
volcanism). For scenario classes with drilhng-only base case (oooo)). Associated with the increase in

,

(oodo) or drilling combined with pluvial chmate infiltration was a rise of 100 meters in the water
(codo), a direct hit from drilhng will fail only a table, resulting in a decrease in the thickness of

,

smgle waste package within the repository the unsaturated zone. The increased infiltration
sub-area (unless it has already failed from values and associated rise in the water table were
corrosion). However the version of SO7EC used within the values espoused in Czarnecki (1985).
m the Phase 2 analyses cannot distmguish

.
Thus, the approach to treating climate change in

,

between types of scenario failures, so the analysis the development of performance assessment sce-
incorporates the most conservative assumption narios in IPA Phase 2 was essentially the same as
about the number of failed waste packages and that used in IPA Phase 1 (see Codell et al.,1992;
the time of failures: the number of failures is the p. 57). Further discussion of the treatment of
sum of the failures from drillmg, seismicity, and climate change within the modeling effort can be
volcamsm, but the failure time is the shortest of found in Chapter 4.
the three failure times. t

6.3 Improved Drilling Model and.

In IPA Phase 2, the consequences from disruptive
Codeevents are treated by adjusting submodel param.

eters, introducing LHS parameters, or through
additional dependent or independent calculations. 6.3.1 Introduction
A summary of the disruptive events, the names of
the parameters, and their respective release The techniques used in the Phase 2 drilling
modes is presented in Table 6-1. The LHS param- modules differ from those used in IPA Phase 1.
eters (including those associated with the base The releases in IPA Phase 2, resulting from
case) are itemized in Appendix A. drilling, are determined using a series of geo-

metric arguments and radionuclide inventories in
The choice of LHS parameters was determined by the waste packages within each region of the
the individual investigators responsible for the repository and the rock columns encompassing
disruptive scenario modules, based where avail- the repository and extending down to the water
able from data on Yucca Mountain site or similar table. The number of drilling events for each trial
rocks. Parameter choices are discussed further in was sampled from a normal distribution as an
individual sections and in Appendix A. A detailed approximation to a Poisson distribution. Each
description of methods for computing conse- event was assumed to occur independently of any
quences of disruptive scenarios is provided in the other drilling events and to occur randomly in
following sections. time and space.
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.

|

Table 6-1 List of Disruptive Events, Their Corresponding LilS Parameters, and Whether Release of ;

Radionuclides Associated with the Event Occurs Directly or Indirectly |

!

| Mechanism of Release

: 1.ype of to the Accessible
Event TVeatment" LHS Parameter (s) Environmenth I

Climate V - Infiltration at surface Indirect |
|

Drilling M - Number of boreholes Direct, Indirect'
,

- Borehole radius, kication, time of drilling |
'

- Statistical hit indicator

Seismic M - Statistical failure indicator Indirect

Magmatism M - Location, time of event Direct, Indirect'

i - Cone - Area
- Dike - Area, length, angle. ,

1

i

4

*V = change input parameters; M = one or more additional models.
,

61ndirect = release by liquid or gas pathway only, enhanced by potentially carly failure of waste package;
Direct = release of contaminated rock directly to surface.

)

| 6.3.2 Model for Release of Radionuclides The model assumes that radionuclides released

| from the Rock Column from a waste package will migrate vertically
through one of seven rock columns underlying the i

: !

As noted earlier, the geologic repository was repository, where each rock column corresponds
divided into seven different sub-areas, as shown to a repository sub-area, until they reach the
in Figure 4-6, and was modeled using vertically water table. Within the water table, transport is'

emplaced waste packages, and assuming vertical assumed to be horizontal along the regional
.

boreholes only. IPA Phase 2 adopted the reposi- ground water gradient. In the unsaturated zone,
tory layout of Johnson and Montan (1990) for the the model assumes that all transport is confined
number of waste packages in each of the seven to the rock columns, with no horizontal transport4

repository rub-areas, as shown in Figure 5.4. The by diffusion or dispersion. For the drilling model,
number of waste packages per repository sub-area all radionuclides are assumed to be confined to
is given in Table 6-2. The probability of a drilling either the waste pac.utges, the rock column be-

.

event directl,i striking a waste package depends tween the surface of the earth and the water table,

on the numb 3r of packages per repository sub- or in the water table itself. This inventory is cor-'

area, the cross-sectional area of the sub-area, and rected for radioactive decay, but not for losses toi

the size of the imident borehole. For IPA Phase 2, the earth's surface.
the boreholes are am,umed to be vertical, extend-

,

; ing from the surface to the water table. The Each drilling incursion has the potential to release
vertical boreholes, however, do not establish new radionuclides that were confined to either the
pathways for either the transport of gas to the rock column (RC) or the waste package. The
surface, or of liquid to the water table. Further- module keeps track of the radionuclide inven-
more, there is considered to be no physical trans- tories within the waste packages (for each sub-
port of waste from the repository to the water area) and each of the seven rock columns. Since
table by the drilling process itself, although the drillgd hole extends all the way to the water

table, lj r,nc,(I ), the content of radionuclide iinradionuclides are assumed to be transported to b

the surface in drill cuttings, a borehole in rock column k would be the amount'

6-3 NUREG-1464'
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Table 6-2 The Distribution of Waste Packages by Repository Sub-Area
|

Repository Sub-Area Surface Area (km ) Number of Waste Packages |2

|

1 0.31 2335

2 1.40 6150

3 1.10 4875

, 4 0.66 3675

: 5 0.26 1275

6 1.20 5625

7 0.20 1073

i lbtal 5.13 25,008

i

ipresent in the rock column at the time of the released'from the waste package, AwP s the
,

drilling event, l,k,Rc(t ), times the ratio of the cross-sectional area of the top of the wastei b4

package, and l,k,irp(I ) is the inventory of nuclideborehole cross-sectional area A to that of the i bb
rock column Ak,Rc and can be written as: iin a waste package, within region k of the

,

repository at time (t )-'
b

If k,RC (6-1) 6.3.3 Consequences*= ,

f AkJEC>

The drill hole, itself, does not establish any new'

pathways either to the atmosphere or the water I

where If, k, Rc (I ) is the total inventory released table; the only effect of drilling on liquid and
'

b
from the rock column through the drilling event gaseous releases would be through the premature
that occurred at time I , and N is the number of failure of the waste package. However, the drillingb

| radionuclides. model does consider the direct release of contami-
'

nated rock at the surface of the earth, contribut-
For instance, where the borehole intersects a ing to the cumulative release at the accessible.

! waste package, the inventory released includes environment. Additionally, the model takes into
radionuclides from the EBS and from the rock account the assumption that a fraction of the
column. As a conservatism, any direct hit of a radionuclides in the drill cuttings is capable of4

waste package assume that the entire borehole becoming airborne and respirable, which has been
intersects that package.The amount released for conservatively estimated to be about 4 percent of
each repository sub-area through a drilling event that brought to the surface. These respirable
that intersects a waste package can be expressed releases are factored into the dose model de-

'

as: scribed in Chapter 7. The drilling events are still
modeled somewhat simplistically and, as such,
may not be fully conservative.

R- R RIi - J , k,lFP 4 J , k,Rci i The probability of drilling incursions into the re-
(6-2) pository was estimated to be 0.0003 boreholes/

l,k,WP (I ) + A I .k,RC (I ) square kilometer / year, and was based on theAb I bi b b*

A ,RC guidelines outlined by the U.S. Environmental'

AWP
.

k Protection Agency (EPA)(see Appendix B in
EPA,1985). This translates into approximately

Rwhere I is the inventory of radionuclide i re- 15.4 events within the repository horizon in 10,000
leased, ff,4, wp is the amount of radionuclide i years (the period of regulatory concern). A |

NUREG-1464 6-4
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6. Disruptive Consequences

Poisson distribution of drilling events, approxi- inventory of radionuclides in the rock column is |
I

mated for convenience by a Gaussian normal more problematic, however, because there is

distribution with a = 3.88 and m = 15.5, was incomplete information on radionuclide releases

used in the analysis and can be expressed as: from SO7EC available to the drilling module.
One approach to modeling the inventory is to I

develop a series of differential equations and torg allow continuous and arbitrary time functions for
i

g# the addition and the removal of mass from the(6-3)
P(Z) = rock columns.g[ff

The approach that was used in IPA Phase 2 is
better suited for use, and simpler to integrate. |63.4 liit Probability
with the limited information available from

I

'lhe consequences also depend on whether the SOTEC. The differential equation for the inven-
borehole intersects a waste package. The radii of tory l in the rock column isi '

the boreholes were held constant over a gwen
realization and were sampled from a uniform
distribution between 0.02 and 0.1 meters. The

dIj = - A l + li-1 li-1 + Af(t) , (6-5)
i i

dtincident region was determined for each borehole
by weighting the probability of penetrating a given I
region by its relative size. The time of occurrence where A is the decay constant for nuclide i, and
was uniformly distributed over a range of 100 to Afj(t)is the rate of mass injection or removal of
9900 years, for each borehole. The stated range nuclide i from the rock column,
includes the effects of drilling up to 10,000 years,
and a nominal period of 100 years for active con- Given initial concentrations of each nuclide and
trol over the site. The chance of striking a waste no injection or removal of nuclides (i.e.,I(t = 0)f

= Io and Af (t) = 0), then this equation simpli-package in region k of the repository, assuming i i
that no waste package is within 2rb rom another, fies to a series of coupled, linear, ordinary differ-f
can be expressed as: ential equations, generally known as the Bateman

equations. Letting Bi designate the solution of the
Bateman equation for nuclide i, the inventory Ifn r |(r3 + r r); (6-4) can be written as:

u
Pi (hit) = ,

Ak.Rc

(6-6)
where Pr(hit) is the probability of a hit, n is the I,(t) = B,(t, A ,Ijo) .i

number of waste packages within the region, and
rb and rny are the radii of the borehole and the

Knowledge of the initial inventory of a given nu-waste package, respectively. The values of n are clide, lio, and its parent nuclides allows the inven-given in Table 6-2. If a uniformly sampled param-
tory of nuclide li o be found at any time t. It isteter, /0,1/,is within the range of /0,P (hit)/, thenk

the borehole intersects a waste package. much more difficult to solve Equation (6-5) when
mass is added to or withdrawn from the compart-
ment. SOTEC calculates and outputs information

63.5 Radionuclide Inventory Determination
on the rate of nuclide release from the EBS into

The inventory of radionuclides in the rock in each the geosphere as a function of time. These values

of the seven repository sub-areas depends on the can be used to represent Af(t) for the EBS andf

initial inventory, radioactive decay, and the trans- will contribute to the Afj(t) for the RC. The Af (t)i

port out of the area by water and gas flows. The
for the RC is further complicated by the loss of

inventory of radionuclides in the intact waste mass to the accessible environment.

packages can be determined easily by considering Let the rate of release of radionuclide i, from the
initialinventory and radioactive decay, alone.
SOTEC also keeps a running inventory of the

EBS into the RC, be denoted byf;-(t). SOTEC will

radionuclides, for failed waste packages, con- output discrete values of f;(t) at times tj, which

sidering transport by diffusion and flow. The may not be uniformly spaced. Let Fj be definedi

6-5 NUREG-14M
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6. Disruptive Consequences

1

asf;(t), and it will be assumed that Fjo = 0 for allj

i. Af (I) = - [0 (I- tj) F j . (6-12)2 2

Here are several options to represent the release
ratef;(t) from the point estimates Fj. One option Using Laplace transformations, the solutions fori
is to determine a curve fit to Fj, which would re. the inventory of each radionuclide at an arbitraryi
quire assumptions of linearity and continuity of time I, can be found:
the release rate from the SOTEC output. A sec-
ond option would be to represent the source >

l (t) = Ime-''t- [[lI(t - t,)]F,)[c-Ad'-'dj , (6-13)terms with a series of steps centered about the i
pointsf;(I). Ilowever, the method adopted for IPA i-i
Phase 2 simplifies the solution of the equations.
This formulation adds and removes mass in in-
stantaneous pulses, using the Dirac delta func-

1 (t) - be"2' + g' A
f

tion. This technique avoids the introduction of le"'' - e""l2

new recursive relatmnships:

a[t/(t -r,)] F41, (e 2ut) (6-14)
-

2

(tj + tj_i) i-i
tj (6-7)

_ _=
t' ,

2
4(e++ _ c iut)

a
- lil(t - r,)] FA,
,.i

('i+ 1 + '/ ) ~ ~

(6-8)yt,j g =

2
where ll(t-t) is the IIcaviside step function atj

time tj. It may be noted that for the / solution,in2Considering, for the time being, only mass with- this instance, that the relationships between the
drawal, which applies to the inventories in the second and first terms are congruent to those of
caste packages, let: the fourth and third terms. Therefore, by super-

position, the solution to the chain decay problem
Art,j = t ,j + i - t .j , (6-9) is given by:t t

; Ij(t) = 14(1, Im, A ) , (6-15)i

Af(t) = -f;(t) = - [ 6(t-t)Atjlij , (6-10)i j

#
where / = 1, ..., .i.

where 6 (t - tj) is the Dirac delta function and1is The solution to this problem is given by:
the total number of time steps.

I = B (t, I o, 4)t i t 1This representation of the source term by a delta
function makes the mass removal term zero for all bl6

The integral of the constant rate, Fj, over the _ {[y(f _ fj)]sj([f _fj), Afj,p,j,4) , f)
f

r x rg he mass removal rate at t = tj is infinite.
i jg 9interval Arj, is, however, FjAtj. /f

'
Consider a 2-member decay chain, where: where / = 1, _, i.

Modifying the theoretical development now to
include mass being added and withdrawn from

Af (t) = - [6 (t - t ) F j , (6-11) the compartment, requires modification tot j i
Equation (6-15) to:

NUREG-1464 6-6
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6. Disruptive Consequences

collapse. He seismic analysis, therefore, calcu- 1

Ms(t) = [6(t-tj)[Fj-G;j] , (6-16) lates the time of failure for all the packages in the ;

i repository sub-area, which is less than the failure j

time of corrosion induced failure. The critical !

where Fy is the amount of mass added to the rock thickness is calculated from models of pitting, |
column, equal and opposite to the amount crevice, and uniform corrosion, choosing the i

withdrawn from the EBS, and Gy is the amount greatest corrosion depth from among the three

lost to the accessible environment. The solution without regard to the obvious differences in the

for the inventory of nuclide iin the rock column likely effect of these processes on the mechanical

is: strength of the waste packages.

The seismic analysis is embodied in the computer
i

4 = [[H(t -t,)}l4([t -t,], dt,[F,- G,j 4) , (6-17) code SEISMO (see Freitas et al.,1994). The seis-
mic failure analysis reh,es on SOTEC for the

,.,
depth of pitting and crevice corrosion. Premature
failures of the waste packages are communicated

where / = I'"" i" back to the SOTEC code, to allow the release of
radionuclides to commence sooner.

!.

6.3.6 Overview
.

The SEISMO code determines the time step (s) |

The present formulation of the drilh.ng conse . during which waste package failure occurs. The |

quences offers a limited degree of sophistication. probability that a seismic event of sufficient
It does not, nor does ,t intend to, consider the full magnitude to cause waste package failure occursi

range of expected consequences of a drilh,ng (failure probability)is compared to an event
event. The effect of drilling fluid has, for example, indicator. If the event indicator, a random
been neglected throughout the analysis, which number ranging from zero to unity, is less than

,

mtroduces an element of non-conservat,sm int the failure probability, then it is assumed thati

the analysis. Furthermore, the model assumes that seismicity during the time step is sufficient to
,

the process of drilhng does not create any addi- cause premature waste package failure. The
tional pathways for hquid or gaseous releases. details of the calculation are presented in the
The conceptual inodels of the drilh,ng events were succeeding sections. (See Table 6-3 for a
selected, m part, to allow effective use of, and description of the parameters used in the
mtegration with, the other IPA Phase 2 models, SE/SMO code.)
and to avoid unnecessary complexity. In light of
the uncertainties in other parts of the IPA Phase 2 6.4.2 Response of Waste Package to Seismic
analyses, and the relatively mmor contribution of Shaking
drilling to either cumulative releases or doses, the
drilling model appears to have received an The waste package is considered to be a hollow,

appropriate level of attention. slender, elastic cylinder of length L standing
vertically, and attached at the bottom to the

6.4 Improved Seismic Scenarios Model ground, as illustrated in Figure 6-1.

and Code The moment of inertia of the cylinder, I, given by:

6.4.1 Introduction I = n [R -(R-d)4] = aR d , (6-18)4 3

4
The physical integrity of the waste package is
modeled, for the case of no seismicity, as if corro- ,

sion will proceed until the thickness of the waste where R = outer radius of cylindrical waste j
package material reaches a critical value. With package, and d = thickness of cylinder walls. ;

'

seismicity, a presumably lesser degree of corro-
The spring constant K is given by:sion can cause waste package failure. Since all

waste packages are considered to be identical in
each repository sub area, all of them would fail at g ,3EI (6-19)
a time earlier than the time of corrosion-induced D'

6-7 NUREG-1464
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,

i
i Table 6-3 Parameters Used in the SEISMO Code
1

7

| Parameter Name Symbol Description Nominal Value and Units

] pacieng L package length 4.7625 m

pacrad R package radius 0.3302 m

pacthik d package thickness 0.01 m

dampfac & damping factor 0.03
,

elasmod E modulus of elasticity of package material 2.0 x 1011N/m2
;

3 3
densss 0,, density of stainless steel 7.75 x 10 kg/m<

3
wmass M, mass of waste per package 6.4 x 10 kg

| fregacc m seismic wave frequency 5 hertz <

a

| widthag wyg size of the air gap 0.0381 m
.

f

I
'

Pintle

i

1

| n N's M ,.2%g' '

hg Spent ,; s;4

I nuclear < -
,

''' 3 # fuel
~ , ' ' b'

6 '

| \ b h
;i 'i

4 ,

Height 4 4
i 187.5 inches % S..

I
,% -

i b
I /

<s . !

1

3; ;

; 4 |

1 b h
G '''i'

'

26 inches

. 2->

i A g

j Figure 6-1 Representation of waste package canister for improved seismic scenarios model
((a) SCP disposal container concept for spent fuel (from DOE,1988; p. 50).
(b)1PA Phase 2 waste package representation.)+
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6. Disruptive Consequences

where E = elastic modulus and L = length of
waste package. O - w,/w,, (6-26).

Assuming that the cylinder is thin-walled, the For the nominal waste package pararneters, the
volume of metalin the top or bottom ends of the natural frequency of the waste package will start
waste package V, is given by the expression: off much higher than the excitation frequency, but

declines as the metal thickness is reduced by cor-
Ve= *p2 d. (6-20) rosion. As an added conservatism in the model,

the natural frequency is not permitted to decrease
ne volume of the side V, is given by: below the excitation frequency (i.e., O > 1).

2V, = n /R - (R - d)2/ L. (6-21) Let the displacement of the center of the mass be
denoted by2(t), the motion of the ground byx (t),g

The total volume V is given by: and the relative motion of the mass with respectT
to the ground (and the emplacement hole) byx (t).r

V = 2 V, + Vs. (6-22) Then,T

x (t) = x(t) -x (t). (6-27)The mass of the waste package is therefore: r g

Further, since the analysis was interested in theAl = Vr Ou, (6-23)p harmonic motion solution, these functions are
written in the form:where e = dens.ity of stainless steel.u

# " ^# #'"(*" O'The total mass is the sum of the waste package 8

mass and the waste mass,
M-29)

Air = Afw + hi . (6-24)p
where A and A, equal the amplitude of theg

The natural frequency of the undamped system is: ground and waste package displacement, respec-
tively, and 4 is the phase difference between

- g - ground and waste package movement.
7

w= (6-25)n
Afr/2.

associated with the velocity term, we find that:

.

For a simple spring mass system with damping

Half the total mass is used in this calculation,
because a simple lumped-system model of the A D'

(6-30)waste package and its contents would be for half A, [(i _ O2)2 + (2io)y
, ,

the total mass at the end of the cantilever and half
at the bottom. The mass at the bottom is assumed where & is the damping factor accounting for fric-
to travel with the ground, so it does not enter into tional forces opposite the direction of motion of
the calculation. the center of mass.

The excitation frequency (i.e., the frequency of the Since we are assuming sinusoidal motion, we ob-
ground motion)is an input parameter chosen for tain, by differentiating Equation (6-28) twice:
this seismic analysis to be similar to the resonant
frequency of the object involved; in this case, the y,(f) = _ g g,(f) = _ g A, sin (w,t) . (6-31) l2 2

excitation frequency was chosen to be 5 hertz. The
amplitude of the ground motion is a function of
the excitation frequency, and, for the present Further, we may take the peak ground accelera-,

analysis, has been taken from regional seismic tion a to be equal to the amplitude of the accel-.

eration of the seismic wave, that is:data in the vicmity of Yucca Mountain
, ,

(URS/Blume,1986). The ratio of the excitation
frequency to the resonant frequency is defined: a = wj A, . M-32)

!

l
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Then, the maximum displacement Ar is: Since we are interested in the maximum stress,
hence the maximum deflection, we can replace Jr
with Ar, to obtain:

a 02
(6-33)

A, = d [(1-0 )2 + (240)2]r, .( 2 EA,
aa=3 (6-37)-

6.4.3 Waste Package Fragility A failure will occur if n 2 o , that is:a r

The waste package canister is assumed to failif
one of the following conditions occurs: A, 2 ty[ , (6-38)

36The stress at the base exceeds the yielde

str 11 f11 e waste package material (Mode where o is the stress at the yield point.r

FaHure t>y ode 2.
The motion induced in the end of the wastee

package is great enough to impinge on the Failure by Mode 2 is induced when the motion of
side of the emplacement hole, thereby buck- the end of the waste package is so great that it
ling the waste package (Mode 2 failure). impinges on the side of the emplacement hole,

thereby buckling the waste package. For failure to

Failure by Mode 1. occur by this mechanism, two conditions must be
met:

Failure by Mode 1 is induced when the magnitude
of the vibration of the waste package becomes so (1) The displacement of the end of the waste

great that the stress at the base (which is assumed package must be large enough so that the

to be a cantilever support-hence stress is great. package hits the side of the emplacement

est at the base) exceeds the yield strength of the hole; and

waste package material. Consider the forces at the (2) T.he force induced by tlu. .s impact is great
. .

base of the spring-mass system used to represent en ugh to buckle the side of the waste
the waste package. The force Fu exerted by the
movement of the mass at the free end of the canti.

Package.

lever beam can be derived from the definition of For Condition (1) we can merely compare the
the spring constant: amplitude of the displacement, given by Equation

(6-33) with the magnitude of the air gap, w,,,

Fu = - K x, , (6-34) which is read in as data. The 1988 Site Character-
ization Plan design calls for a 3.81 centimeter-air

,

gap all around the package (see DOE,1988).
where x, = deflection. Thus,

Then by using the formula for the spring constant, A, a w,, (6-39) .

Equation (6-19), the moment MA at the base is |
given by:

implies a failure could take place by this rnech- |
anism. For the IPA Phase 2 version of the model,

Ma = LFu = - (6-35) the staff conservatively assumed that any contact'
3

2
,

L of the waste package with the side of the borehole
will lead to failure.

and the stress at the base is given by: 6.4.4 Computational Algorithm for Seismic ;

Failure of Waste Packages :

L 3 Er,
aa = Ma 7 = L (6-36) At each time step, input on the corroded thick-.

ness of the waste package is supplied by SOTEC.

NUREG-1464 6-10
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'Ihe thickness of the waste package metal is a = 0 [ occurrences / year]. (6-41c)r

ci:osen from the largest corrosion depth calcu-
lated from models for pitting, crevice, or general An approximation of the probability that the
cornsion. The strength of the remaining material, failure occurs within the time step I to t+ At is
however, is conservatively calculated, assuming approximated from the annual rate of recurrence
that the entire surface corrodes umformly to the r to be:acalcu.'ated depth, irrespective of which model
(pitting, crevice, or general corrosion) gave the
greatest depth of corrosion. pat = 1 -(1 - r,)^' , (6-42)

Given the thickness of the metal and the param-
eters presented in Table 6-3, the critical displace. where At is number of years in the tirre step.
ment of the waste package A,e is calculated for
Mode 1 or Mode 2 failure mechanisms, Equations Whether or not the failure occurs during a par-
(6-33) or (6-39), respectively. The smaller of the ticular time step is a matter of chance. In the
two amplitudes is then used to determine at what present model, the failure probability { pat} is
acceleration the waste package would fail. compared with a number U between zero and

unity, selected randomly from a uniform distribu-
The fragilityf corresponds to the acceleration in tion. If the random number is less than { pat}, the
g's needed for the smaller amplitude: waste package is assumed to fail. The random

number is sampled once per vector from the main
sampling routine, to keep all randomness in the

2 [(; _ g2)2 + (2&O)2p control of the system-level program. Although itwf = A,c (6-40) would appear that the random number U should
9.81 O2 be sampled for each time step within the vector,

numerical experiments with the model indicate

The fragilityf has a corresponding annual rate of dtat the results are about the same statistically for

recurrence r , derived from a curve fit to a pub- either case, given a sufh, c,ently large number of
,

i
a vectors.lished relationship at Yucca Mountain

(URS/Blume,1986), that includes all events
sufficient to cause displacements equal to or 6.4.5 Estimating Probability of Seismic
greater than the critical displacement. The Failure Scenario
fragility can be expressed as follows-

The task of this section is to define an accelera-
forf < 0.1 g: tion and its probability below which there would

be no perceptible difference between failure and
n -f ilure by seismic forces.u = 0.01 [ occurrences / year], (6-41a)r

for 0.1 < f < 4: fnce the system code calculations are discretized
in time, anythmg happem,ng m less than one time
step is below our ability to discern its cause. The

logfo(r ) = no + all + a2/ + a3/32
curve of waste package thickness vs. time froma

# 5 3 the corrosion model is very steep and fairly in-+ asl + a3/ + a61, (6-41b) sensitive to the environmental conditions, once
corrosion commences. Figure 6-2 is a typical set

where / = kigio (/): of curves describing the decrease in metal thick-
ness, with time, for the seven repository sub-areas.

no = - 4.67174, af = - 4.16482, a2 = 1.91376, The thickness O for six of the repository sub-f
a3 = 3.75132, a4 = - 3.06375, a3 = - 2.04791, areas is 9.8 x 104 meters,50 years before failure.
a6 = 1.65667,

The natural frequency w at failure, can be calcu-n
forf > 4: lated from Equations (6-18), (6-19), and (6-25), by
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for the base case (oooo) scenario

i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -- _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _



.- . - - ., .. - -. ._ - - - -

6. Disruptive Consequences'

substituting of or d. For the assumed model pa- (Valentine et al.,1992). Even in the absence off
actual eruption of waste, subsurface magmaticrameters of R = 033 meters; L = 4.7 meters, ma

= 5 hertz; E = 2 x 10H Newtons / square meter; effects may also affect repository performance. In.

c = 2.067 x 10 Newtons / square meter; the the case of intrusive events that occur within the8
a

mass of the fuel plus waste package M, = 2925 repository area, dikes emplaced through and
kilograms; thickness of(50 years before failure) = above the repository may damage the waste pack-
9.8 x 10 meters; and the natural frequency from ages. In addition, dikes or sills below or in the4

Equation (6-25) = 13.9 hertz, or O = m hn = repository horizon could affect the repository bya

036. producing hydrothermal processes or altering*

hydrology. The effects of intrusive dikes on the
.

In most cases, the waste package fails first by fail- regional hydrology are presented in Appendix E."

ure Mode 1, so one can write: For the parameters chosen in the model, the
.

model predicts a potential water table rise of over
. _

100 meters for the case of two perpendicular
a,L a a2 dikes. The main effect of the intrusions would be^' M3)

: 3E 2 _iG - 02)2 + (2&o)2]v2
to decrease the distance between the repository-

and the water table, but increase the travel time in
the saturated zone. Hydrothermal processes could

i
The acceleration needed for the waste package to cause rapid corrosion of waste packages. As a

j failis: result, radionuclides could be transported to the
accessible environment by either ground-water"

flow or gaseous release. The hydrologic properties

#"L*2 K3_g2)2 + f
}2p/2l

(6-44) of the dike itself may produce important changes
af = 3E R in the long-term flow of ground water. ;

3

J
1

Evaluating Equation (6-14) for the resonance & Two areas of current investigation that are criticali

and i = 0.03 gives an acceleration of only 0.028 to consequence models are: (i) the mechanics of4

l g. Earthquakes of this magnitude would be cinder cone eruptions, the duration of these erup-

! expected to be very frequent. Equation (6-41) tions, and the areal distribution of vents at active

gives a default annual recurrence rate of 0.01/ year. cinder cones, and;(ii) the secondary effects of
2

! Conversely, the expectation of no earthquakes of volcanism, including the effects of diffuse de-
! this magnitude in 10.000 years would be gassing and thermal loading on waste package
i vanishingly small: performance, geochemical transport, and ground-

water movement. Many of these volcanic proc-
esses are incompletely characterized. For example,

)

{ P f}(noscismicfaam) = (1 - 0.01)" recent studies at historically active cinder cones !A
indicate that these eruptions are, under some'

# circumstances, considerably more energetic than= 2 x 10 (6-45) normally inferred. During the 1992 eruption of
- '

Cerro Negro, Nicaragua, volcanic ash rose to'

much higher altitudes and was dispersed over a
6.5 Improved Msgmatic Scenarios greater area than is typical for mafic eruptions.

,

Model and Code Ahhough this volcano is in a magmatic arc, the
rheological properties of its magmas are similar to

65.1 Introduction those of Lathrop Wells (Connor and Hill,1993).
These data suggest that cinder cone eruption

|
This section describes models and codes that have mechanics and their impact on waste entrainment
been used to simulate magmatic activity for the and dispersal must be investigated more fully. The

- IPA Phase 2 consequence analysis. Magmatic sce- secondary effects of degassing and cooling of
narios are important for performance assessment cinder cones are long-term processes, and their
because some repository material may be ejected impact on repository performance also will need
onto the earth's surface if a magmatic event pene- to be more fully integrated into future IPA

; trates the repository during a volcanic eruption models, as studies progress.

. 6-13 NUREG-1464
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6. Disruptive Consequences

Two approaches have been used previously to eters in the consequence analysis, such as erosion

model volcanism consequences related to damage depth, conduit shape, speed of entrainment, and

of the repository and release of waste (Crowe et total lithic fraction.
al.,1983; Valentine et al.,1992: Sheridan,1992; The effects of volcanism on performance of the
and Margulies et al.,1992). The first method potential Yucca Mountain radioactive wasteinvolves development of a geometric model to repository were studied by Crowe et al. (1983) and
estimate the amount of waste entrained in an Wien.ine et al. (1992). They adapted the implicit
ascending dike during both intrusive and extrusive assumption of the geometric model that theevents (Sheridan,1992; and Margulies et al.,1992). amount of waste entrained is directly proportional
In this modelit is assumed that the amount of to the size of the dike. Wientine et al., then esti-
waste entrained is directly proportional to the size

mated the amount of waste entrained from theof the dike. In the second approach, the likely total volume of erupted lithics and the volume ofamount of waste entrainment is estimated by
considering the abundance of shallow crustal repository intercepted by the dike.

xenoliths identified at volcanoes near the reposi-
Shen. dan (1992) used Monte Carlo simulation totory site and at other cinder cones in the Great estimate the probability of occurrence of future

Basin (Crowe et al.,1983). The basic premise in v leame dikes m the vicimty of Yucca Mountam.
,

this approach is that the amount of waste en- Ihs model mcorporates the geometric approach
trained should be proportional to the lithic and addresses only the spatial probability of the
fraction in scoria cones, should a basaltic vanous volcanic scenarios. In this model, the vol-
eruption occur through the repository. For IPA canic field defining the area in which dikes can
Phase 2, the geometric approach was adapted to occur is approximated by an elliptical outhne. The
develop the magmatic consequence model and centers of the dikes are distributed according to a
code. bivariate Gaussian distribution centered in the

middle of the volcanic field. The geometric
In the magmatic consequence model, the number p r meters of dikes are specified by a mean value
of waste packages damaged is computed from the nd a standard deviation. After each dike is

,

area of the repository intercepted by the ascend- located, the length and orientation are chosen
,

ing magma. Only one igneous event, either an fr m the Gaussian distributions specified by the
intrusive (modeled as a dike only) or an extrusive mean and standard deviation. Because the loca-
event (modeled as a coincident dike and cone), is tion of dike centers and the dike geometry are
assumed to occur during each simulation run. It gener ted independently, it is possible to have a
was assumed that all radioactive waste affected by dike field onented m a different direction away

,

the dike is released to the surface of the earth from the onentation of the elongated volcame
through the cinder cone, for extrusive events. For field. This study sets upper bounds on the prob-
intrusive events, the magma is assumed to com- abihty of m, tersection of dikes with the repository.
promise the intercepted waste packages, leading Usmg this technique, Shen, dan estimated that the

,

to early failure, but not providing additional gas *9t-case probabihty of a volcanic dike inter-or liquid pathways for radioactive release. section with the repository in the next 10,(XX) years
is between 0.001 and 0.01.

6.5.2 Relevnnt Literature
Using a Monte Carlo simulation approach, Mar-

The volcanic release probability at Yucca Moun- gulies et al. (1992) estimated the areal extent that
tain region during the period of regulatory con- a basaltic dike or volcanic cone intercepts the
cern for a potential repository has been studied repository, by assuming the occurrence of mag-
by Crowe et al. (1982: 1983; 1992). The volcanic matic activity in the region near the repository.
release probability was examined in these studies The magmatic events modeled were represented
as the product of three factors:(i) the probability by planar geometrical figures. Cones were repre-
that a volcanic event will affect the repository site; sented as disks, and dikes were represented as
(ii) the temporal probability of a volcanic event; rectangles. The repository area and borders were
and (iii) the probable amount of release of represented realistically in the simulations. Based
radionuclides because of a volcanic event. llow- only on geometry, Margulies et al. obtained the
ever, these studies underestimated some param- estimates of radionuclide release by assuming that
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6. Disruptive Consequences
4

4

j any radioactive waste intercepted by the magma specified time period. The simulation chooses an
i would result in release of radionuclides to the intrusive magma event (with only a dike) with a
' accessible environment. probability 10 times that of an extrusive event

(with a feeder dike and a cone)(Crisp,1984).
Margulies et al. (1992) assume an inhomogeneous Cones are represented as circular disks, whereas-

Poisson model for the occurrence of a magmatic dikes are represented as natiow rectangles. The
event. The probability of magmatism was uniform dimensions of cones and dikes are selected by a

j within simulation regions, but could vary between random sampling procedure. The Monte Carlo

! regions in their study. Similarly, the rate of occur- simulation procedure for estimating the occur-

i rence of magmatic events was allowed to vary rence and consequences of a magmatic event is ,

discretely in time. The vent distribution in the described below:'

Yucca Mountain area indicates a clustering of1

Locate the centerpoint of a dike event or ani vents (Connor and Hill,1993). From geologic e

evidence and theory, the probability of magma- extrusive event by random sampling.*

tism is not likely to be constant in time in the |4

Determine geometry parameters (e.g., length,
.

vicinity of Yucca Mountain (Trapp and Justus, e

1992). Important geological information, such as width, radius) by random sampling.*

the temporal and spatial variation in the rate of j,

Calculate the overlapped area in each reposi- ;
| magmatism, therefore, remains to be incorporated e
; into the geometric approach of simulating ma8- tory cell and convert the area to number of
' matic events in the repository site. waste packages, if a dike or a cone intercepts ;

the repository. I

I 6.5.3 Description of Modeling Approach
In the case of cones, calculate and output thee

6.5.3.1 Introduction radioactive release amount in this trial. For
.

dikes, report number of affected waste4

.rhe geometric approach used is an extension of packages to SOTEC.a

the work by Marguhes et al. (1992). In the geo-
j metric approach, Monte Carlo sampling was used In the procedure of determining geometry param-

to estimate the areal extent that a basaltic dike or eters, parameters are chosen randomly from a'

a volcanic cone intercepts the repositoiy. From a range of values, based on the available data. Mar-
<

; probabilistic point of view, magmatic events are gulies et al. (1992) assumed that the length of the

]
distributed in both space and time. For the pur- rectangular dike ranges between 1000 and 4000

; poses of IPA Phase 2, an estimate of the proba- meters, and the dike width ranges between 1 and
bility of magmatism m the iucca Mountain 10 meters. Therefore, the area of the rectangular

,

repository (over the next 10,000 years)is needed. dike varies between 1000 and 40,000 square
,

meters. The area of the rectangular dike is chosen
6.5.3.2 Simulation Procedure at random, in the code, as given by the following

expression (op cit.):In the Monte Carlo simulation, the staff con-
sidered a rectangular regien surrounding the
repository horizon. As shown in the simulation A = a M b# M

,
,

configuration of the repository (Figure 6-3), the
repository is represented by a total of 17 rec-
tangles. 'Ib obtain the simulation configuration of where a = 1000 square meters ,s the minimumi

the repository, the outline of the perimeter of the area, b = 40,000 square meters is the maximumi

proposed Yucca Mountain repository has been area, and v is a random number chosen uniformly

traced from actual drawings. The rectangles are between 0 and 1. The probability density function

| further grouped into seven areas, also shown in of A for uniformly distributed # is skewed toward
the smaller areas.Figure 6-3.

t

The simulation generates a volcanic event ran- After the dike area is chosen, the length is chosen'

domly in the simulated region. The volcanic event at random between max {c, A/f} and min {A/e,d},'

j occurrence time is chosen randomly within the with equal probability. The corresponding width
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Figure 6-3 Configuration of the geologic repository in the magmatic scenarios simulation (The
repository is divided mto seven sub-areas with a total of 17 rectangular panels. 'Ihe
number mside the blackets represents the sub-area number, and the number outside
the brackets gives the panel number.)

'
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6. Disruptive Consequences

of the rectangular dike IVis then determined from tain area have basal radii sarying from 250 meters
the area A and length L, as IV = A /L. Here the for Lathrop Wells and Little 111ack Peak, to 300

parameters c and d define the minimum and max- meters for Ilidden Cone (e.g., Crowe et al.1983).

imum length, respectively, whereas the parameters Future simulations should address more realistic
e andf define the minimum and maximum width, values for the cone radii.
respectively. The values of these parameters in the
code are: The program calculates the area of intersection

between the dike and the repository by strictly

c = 1000 meters (minimum length); geometrical computations. For an extrusive event,
it also calculates the area of intersection betweend = 4000 meters (maximum length);
the cone and the repository. The predicted area of

e = 1 meter (minimum width): and
f = 10 meters (maximum width).

interception from the simulations is used to esti-
mate the number of waste packages damaged,
assuming a uniform distribution of waste pack-

This randomly generated rectangular dike has an ages within each repository cell. For extrusive
angle of orientation that is chosen at random with events, upper bound and conservative estimates of
equal probability between two angles specified in radionuclide release into the atmosphere are
the input. 'Iypically, the input parameters for the calculated by assuming that the radioactive
angles are chosen to be 75* and 90* counterclock- material damaged by the dike has been trans-
wise from the horizontal axis, corresponding to ported to the cone and a fraction of the trans-
the dike orientations ranging from due north / ported material,4 percent. released into the air.
south to north 15 degrees east. However, this The amount of radionuclides released into the air
distribution of dike orientation is based on a is considered to be zero for intrusive events.
postulate by Smith ct al. (1990). Ho (1990), and
Ho et al. (1991), that there is a NE-trending The simulation estimates the amount of release
structural control on vent distribution within the Ge of radionuclide k to the atmosphere, for the

,

i" area of most recent volcamsm' (AMRV). Crowe extrusive event, by summing over the radioactive
and Perry (1989) have dehneated a different area, inventory at the time of the event,
the " crater flat volcam,e zone (CFVZ). that
extends north-northwest from the buried Amor-
gosa Valley vents, located about 35 kilometers Gi = f Nj lji (t) ,south of Yucca Mountain, to those at Sleeping (6-47)

i Butte, about 65 kilometers northwest of the site. j.i

.

'Ib simulate the formation of volcanic cones
l (t) = I (0) exp(-0.693t/t ) , (6-48)through extrusion events, circular areas are used i i i

to represent cones. Since we are interested in the
effect of the volcano on the subsurface repository,
these circular areas more properly represent the where Nj is the number of the damaged waste |

stem-like conduit of magma feeding the volcanic packages in areaj, and Ijk s the inventory of kth |i

eroption, which may intersect the repository. The radionuclide in each waste package et time t in

cone radius then corresponds approximately to areaj. This approach neglects the generation of i
'

the radius of the approximately vertical, nearly radioactive progeny, which is non-conservative.
f

circular magma conduit. The radius of the vol- The amount of radioactivity release for each

canic cones is chosen uniformly at random be- radionuclide is used as input by the AIRCOM

tween two input parameters, the minimum and program, to calculate dose by the DITIY code
maximum cone radii. Margulies et al. (1992) have (Dose Integrated over Ten Thousand Years). In

chosen the minimum and maximum radii to be 25 addition, the number of damaged waste packages

and 100 meters, respectively. Currently the simu- predicted by the Monte Carlo simulation is used
lation adapts the parameters chosen by Margulies by the SOTEC program to determine the release
et al. However, the minimum and maximum radii of waste in air and water. (See Section 2.1.3 for a
chosen in the simulation appear to be unrealistic- description of these other total-system perform-

ally small. The smallest cones in the Yucca Moun- ance assessment (TPA) computer code modules.)
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6. Disruptive Consequences

6.5.3.3 Assumptions and Limitations include any magmatic events intercepting the
repository.

Several assumptions are implied, in applying the ,The currem simulatmn model has several limita-. .

geometric approach, to estimate the amount of
waste entrained in an ascending dike, as dis. tions. At present, effects of faults on magma

cussed in Valentine et al. (1992). The hionte Carlo activity are not considered in the VOLCANO
code. At least two faults are known to be locatedsimulation model of basaltic igneous activity

assumes:(i) any magma that intrudes into the in the area: the Ghost Dance fault passmg

repository will have a low volatile content; (ii) any through the repository and the Sohtano Canyon

igneous event willinvolve the intrusion of a single fault west of the repository Faults may locahze

igneous dike;(iii) the repository itself will not magma ascent in the shallow crust if fault orien-

affect magma Pow or eruption dynamics:(iv) tation corresponds to the current onentation of
,

magmatic events are of relatively short duration; pnne pal crustal stress (Nakamura,1977). All

(v) ground water, possibly derived from a perched these faults could locahze magmatism and may

water table, will not interact with magma: and influence dike occurrence m the repository area.

(vi) the probability of an intrusive event is 10 he VOLCANO code needs to be improved by

times that of an extrusive event. As the code is including magma events related to these faults.

developed further, these assumptions will be The model also considers only radioactivity
release for mtrusive and extrusive events. %eexplored in more detail.
consequence analysis has not taken mto account
the interaction between intruding magma and a

The basic assumption that the amount of waste perched body of water around the repository.
entrained in an ascending dike is determined by 1lowever, Appendix E discusses an auxiliary
the dike size is justified if the magma intruding analysis that considers the effect on saturated
the repository has a low volatile content. Iligh- ground-water flow and water table elevation, at
volatile content magmas will likely erode wallrock the regional scale resulting from intrusive dikes.
during the eruption and thus entrain a larger Finally, the simulation model has not included the
volume of waste than what is calculated using a possibility of multiple eruptions. There is evidence
standard dike width, of multiple eruptions (polycyclic activity) at some

of the Quaternary-age cinder cones in the Yucca
The simulation results for magmatic activity are hiountain area (e.g., Crowe et al.,1992). The
normalized according to the magma scenario effects of this type ofigneous activity remain to
prokbility and the area of the simulation region. be included in the model.
The magma scenario probability, an input param-

; eter to the TPA computer code, was determined 6.5.3,4 Summary
from the work of Connor et al. (1993) and Connor
and 11i11 (1993)(see Section 3.3.2.2 (A) for detailed

A geometric simulation approach has been used,

discussion). They used a nonhomogeneous to model the consequence of volcanism in the pro-

Ioisson model calculated by near-neighbor posed repository. The model VOLCANO obtains
4

the area ofintersection between the repositorymethods to estimate the probability of volcan.ic
disruption of a repository-sized area in the iucca and the area of an intrusive magma event occur-,

hiountam area over the next 10.(XX) years. ring randomly in a region encompassing the
repository. The actual geomety of the proposed
Yucca hiountain repository is used as input to the

he simulation region used in the VOLCetNO model. Using the repository initial inventory as
code (Lin et al.,1993) is an assumed area of 12- input, the area of interception is converted into
by 12-square kilometers around the repository. the number of waste packages damaged from
De origin of the simulation region is the upper which the amount of radioactivity released into
right corner of Area 7. In the simulation system, the atmosphere is calculated. The predictions of
the x coordinate ranges from -6(XX) meters to 6(XX) the VOLCANO model are used as input by the
meters, and the y coordimite from -7500 meters to AIRCOM and SOTEC modules in the TPA com-
4500 meters. Because the maximum length of a puter code. The number of waste packages
dike is assumed to be 400() meters, this simulation damaged by magma activity is used in computing
system is sufficiently large to ensure that it will the source term in the SOTEC module. The
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i
!

results of the radionuclide release calculations are predicts all failures occur at the earliest time for
; used in AIRCOM (described in Section 2.1.3) to any event. His simplifying modeling assumption
j calculate human dose, and in the TPA executive could lead to predictions of earlier and larger

'

module (Sagar and Janetzke,1993), to calculate total releases when a later disruption (volcanic or
the total release. A detailed description of the seismic event) causes widespread failure of waste i

'

j VOLCANO code and its output is given in the packages. The drilling code and source term code
j VOLCANO User Guide (Lin et al.,1993). should be modified to allow multiple waste

package failures at different times within the:

; 6.6 Overall Conclusions and same run.
j Suggestions for Further Work
1 4-Drilh.ng model: Reduce number ofparameters

and tie sampled parameters to the extent of drilling! A number of conclusions were drawn from the
"##N#J'

; disruptive consequence analyses. These con-
1 clusions are summarized here, with specific The drilling model uses a total of 92 sampled

1 recommendations for improvement during the parameters, to determine mainly the time of the
i next phase of IPA: drilling event, the repository area in which the
! drilling occurs, and whether or not the drill hole

j 1-Improre modctfor climate change. intersected a waste package. The purpose for gen-
eratmg these parameters m the mam samphng

,

The current implementation for climate change is procedure was to avoid the necessity for generat-
very simplistic, and should be updated. Currently, ing random variables at the level of a consequence'

climate change is modeled as a change in the module, and to maintaining tight control over all
2 infiltration rate. The relationship between infil- sampled parameters, for further statistical

tration and increased precipitation should be analysis. Unlike most of the other variables samp-
investigated. In particular, DeWispelare et al. led by the LHS procedure, the parameters used in,

(1993) have compiled an expert clicitation about the drilling model have little physical significance,
future climate at Yucca Mountain that may be Including these parameters in the statistical corre-
used to improve the model. It is recommended lations did not yield meaningful results, and may .4

that the climate change scenario take into account have detracted from the correlations between per- !
'

j the most recent understanding of climate at formance and other sampled parameters. Possible
! Yucca Mountain and how climate relates to alternatives to the present sampling of the drilling
!- mfiltration. parameters might be to have the random sam-

,

| pling built into the drilling module, but relying on
j 2-Drilling model: Consolidate calculations of a random seed passed to the module as a sampled

radionuclide inrentory. parameter generated from the system-level LHS
i routine. Alternatively, some of the analyses in the
j The drilling code calculates inventory, using the drilling code presently done in a Monte-Carlo

llateman equations, and determmes the , ventory fashion could be reduced to closed-form statis-m
for the time of the earliest drilhng event. Greater tical formulae.,

j efficiency may have been attamable by calculatmg
; the evolution of the inventmy one time only. The 5-Scismic model: Improre waste packagefailure
! calculated inventory could be used by the source modctfor mechanical and scismic input.

term, drilling, seismic, and volcanic models, rather1

than being repeated in several different modules. The mechanisms for failure of waste packages'

from seismic shakmg and buckhng used in IPAi

Phase 2 were highly simplifled, and design-
3-Drilling model: Allow multiple waste package dependent. The model was based on the response

*

failure times. of a flexible beam rigidly attached to the ground,

The effect of drilling is predicted to be small rela- and oscillating at a single frequency. Failure was:

tive to the other releases calculated in IPA Phase caused by either contact of the waste package
; 2, in part because drilling affects only a small with the wall, or exceedance of stress at the point

number of waste packages. Ilowever, for cases of attachment. A more mechanistic model of
where there is both drilling combined with seismic failure would take into account a number,

volcanism or seismicity, the source term model of additional factors, including:(1) a realistic

6-19 NUREG-1464
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6. Disruptive Consequences

mechanical model of the waste package and its uncertainty in geochronological data, and related
contact with the ground;(2) a spectrum of fre- factors, need to be explored. Future models
quencies of ground motion;(3) the reduction in should incorporate these kinds of analyses to
strength of the waste package walls predicted by provide a robust and defendable estimate of the
realistic models for pitting, crevice, and general probability and effects of volcanic disruption.
corrosion; (4) the mechanical contact between the
waste package, rock, and backfill; (5) repeated 7-Improre volcanism model in regard to magma
mechamcal response of the waste package to interaction with waste.
oscillatory forces; and (6) failure caused by the
repeated responsive motion, including the degra. In the VOLCANO module, only direct effects of

dation of the metal by fatigue, heat, and radiation. magma interacting with the radioactive waste are
Seismic failure models for future iterations must, considered. It is recognized that magma may have
of course, take into account the most recent a number of indirect effects, such as changing the

design of the waste package. groundwater conditions, and accelerating the
corrosion of nearby waste packages. It is recom-

6-Improve volcanism modelin regard to probability mended that the, scope of consequence analyses
and ro!canic processes. be expanded to include indirect affects of a

nearby volcanic event.
As discussed in Section 6.5.3.3, the volcanism
model presented is preliminary. Some assump- 8-Improre tracking of radioactire inventory in the
tions mherent in the VOLCANO code can be VOLCANO module.

,

improved on through additional research. For
example, the near-neighbor nonhomogeneous The present version of VOLCANO keeps track of
Poisson model used to generate the probability of the radionuclide inventory by considering only
magmatic activity for IPA Phase 2 is one example simple decay of radionuclides present in the waste
of a spatial model that accounts for cinder cone packages, with no generation of radioactive pro-
clustering in the region. Other models, such as geny. It does not keep track of radionuclides that
Neymann-Scott and Poisson cluster models, have left the repository sub-area by the liquid or
should be explored, possibly as auxiliary analyses, gaseous pathway. Although the latter assumption
with an emphasis on how they would be imple- is conservative, ignoring the ingrowth of radio-
mented in the future IPAs. Additional geologic active progeny of chain decay could underesti-
information, including the role of volatiles in mate radioactive releases of several radionuclides.
driving magma ascent, the importance of multiple VOLCANO should be updated to include the
dike intrusions, and the role of pre-existing struc- ingrowth of radioactive progeny in the source
ture. also needs to be incorporated. Effects of term.

.
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7 DOSE-ASSESSMENT MODULE

7.1 Background 1985 by EPA as: " Environmental Standards for
the hianagement and Disposal of Spent Nuclear

A major difference between the Iterative Fuel, High Level and Transuranic Radioactive
Performance Assessment (IPA) Phase 1 and IPA Wastes; Final Rule " 40 CFR Part 191 (EPA,1985;
Phase 2 studies was the incorporation of a 50 FR 38066). On July 17,1987, the U.S. Court of
dose-assessment capability into the total-system Appeals for the First Circuit in Boston vacated
performance assessment (TPA) computer code in Subpart B of this 1985 version of 40 CFR Part 191
IPA Phase 2. A dose assessment for the proposed and remanded the rule to the EPA for further
repository at Yucca hiountain was not included in consideration (see EPA, 1993; 58 FR 7924).
IPA Phase 1 for the following reasons. First, the
U.S. Environmental Protection Agency (EPA) In response to this action by the court, EPA
adopted, as its primary criterion for compliance published a final revision to 40 CFR Part 191 on
with the containment regulations in 40 CFR December 20,1993 (EPA,1993; 58 FR 66398). The
191.131 (Code of Fedemi Regulations, Title 40, revised dose provisions included an extension of
" Protection of Environment") a restriction on the the period that applied to individual dose, from
quantity of any radionuclide that could be 1000 to 10,000 years after disposal. This proposal
released to the accessible environment for 10,000 would significantly increase the probability for a
years after permanent closure, not on the expo- subsequent exposure of a member of the public to
sures of individuals or populations that might releases of radionuclides from the geologic reposi- |
result from these releases. Second, it appeared tory. Under the Waste Isolation Pilot Project Land 1

there was little likelihood of any non-compliance Withdrawal Act (Public Law 102-579) and the
with the individual dose provisions in 40 CFR Energy Policy Act of 1992, this revision is not
191.15, " Individual Protection Requirements"(and applicable to a potential Yucca hiountain reposi-
therefore little need for a dose assessment capa- tory. However, since the Energy Policy Act of 1992
bility) because EPA calculations showed that directed the EPA to evaluate a health-based
radionuclides released from a geologic repository standard based on doses to individuals, the staff
located in volcanic tuff would not reasonably be believed that addition of a dose-assessment capa-
expected to expose any human being for at least bility in the TPA computer code for a potential
1000 years after disposal. Section 191.15 restricts Yucca hiountain site would be prudent.
the annual dose to any individual ocly during the |

first 1000 years after permanent closure of the 7.2 Basis for the Calculation of i

geologic repository operations area (GROA). Human Exposures in IPA Phase 2
Third, the staff believed that, if needed, existing
computer codes for dose assessment could readily 7.2.1 Concept of the " Reference Biosphere"
be assimilated into the TPA computer code.

The NRC staff adopted a concept of a stable, or

In its original form, the criteria to be used for reference biosphere for its studies in IPA Phase 2
2

licensing a geologic repositoly were published in (see Federline,1993 ). A reference biosphere will
provide a basis for quantification of dose. This
"Teference biosphere" implies that the k) cations,

ICurrently, a revised set of standards specific to the Yucca Mountain lifestyles, and phystology of persons who hve andisions of the
cite is bemg develop'ed in accordance with the p
Do2 48Y'' $Niser 2M$he'tsYa$2"lo$ut. w rk in the vicinity of Yucca hiountain over the' *I
gate a rule, mba*Mrong to CFR Par: 60 of its reg *ulations, so iE,aifuture periods of interest (up to 10,000 years ando

'Ia"n*a'8* tO "'"'* '""Yti"c'p*uNic frIn"r"cleaEs'$Ihe acc beyond) are difficult to predict. The environmen-** ' "

d i le
environmeni 5eeti nradioactive maieriais stored or disposed of ai tal pathways that could result in human exposure

rnUnixnsNNy7h National
"" "E " "

em of nce
ITA, on issues relatmg to the environmental standards governing those that exist in today s biosphere. In IPA Phase
the Yucca Mountain regxsitory. It is assumed that the revised EPA

Federline, M.V., "U.s. Nuclear Regulatory Commission staff Viewsstandards for the Yucca Mountain site will not he substantially 2

different from thone currently contained in 40 CFR Part 191 . on Environmental standards for Disposal of liigh-level Wastes,".

particularly as they pertain to the need to conduct a quantitative Unpubhshed Presentation to the N As Committee on Technical
performance asnessment as the means to estimate postckmure nases for Yucca Mountain standards, Washington, D.C., May 27,
performance of the repository system. 1993,
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7. Dose Assessment

2, scenarios that impacted the geosphere at Yucca BIOMOVS recommends that long-term assess-
Mountain were assumed not to disrupt this ments of dose be based on the conceptual model
reference biosphere. of a " reference biosphere," that is analogous to

the " reference-man" concept developed by the

7.2.2 Similarity to Assumptions in 40 CFR ICRP. The participants in BIOMOVS believe that

Part 191 t is impossible to predict all the possible future
,

Ievolutions (future states) of the biosphere. How-
The use of a " reference biosphere"in NRC's ever, they believe it may be possible to identify a
approach to dose assessment is similar to that comprehensive list of important features, events,
taken by EPA during the development of the and processes that are essential for safe disposal
background information for 40 CFR Part 191 (see of high-level radioactive waste (HLW)in a geo-
EPA,1985; p. 7-1). EPA's approach to dose logic repository sited in the present-day environ-
assessment for the final rule contained the follow. ments. The range of present- day environments is
ing caveat: ". . it is pointless to try to make precise expected to bound the biospheres expected in the
projections of the actual risks due to radionuclide various future states. (Because of the diversity of
releases from repositories. Population distribu. nature, BIOMOVS recognizes that it may be
tions, food chains, living habits, and technological necessary to define a number of different "ref-
capabilities will undoubtedly change in major erence biospheres".) NRC staff is currently

,

ways over 10,000 years. Unlike geological proc- considering this concept.
esses, they can be realistically predicted only for
relatively short times .. ."(op cit.) The conceptual 7.3 Computer Code Selected for Dose
model for the human physiology adopted by EPA Assessment
included the concept of a present-day " reference
man"(see International Commission on Radio- Human exposures in the IPA Phase 2 study were
logical Protection (ICRP),1975). evaluated by D177Y(Dose Integrated for Ten

Thousand Years)(see Napier et al.,1988a; pp.
EPA also proposed a definition for a " reference 3-16 - 3-18), a new module added to the version
population" as another draft revision to 40 CFR of the TPA computer code. D177Ywas selected
Part 191 (see EPA,1993). The " reference popu. for IPA Phase 2 because:(a)it could be used to
lation" was defined as the entity of persons that, calculate the relative variation in doses for the
for 10,000 years after disposal, has the following various scenarios used in Phase 2 (it does not
features:(a) major population relocations or predict the absolute doses for comparison with
emergencies have not occurred;(b) the size of the other performance-assessment studies); (b) it was
(world) population is 10 billion; and (c) charac- easily interfaced to the outputs of other conse-
teristics and behavior affecting estimates of quence modules used in the TPA computer code;
radiation exposure and its effects are assumed to (c)it could calculate population doses over
be as today; this includes level of knowledge, durations of 10,000 years or more; and (d) it was
technical capability, human physiology, nutritional available and could be executed with little further
needs, societal structure, and access to pathways development.
of exposure."

73.1 Overview of DITTY
7.2.3 Similarity to the Approach Taken by

BIOMOVS Dl77Y estimates the time integral of collective
dose over a 10,004 year duration for releases of

The use of a " reference biosphere"in NRC's radionuclides to the accessible environment.
approach to dose assessment is also similar to D177Ycan treat both chronic and acute releases
that taken by a working group in BIOMOVS, the of radionuclides. Only a few input parameters to
Biospheric Model Validation Study. BIOMOVS is DI77Ycan be entered as input variables at
a cooperative effort by the selected members of various times during the 10,000-year period. These
the international nuclear community to develop include:
and test models that were designed to quantify
the transfer and bio-accumulation of radionu- Annual releases of radioactivity to air ande

clides in the environment (see BIOMOVS,1992). water:
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7. Dose Assessment

o lhe number of persons in the exposed lation of collective doses, DITIY will identify that
regional population; and 70-year period when the individual lifetime (70- ;

year) dose is highest.

o The dispersion factors in the terrestrial and
aquatic environments. 73,2 General Approach to Dose

Calculations in DITTY
DITlY breaks the 10,000-year duration into 143 A calculation of internal dose to a human-body.

periods of 70 years (each period is considered to org n in DITlYcan be visualized as the product
be the length of a human lifetime), and the total "II ur Parameters, so that for any sm, gle

Ppopulation dose is determined for each of the 143 r dionuclide:
periods. The radioactivity present during any
70-year period is the sum of the activity in the D = C x ITC x U x DCF ,
nuclides released during that period and the
residual radioactivity in the environment caused
by releases in previous periods, where D is the dose to a body organ from the

radionu;lide per year of intake; C is the concen-
tration of radionuclide in a specific media (e.g.,

in IPA Phase 2, the exposure pathways to the curies per kilogram of pasture grass eaten by beef
accessible environment that were of interest are cattle); ITC, is identified in DITIY as the food-

,

illustrated in hgure 7-1. These melude: the at- transfer coefficient, is a dimensionless factor that
mosphere, land surfaces, the top 15 centimeters of expresses the distribution ratio of a radionuclide
surface soil, vegetation, ammal products (milk, between two media at steady-state (e.g., the ratio
beef), and drinkmg water. Aquatic pathways were of the steady-state concentration in the edible -

Inot considered m this study because they are not tissues of the beef cattle to the steady-state
credible pathways near Yucca Mouren The concentration in pasture grass); U is the human-
quantitses of radionuclides release ( , ; toe or animal-use factor (e.g., kilograms of beef eaten

,

repository that move into the envins a tal per year) for the media; and DCF(dose con-
media along these pathways are used to calculate version factor)is the quantity that will convert
concentrations and dose m the reference bio- radioactivity ingested or inhaled into dose (e.g., I

sphere. DITI}' cannot calculate concentrations of rem / curie). The DCF values and the ITC values
radionuclides m the lithosphere or the ground used in this study, which are described in Section
water contained therem. 7.7, are different from values in the original

DITIY databases. ,

For IPA Phase 2, the annual releases to the air or !

water pathways at selected times, during the 7.33 Calculation of Total Dose in DITTY
10,000-year penod of regulatory interest (the
source terms), were provided as input to DITlY The total population dose is expressed in terms of
by other TPA computer code modules in the form an Effective Dose Equivalent (EDE). This dose is
of average annual concentrations. Up to 450 of the sum (over all organs) of internal and external
these paired values can be entered as an input file doses that result from direct radiation or uptakes
(e.g., as curies per year / time or curies per of radionuclides into the human body along the
volume / time). The values for these concentration- pathways illustrated in Figure 7-1.
time pairs were obtained as outputs directly from
the NEITIO1N module, or indirectly, from the Internal doses to body organs can result from the
C14, DRILLO2, and VOLCANO modules (see inhalation of airborne radioactivity or from the
hgure 2-1). ingestion of radionuclides in contaminated food

and water. In DITlY, these organ doses are
DITIY ealculates the downwind regional air multiplied by a risk-based weighting factor to give
concentrations as the product of the release rate " effective" organ doses (i.e, committed EDE). The
of radionuclide (from the ground surfaces above values used for these organ-weighting factors in
the geologic repository into the atmosphere) and a DITIY are the same as those given in ICRP-26
dispersion factor, commonly designated as X/(2 (ICRP,1977). All internal doses are integrated
For waterborne releases, in addition to the calcu- over the 50-y:ar period that follows an intake of
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7. Dose Assessment

radionuclides (i.e., for a dose-commitment period 7.4 Differences From Internal
of 50 years in the human body). The integrated Dosimetry Models in ICRP-30
dose is formed from the sum of the doses to six
designated body organs and to the five remaining The major differences of the biokinetic models in
organs with the highest doses. DITlY from those in ICRP-30 " Limits for

Intakes of Radionuclides by Workers"(ICRP,
1979)-are found in the computer program

External exposures can result either from submer- GENAf0D. GENAf0D (Johnson and Carver,
sion of the human body in airborne radioactivity 1981), which was adapted directly from ICRP-30,
or from exposure to direct radiation (ground incorporates additional models other inan those
shine) that emanates from the surface of contami- developed by the ICRP (such as the alkaline earth
nated soil. In DlTIY, organ doses caused by ex- model, the AflRD iron model, and the 14C model),
ternal exposures are expressed in terms of the GENAf0D was used to generate databases that
EDE, instead of the more common dose equiva- include values for the following metabolic param-
lent quantities. A special energy-dependent dose eters for each radionuclide used in DITIY: organ
factor (rem / rad) is used in DITIY to convert uptake, transfer coefficients from compartment to
external doses to the body surfaces to deep organ- compartment, and elimination rates from com-
doses (Kocher,1981). The use of these conversion partments. He metabolic models for carbon
factors in DITIY has preceded any guidance by assume it is inhaled as carbon dioxide gas, and
the Commission on acceptable methods for that ingested carbon is in the form of carbohy-
calculation of EDE from external photon and drates that are readily absorbed through the gut
particulate radiation. and rapidly distributed throughout the body.

Although metabolic parameters for various ages, ,

'

7 3.4 Selection of DITTY Model Parameters sexes, and ethnic groups were not available when
this study was undertaken, they may requ,rei

further consideration when guidance for members
For IPA Phae,e 2, default values for the model of the public becomes available. A rough estimate
parameters from D177Ywere used in the dose- of the variation of lifetime dose with the age of
assessment models unless mdicated otherwise. initial exposure may be inferred from the State-
Probability density functions were not defined, ment of Considerations for the final rule for
and Latin Hypercube Sampling (LHS-discussed 10 CFR Part 20 (Code of Fedeml Regulations, Title ;

m Chapter 2, "'Ibtal-System Performance Assess- 10, " Energy") which notes that "... those organs
ment Computer Code") was not attempted for any for which age dependency is important, such as,

parameter used in the dose-assessment models. the thyroid gland, are of lesser importance
,Diis was done intentionally to focus attention on because of the lower wr values [ risk-weighting

,

the magnitude of the uncertainties introduced int factors] . . used to calculate the effective dose. A i
'

the resultm, g doses by the collective uncertainties factor of 2 is included . . which, in part, accounts
i associated with the source term and geosphere

, , for age dependency ...."(NRC, 1991; 56 FR 23390). ,

models used in IPA Phase 2. In the future, it will This appears to be a reasonable assumption, I

be necessary to estimate site-specific values for given the observation recently made by Charles
; the DITIY model parameters to make the most and Smith (1991, p.10) that ". . the generally |

meamngful calculations of dose. In many cases, a higher committed doses per unit intakes for
'

literature study should be sufficient to select these non-adult age groups are in the main cancelled by,

values. However, for those radionuclides that are the lower consumption of foodstuffs . . "
major contributors to the dose, laboratory and;

field studies may also be desirable. Sensitivity 7.5 Selection of DCFs for this Study -

;

studies, similar to those conducted m other IPA, ,

Phase 2 modules (see Chapter 9, " Sensitivity and 7.5.1 DCFs for Ingestion and Inhalation-

; Uncertainty Analysis"), should also be carned out
for parameters in the biosphere models. In this In IPA Phase 2, the DCFs' values were assumed to

way, the parameters that significantly influence be without bias and of the highest precision.'

| the magnitude of the doses and that may require Since it was assumed that a " reference man" in a
further study in the field may be identified. " reference biosphere" was exposed over the'
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7. Dose Assessment

10,000-year period when radionuclides were coefficients for external exposure to photons and

released from the geologic repository, the same electrons emitted by radionuclides distributed in
DCFs were used for calculations of dose during environmental media.
each of the 70-year human lifetimes considered in
D177Y Re DCFs for the radioactive daughters 7.6 Selection of Parameters for the
that are produced in vivo were generally also Ingestion Pathways
described with the same metabolic parameters as

The bases for selection of data used in thethose for the parent radionuclide.
terrestrial-ingestion pathway models of DIl7Y
are discussed below.The DCFs for inhalation and ingestion, used in

IPA Phase 2, which were prepared by Dr. Paul
Rittman of Westinghouse llanford Company, 7.6.1 Drinking-Water Parameters
from the revised computer code INTDF(Version he on. .gmal version of the database BIO-
1.483)(see Napier et al.,1988a; pp. 3-13-3-16), AC1.DA7 contained factors to simulate the treat-
are the " worst-case" values. These parameters, ment of drinking water by a mumcipal water-
which pertain to each radionuclide used in treatment plant. For IPA Phase 2, drinkmg water
Dl?7Y, maximize either the inhalation dose by an was assumed to be taken from a surface well
intentional selection of the chemical form with the without any treatments to remove radionuclides
worst case solubility in the lung, or the ingestion

(all treatment factors were set to a value of 1).dose, by selection of the chemical form that re- .Dus is equivalent to tlye assumption that the
sults in the largest uptake in the small intestine (ff concentration of a radionuclide in drinkmg water
value) for each radionuclide, or both. When nor- has the same concentration as it had in themalized to an annual basis, the DCFs generated

ground water that feeds the well.,The IPA Phase 2
by INTDF, a DH7Y sub routine, are essentially analysis did not consider m,tigatmg measuresi
the same as those reported in EPA's Federal available m present-day technology. These meas-

,

Guidance Report No.11 (i.e., to within two sig- ures may include devices to monitor waterborne
nificant figures, but with a few differences for very radiation or procedures, such as water treatment
short-lived nuclides)(EPA,1988). or condemnation of the well.

The dose-commitment period for all DCFs used 7.6.2 Food-Transfer Parametersin this study is 50 years. This is consistent with
10 CFR Part 20 and also with the recommenda- The documentation in D177Y does not identify
tions of both national and international com- the sources of the soil-to-food transfer parameters
mittees on radiation protection. A 50-year dose- stored in the DI77Y file FIRANS.DAT. The
commitment period was also suggested by EPA User's Mameal for DI77Y indicates that the ".
for Appendix 11 of 40 CFR Part 191 (see EPA, sources of these parameters are to be published in
1993; 58 FR 7936). Since DH7Y assumes that an a separate document" (see Napier et al.,1988b;
individual will experience an annual intake of pp. 2.28-2.29). Since literature citations were not
radionuclides during each year of his 70-year available during IPA Phase 2, FIR 4NS.DAT
lifetime, the use of this 50-year dose commitment parameters were replaced by " generic" param-
period will overestimate his lifetime dose for those eters taken from the well-known study by Baes et
radionuclides with a long biological half-life (but of, (1934),
in no case by more than a factor of 2).

The "Baes" parameters used in this study (By, B,,
F, and Fm) are based on clearly-defined proto-7.5.2 DCFs for External Exposure /
cols that were used to select them from the

The DCFs for air submersion and for direct radi- multiplicity of experimental values reported in the
ation exposure to radionuclides deposited on land literature. For example, for the soil-to-crop values,
surfaces (ground shine) were used in this study the Baes et al. study attempted to select concen-
are unchanged from those as found in the tration ratios that were based on detailed litera-
databases of the D177Y code. These values will ture studies in which the soil and plant concen-
be reviewed when EPA publishes Federal Guid- trations were both measured at " edible maturity"
ance No.12 (in preparation), a tabulation of dose of the plant. These literature citations show that
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I

large variations (orders of magnitude) of these 7.6.3 Growing Season Parameters i

. Iparameters in various environmental settings are The site-specih
.

c agneultural parameters fornot uncommon, and therefore most studies use Yucca Mountam that were entered as input data
,

site-specific values to increase the reliability of
to DlTIYirycluded: the length of the growmgdose estimates. season, the irrigation rate for crops dunng the
growing season, and the yields of the various

The DITIY parameters for each chemical element types of crops. The lengths of the growing season
that was stored in the file FI761NS.DAT were depend on the crop type. One of the most impor-
replaced by the following types of Baes param- tant crops in Nevada is alfalfa, which can grow up
eters (dry-weight to dry-weight basis): to 250 days each year and produce up to eight

30-day harvests each year. For most vegetables,

A By value (Baes et al.,1984; Figure 2.1) the first growing season begins in Februaiy ando
replaced each soil-to-leafy-vegetable concen- ends in early-March; the second season begins in

tration ratio: mid August and ends in mid-October. Very little
appears to grow during the hot, dry summer

hs between late-May and late-August (Mills,'u
The same I4 value (op cit., Figure 2.2)

l- '

o
replaced each of the four soil-to-edible-crop
concentration ratios (these crops are vege- The lengths of the growing period selected for this j

table, root, grain, and fruit): study were: For leaty vegetables,45 days; for |

"other" vegetables,90 days. For alfalfa, and for
A F value (op cit., Figure 2.25) replaced the those pasture grasses that are consumed as byo f
feed-to-meat transfer coefficient; and animals as forage, the growing season was taken

as 30 days (Kennedy and Strenge,1992: Table
6.12).o A Fm value (op cit., Figure 2.24) replaced the

feed-to-milk transfer coefficient. The poultry 7.6.4 Irr.igat. ion Rate for Crops
and egg pathways were not used in the IPA
Phase 2 studies, and therefore these food- The State of Nevada issues water-use permits that
transfer coefficients were not modified. limit the maximum pumping rate from wells in the

vicinity of Yucca Mountain to 127 liters / month /
These new values, which are stored in a new file square meter (~ 152 centimeters / year) of irrigated

FI761NS.CFB, were used for all calculations of land (Personal comm., Nevada State Engineer's
Office). For areas within 100 kilometers of thedose in IPA Phase 2.
geologic repository, the irrigation period was
assumed to Mnpe wM the agage leng OMe

The leaching factors for soil in FTIb1NS.CFB are growing season (i.e. 60 days). Irngation was,
unchanged from the values in FI761NS.DAT. The to pmceed at We magnmm pumpingassum
magnitudes of the leaching factors in DlTlY are rate allowed by the water permit (see Rate of
directly proportional to the percolation rate of irrigation" in Section 7.8.2).

. .

water through the rooting zone and into deeper
soil layers (an over-watering term of 15 7.6.5 Crop Yields (Iluman Consumption)
centimeters / year was assumed in DITlY). In IPA
Phase 2, small variations in the leaching factors The yields of the irrigated crops (in kilograms per
for very mobile radionuclides (e.g. technecium square meter), and the quantities consumed by
and iodine), were shown to have a significant humans (in kilograms per year, in parenthesis) are
impact on the cumulative magnitude of dose. For taken from Tables 6.14 and 6.15, respectively, in
models like DITlY, that involve long-term Kennedy and Strenge (1992. Vol.1). The values
deposition of radionuclides in soil, the leaching used in DITlY are: leafy vegetables,2.0 (11);
factors should be obtained from site-specific "other" vegetables, including grains, fruits and
investigations, to properly characterize the root vegetables,4.0 (172); the pasture grasses and

retention of radionuclides in soil and their alfalfa that fatten beef cattle and leads to milk
biological availability to crops (International production,1.5 (milk,100 kilograms / year and
Atomic Energy Agency (IAEA),19S2). beef,59 kilograms / year). These values are not
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inconsistent with those found to grow in Nevada be stable throughout the entire 10,000-year period.
lowlands (Nevada Agricultural Statistics Service, Members of this population were located at the
1988). mid-points of the wedge-shaped sectors shown in

Figure 7-2 (i.e., those distances identified in Item;

Milk cows are assumed to consume vegetation at (1), above).
the rate of 55 kilograms / day and beef cattle at 68
kilograms / day. Milk cows are assumed to drink
water at the rate of 60 liters / day and beef cattle at The dispersion studies were extended to 100 kilo-
50 liters / day. These parameters are default values meters, to include the 5500 persons who were

in DlTlY(found in data statements). residents of the city of Pahrump in 1988. This
!

regional population distribution in Figure 7-2 was
! 7.7 Selection of Parameters for the taken from Logan et al. (1982) and was updated

with information obtained from DOE's 1988 SiteInhalation Pathways
Characterization Plan (see DOE,1988; Table

7.7.1 Meteorological Data 3-21).2

t

The meteorological data selected for DirlY was a4

composite of the annual averaged STAR (Stability 7.8 Application of the Dose-
Array) data measured by the National Oceano- Assessment Methodology to Yucca
graphic and Atmospheric Administration between Mountain: Biosphere Scenarios
1986 and 1990, at Station Number 03160 Desert

,

| Rock, Nevada, which is 935 meters above sea level
| (U.S. Department of Commerce (USDC),1992). 7.8.1 Application of the " Critical Group"
j Data were available for seven stability classes, six Concept

wind speeds and for 16 compass directions. Data;

from this particular h> cation were selected Whenever a radiological assessment is undertaken
because of their availability. These data was used before the operation of a new nuclear facility, the,

to calculate the concentrations of airborne specific individuals who may receive the highest
j radionuclides in the region surrounding the exposures and greatest risks in future time cannot

geologic repository. be identified. In these circumstances, it is appro-
,

*

priate to define a hypothetical critical group (i.e.,
All releases of radioactivity from the geolog.ic

.

those persons who receive the highest exposures)
repository were assumed to occur at ground level because this approach avoids the need to forecast;

j and to disperse radially out to a distance of future lifestyles, attitudes to risk, and develop-
100 kilometers. (The distance between radial seg- ments in the diagnosis and treatment of disease.
ments illustrated in 1 igure 7-2 is 20 kilometers.) In principle, the critical group should be defined

j A Gaussian plume model was used to convert by age, sex, and ethnic origins since intakes,
releases of radioactivity to long-term, sector- metabolism, and dosimetry of radionuclides are,

averaged X/G values (expressed in umts of sec- all strongly conditioned by these factors (IAEA,
onds per cubic meter releasea).1n this study, X/G 1982). As noted in Section 7.4, a rough estimate of
values were estimated by DITD,at the followmg the variation of lifetime dose with the age of ini-distances: 2.5,7.5,15,30,50,70, and 90 kilome-

tial exposure may be inferred from the Statement
ters. These distances are measured radially from of Considerations for the final 10 CFR Part 20
the release pomt in the GROA to the midpoints rule'
of the wedge-shaped sectors shown in Figure 7-2
(e.g., a mid-point distance of 30 kilometers
(North)is midway between the 20-kilometer 7.8.2 Ilypothetical fliosphere Scenario:
(North) and 40-kilometer (North) distance Waterborne Release
mtervals).

7.7.2 Regional Population I)istribution at Section 191.15 of 40 CFR Part 191 requires that

Yucca Mountain . au potential pathways . . from the disposal sys-
,

tem to people shall be considered . . including the
lhe size of the regional population exposed to assumption that individuals consume 2 liters / day
airborne releases of radioactivity was assumed to of drinking water from a significant source of

NUREG-1464 7-8



.- .. - - - - - . . . . . - _ . - . . - .

,

|

| .

i 7. Dose Assessment

o
,

N

|
.

71

71 71

55

55 55
7381

;.

63 117 55

52 352 71
71

#
24 212 5555

39 117
2a n

49 a n 212

e n

71 550 39 925 a n 212 117 55 71

a n .

;

35 e n 212
- i

e n .s
393 1677 1

24 106

524 89 156552

71il 393 39

550 918 55

71 il550 55

550

702 5500

201

100 KM

Figure 7-2 Estimated population distribution in the vicinity of Yucca Mountain, Nevada
(The population distribution, as of December 1988,is 22,200. Adopted from
legal et al. (1982) and DOE (1988).)
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ground water outside of the cor. trolled area." A radionuclides from the waste form and the travel
contemporary farm family of three persons was time through the geosphere. Hus, the concentra-
selected as the hypothetical critical group, to tion of the radionuclides in the well at the point of
illustrate the capability for dose assessment that use by the farm family is a complicated function
was incorporated into the TPA computer code in of time.
IPA Phase 2.

To obtain the concentrations of radionuclides in
Location: The hypothetical family is assumed to the contaminated well water after a waterborne
maintain a year-round residence on an average, release, the fluxes of radionuclides m, the aquifer
sized farm (approximately 1093 hectares) located (calculated at the location of the well) were di , ,

at the boundary of the controlled area (10 CFR luted to a volume of 4 million liters / day. Approxi-
60.2) that surrounds the geologic repository at !nately 4 millon liters / day would be required to
Yucca Mountain. Contaminated water pumped irng te the garden plot and the pasture area (88
from a hical well irrigates two areas on this farm: hectares irngated at a rate of 127 liters / square

,

a 88-hectare tract, an area which is set aside as meter-month). This dilution flow was considered
irrigated pasture land for calves (yearlings) and consistent with the water usage by the farm family
other cattle (agricultural statistics for Nevada for and for stock watering. These concentrations were
the 1987-88 period estimates that approximately calculated at selected times during the 10,000-year

! 100 farms, with a irrigated land area of 12,146 period of study and were used as input to DH7Y.
j hectares, are irrigated in Nye County); and a
j fenced-in tract of 1.2 hectares, which is used to Consumption of foods: Reports by the USDC,

; grow a large portion of the fami1y vegetables indicate that no farms in Nye County sell daisy

(leafy and other), fruits and gram, s for home products for profit (USDC,1989; p.138). The

consumption (the growing periods and yields of farm family is therefore assumed to own cows,

crops, and the human consumption of meats and only to provide dairy products for their own

crops were adopted irom hennedy and Strenge consumption. Of the 136 farms identified in Nye

(1992. Tables 6.12-6.15)). The remam, mg 1004 hec- County in 1987, only eight farms raised poultry, ,

tares of un-irngated and un-contaminated land and only nine farms raised hogs and pigs (op cit.).,

are used to graze mature beef cattle. The family is assumed to purchase pork, poultry,
eggs, and small quantities of fruits, vegetables,
and grains at a local supermarket supplied withDrinAm.g %ter: Each member of th.is contempo- un-contaminated foodstuffs by a distributor fromrary family is assumed to obtam all of his/her

,

drinkmg water (2 liters / day of drinkmg water for another geographical area. The family is assumed 1

365 days / year) from a contaminated well at the to consume 100 percent of their beef and milk

boundary of the controlled area. The composition from farm animals that feed on vegetation irri-,

of this well water is assumed to be similar to that
gated by contaminated well water.

found in U.S. Geological Survey Well J-13. Well
J-13 is k)cated approximately 13 kilometers Inside/Outside Actiritics: Annually, the hypothetical

person is assumed to spend 6424 hours (73 per-
southeast from the controlled area boundary of cent) inside his home (TV, sleep, etc.), and to
the repository. The current capacity of the pump spend 2336 hours outside the home (farming,
at Well J-13 is 2385 liters / minute (maximum)
which is approximately 4 million liters / day (see

herding cattle, and recreation). If the hours spent

Czarnecki,1992; Table 1)- inside the home are weighted by a shielding factor
of 0.5 (NRC,1977; p. 43) and added to the hours
spent outside, the effective time that this person

Rate ofIrrigation: Fluxes of radionuclides to the would be exposed to external ionizing radiation
well used by the farm family emanate from the (ground shine and submersion in airborne radio-
seven subareas in the model of the repository for activity) would be 5548 hours / year.
the Yucca Mountain site, as depicted in Figure
4.6, and are calculated by the TPA computer code Erported Beef Cattle: Beef cattle (60 percent

,

that invokes the models for source term releases, mature and 40 percent calves) sold for profit are
flow, and transport. The seven geologic repository assumed to obtain 100 percent of their feed from
sub-areas have different physical and chemical the contaminated vegetation raised on the 88 !properties that govern the times of release of the hectares of irrigated pasture land on the family

;

t
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7. Dose Assessment

farm. Half of the these animals (43 calves and 32 radioactivity was assumed to be respirable !
cattle), that are exported off the farm and sold for (whether in the solid, liquid, or gaseous states). i

profit each year, are estimated to produce 10,377 Any radioactivity that did not become airborne
pounds / year of edible beef.'Ihis quantity of beef was considered to remain undisturbed at the
will feed 177 persons / year, if it is assumed that point of release to the above-ground surface,
one person consumes 129 pounds (59 kilograms)
of beef each year (approximately 1 hamburgers / The NRC staff made preliminary estimates of the

day every day of the year). fractions of radioactivity, released from the
human mtrus on and volcano scenarios, that
became airborne. For the human intrusion

7.8.3 More Realistic Ih.osphere Scenario: scenario, a company that manufactures drill bits
.

Waterborne Release advised the staff that for a large hole, which was
drilled into a hard formation such as granite,

A more realistic biosphere scenario would involve
approximately 25 percent of the drilh,ng would

exploitatian of ground waters near Yucca Moun. p ss through a 200-mesh screen. (Tin,s means thattain, to supplement the municipal water supply 25 percent of the cuttmgs would be smaller thanfor regional populations. Water consumers in the 62 microns). The staff assumed that the gram
,

region would then form the critical group whose ,

doses would be limited by an individual protec- S' .es of cuttings below 62 microns followed a
umform distribution. From a typical plot of grain

tion standard (Federline,1993). This scenario may size versus cumulative percentage of cutt, gs
,

m
be explored further in future IPA analyses. retamed in the van,ous-sized sieves (e.g., see

Freeze and Cherry,1979; p. 351), the staff esti-
7.8.4 Hypothetical Biosphere Scenarios: mated that one-sixth of this material would be

Airborne Releases smaller than 10 microns. It follows that roughly
4 percent of the total mass of the drill cuttings

Phase 2, contammated soil (or gaseous ]C) was
Mccham.sms of Release to thc Atmosphcrc: n IPA would be smaller than 10 microns (25/6 = 4 per-

cent). For the volcano scenario, the NRC staff
assumed to be transported to the ground surface obtained the respirable airborne fractions from
above the repository as a result of disruptions of Fisher and Schmincke (19S4). For " explosive"
the geologic repository either by human mtrusion volcanic eruptions, they claim that between 10 to
(e.g., by exploratmy drilling) or by an extrusive 30 percent of the material that becomes airborne
volcano (only for cone magma events). As many is smaller than 10 microns. i

as 20 radionuclides m,ght contribute to the radio- 1

i

activity in this contaminated soil. During the Calculation of Dosefor Airborne Releases: The se- !

10,000-year period in this study, the times th,at the quence of calculations by the TPA computer code !
releases to the atmosphere from the contammated that results in an estimate of the doses to the !

ground surface could occur are governed by regional population (or the farm family) after ex-
model parameters. The time of release is therefore posure to an airborne release of radioactivity I

a variable, because it depends on the particular from the geologic repository is as follows. First, |

vector set used to generate the dose for any given the consequence modules DRlLLO2, VOLCANO, !
i

scenario (these times and the vector sets are de- and C14 calculate the quantities of radionuclides
14termined by LHS sampling of appropriate model in contaminated soil (or gaseous C) that are

parameters). released to the ground surface in any given year.
These quantities of surface radioactivity are then

Only a fraction of this released radioactivity was multiplied by the corresponding fractions stored
assumed to become available for transport by the in the AIRCO3f module to generate the quantities
air pathway to members of the public beyond the of radioactivity that becomes airborne and respir-
controlled area of the repository. The fractions of able during that year. These latter values are in a
the radioactivity that were assumed to become format that is compatible with the DITlY module
airborne were: 0,04 for the human intrusion see- (curies per year released to air at various times).
narios: 0.30 for the magmatic eruption scenarios;
and 1.0 for the 14C scenarios. (These values were DITlY calculates the concentrations of radio-
stored in the AIRCO3f module of the TPA com- nuclide in the various media (refer to Figure 7-1)

puter code (see Section 2.1.3).) All the airborne that result from an airborne release and converts
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7. Dose Assessment
,

d

these to dose. The semi-infinite plume mcdel was in human response to ionizing radiation. The
used to calculate doses caused by submersion in parameters used in this study for the environ-
contaminated air. For this exercise, wind speeds mental pathway analyses are not always site- |,

measured at the Desert Rock Station were not specific, and furthermore, are considered to be i

corrected to ground-level. invariant in space and time. Nevertheless, the
: results of the dose assessment provide valuable

N 14C insights regarding the performance of the geologicAirborne Itcleases of C: The models for
(gaseous release), human intrusion, and magmatic repository, and are summarized below:
eruption were used to estimate the releases of gas- 34

contribution to the Normalized Release,gcant
. .

A gaseous release of C makes a sigm14 ecous C to the atmosphere. Eventually, all of the
but14C that escapes from degraded waste package

1 canisters emplaced in the repository is assumed to ts correspondmg impact on the cumulative
,

travel through the geosphere and to be gradually population dose is msignificant.

released to the at,mosphere as carbon dioxide gas. The radionuclides that made the largest con-. *
: In DITlY, this C is further assumed to be m, - .

tribut. ions to the population d es (ac umu-corporated into vegetation by the photosynthesis lated over 10.000 years) were: gNb,. . . . Pb,.t process, with a result.mg specif.ic activity m the 243Am, and 237
plant that is identical to that in the contammated Np. (Refer to Section 8.3.2. for

addit.ional discussion.)atmosphere. DITlY also assumes that 10 percent
; of the specific activity in soilis transferred to the The scenario classes most likely to impacte
,

edible plant, to augment the photosynthesis dose were those composed of some combina-
| Process. tion of the following independent events:
i drilling into a waste package canister, plus a
| In Section 4.3, the releases of 14C were estimated change in climate, plus a seismic event.
; to occur over an area of several square kilometers. (Refer to Figure 9-7b in Section 9.3 and the

14C releases to the atmo- discussion of climate in Section 9.2.3 fori llut, in this study, all
'

sphere were assumed to emanate from a point additional discussion.)
source located at the approximate center of the
GROA. The exposure values reported in IPA The average annual inhalation dose to ane
Phase 2 for 14C are therefore expected to over- individual in the Yucca Mountain region was
estimate collective dose, since the concentrations negligible compared to the average annual

14C from the area source would be dose caused by the ingestion of contaminatedof gaseous
more diffused, and therefore smaller, than those drinking water and locally-grown contami-
from a point source, nated food (both averaged over a 10,000-year

period as discussed in Section 9.6).
7.9 Conclusions and Possible

Considerations for Future Dose Further data development and site character-e

Assessments izati n are desirable, if not necessary, to help
reduce the uncertainty m many important

,

parameters in the biosphere model(such as
7.9.1 Conclusions the leaching rates in soil).

Although dose-related parameters were not sam- 7.9.2 Considerations for Future Dose
pied m this total system performance assessment, Assessments
the uncertainty inherent in the dose assessment
calculation can be significant, and adds to the The following recommendations should be con-
uncertainty being propagated in the release sidered for adoption in future dose assessments
model. Much of the uncertainty in dose is associ- that might be conducted by the staff as part of its
ated with inherent uncertainties in the param- IPA work.
eters used for the human physiology and environ-
mental pathway models in the DITIY computer
code. 'Ihe DCF may not always reflect the indi-

2nerined as cumulative toiai reicases of radionuclides at the accessi-vidual differences (e.g., age, metabolism, sex, etc.) ble environment. see section 8.i.
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7. Dose Assessment

1-Improre the DITIY dose assessment model atmospheric concentrations caused by
releases of radonucHdes fmm area sources,

Display the results of dose assessments with ese rnodels couM be used to oMain beuero
dose est, nates for releases of gaseous l4C.multi-dimensional plots (cumulative and u

organ doses should be functions of both the
type of radionuclide and the exposure Evaluate atmospheric dispersion models thate
pathway). consider aerosols of a variety of particle sizes,

shapes, and densities.
o Re-calculate the DCFs used in IPA Phase 2,

to obtain a more accurate estimate of popula- Evaluate demographic models that can pro-e
tion doses for long-lived radionuclides (as ject the growth of a population. This feature
discussed in Section 7.6). would be useful for calculation of collective

dose.
Verify that the model parameters currentlyo
used in D17'IY are applicable to the Yucca Evaluate methods employed by m. ternat.ionale
Mountain site; identify the ranges of these rg n zations for calculation of dose into the
parameters' far future (e.g., BIOMOVS and the Nuclear

"''EY ^E'"'Y}'2-Eraluate other dose-assessment computer codes

Incorporate the "1990 Recommendations ofEvaluate other computer codes that could be eo
used to estimate long-term individual and the International Commission on Radiolog-

collective exposures and that should be ical Protection"(ICRP,1990), into the codes
used for dose calculations, when adopted by

explored if dose becomes a performance
requirement. One code that has these capa- the Agency,

bilities to be explored is GENil-S (see Leigh
et al.,1993). Many of the databases in this 3-Conduct sensitivityluncertainty analyses
code are common to the DITIY code used in

Apply the statistical semsitivity and uncer-ethis study.
tainty methodology developed in IPA Phase 2

Evaluate atmospheric dispersion (or for the geosphere models to the dose-o
diffusion) models that can calculate assessment models.

7-13 NUREG-1464 f
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8 SENSITIVITY AND UNCERTAINTY ANALYSISI
:

8.1 Introduction data should be concentrated. nis section dis-
cusses how variation in model output reflects i

ne purpose of sensitivity and uncertainty analy- variation in the input parameters. !
ses is to gain an understanding of the relation-
ships between the repository performance meas- 8.2 Overview of Techniques and
ures and the input parameters used to formulate Methods
the models. ne overall performance measures for
the geologic repository used in the Iterative Per- 8.2.1 Background
formance Assessment (IPA) Phase 2 analysis are
cumulative total releases of radionuclides at the A variety of techniques have been used to quan-

accessible environment (Nonnalized Release) and tify the uncertainty and sensitivity in complex
doses to the exposed population (Effective Dose models for assessing radiological impact on man
Equivalcer). Because of the complexity of the and the environment. These melude: the Monte
systems c9mprising a geologic repository,it is not Carlo method (Helton 1961); fractional factorial
usually possible to develop exact analytical ex. design (Cochran,1963); differential analysis (Bay-
pressions for the functional relationship between butt et al.,1981): response surface methodology;
repository performance and the input parameters Fourier amplitude sensitivity (Helton et al.,1991):
used to formulate the models. Empirical relation. and the Limit-State Approach (Wu et al.,1992).
ships may be inferred by inspecting the model No one technique is definitive and several can be
performance measures and input parameters in a used together to evaluate total-system perform-

variety of ways. %is section will illustrate a num. ance assessments. Because comparisons of the
,

ber of techniques used for determining the rela. methods employed in each approach may be I

tionships among parameters and their importance found in several works (Zimmerman et al.,1991;

to the model performance. Helton et al.,199h and Wu et al.,1992), only a
limited evaluation is provided here. The Monte

Performance assessments for the geologic reposi. Carlo approach was used in the present perform-
tory are based on conceptual models, embodied ance assessment. Regression analysis and differ-
as computer programs, and measured field and ential analysis as means of determining sensitivity
laboratory data. Because of the inherent varia. to individual parameters are compared in Section
bilities and sparsity of the measured data and the 8.4.4.

underlying uncertainty concerning the processes
included in the models, the results of any per- 8.2.2 IPA Phase 1 Sensitivity and
formance assessment have significant uncertainty, Uncertainty Analyses .

An important aspect of conducting a performance IPA Phase 1 examined sensitivity and uncertainty
assessment for a geologic repository is quantifymg for radionuclide releases at the accessible environ-

, ,

the sensitivity of the results to, and the uncer- ment for a geck >gic repository in unsaturated tuff
tainty associated with, the values of the mput .ll(see Section 9.5, " Sensitivities and Uncertainties
parameters. An analysis of model sensitivity wi for Liquid-Pathway Analysis,"in Codell et al.,

,

provide mformation concermng which input 1992). The consequence models were significantly
parameters are most important to the results. A simpler than those in the present study, and there

,

t

better understandmg of those parameters that was a narrower range of scenarios considered. |
have the most influence on the results can hope- i

fully lead to improvement in the models. Likewise, .

8.2.2.1 Sensitivity Analyses
from a review standpoint, identification of the
most sensitive parameters provides a means of Four sensitivity analyses were performed for IPA
comparing and evaluating different performance Phase 1: (a) sensitivity analyses demonstrating the i

assessment models and indicates where reviews of effect of individual parameters on the result-
ant Complementary Cumulative Distribution

lThe figures shown in this chapter present the results from a demon- Function (CCDF) for cumulative release to the
$UigurE.$i[*e'Ehe 17p t o ,$r $i e$byNe%" f accessible environment (10 CFR 60.112); (b) re-''

nst
many simpiifying assumptions and sparse data- gression analyses using stepwise linear Tegression

8-1 NUREG-1464
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8. Sensitivity and Uncertainty

to estimate the sensitivity to key parameters in the most important variables and estimate sensitivi-
consequence models;(c) determination of relative ties of the total-system performance assessment

,

importance of radionuclides in the waste; and (d) model output to individual independent variables. ,

i

sensitivity of CCDFs to performance of the In IPA Phase 2, the following techniques for
natural and engineered barriers. The sensitivity development of a regression equation to emulate

i analyses considered only liquid releases, not those the total-system performance assessment model
from drilling. Gas release was not part of the IPA were investigated: transformation of data (Iman

; Phase 1 total-system performance assessment and Conover,1979; and Seitz et al.,1991); test for
i results, but was included as an auxiliary analysis heteroscedasticity (residual variation-see Draper

(see Appendix D," Gaseous Release of C14,"in and Smith,1966; Bowen and Bennett,1988; and
Codell et al.,1992). Sen and Srivastava,1990); and Mallows' C,

statistic (Sen and Srivastava,1990). In addition to
i

several techniques used in previous performance
1 8.2.2.2 Uncertainty Analyses assessment work (e.g., the stepwise hnear regres-

The Phase 1 IPA included only two events and sion), the following techniques were evaluated for

processes different from the base-case conditions: determining parameter importance and sensitivity

pluvial conditions and drilling. These were com- (Kolmogorov Smirnov and Sign tests (Bowen and
bined into four scenarios (i.e., base case, base Bennett,1988)); and differential analysis (Helton

case plus drilling, pluvial conditions without et al.,1991).

drilling, and pluvial conditions with drilling).
Uncertainty analyses were restricted to presen. The sensitivity and uncertainty analyses were

tation of CCDF plots of cumulative release at the done with the commercially-available statistical

accessible environment (Nonnali cd Release) for
package, S-plus (Version 3.1) (Statistical Sciences,

each of the scenarios, separately, and a combined Inc.,1991). Programs written in S-plus were used
,

CCDF for all scenarios factored by the scenario in this work to do the compartmental-component

probability. The CCDFs were the result of the analysis, stepwise imear regression analysis,
, ,

uncertainiy in the sampled parameters propa. multilinear regression analysis, and statistical

; gated through the analysis. Effective Dose Equiv. tests such as the Kolmogorov-Smirnov test and
Mallows' C statistic.

; alent was not calculated as a performance meas. p

ure for the IPA Phase 1 study. Construction of-

CCDFs is described in Section 9.2 of this report. 8.3 Selection of Most Influential
Independent Parameters

; 8.23 Techniques 83.1 Subset Selection by Stepwise Regression

The techniques used in the evaluation of the Analysis
performance assessment model include studying Stepwise regression analysis has been used in;

; the distributions of the input and output varia- previous total-system performance assessment
i bles, evaluating correlations between individual work (Codell et al.,1992; and Helton et al.,1991)'

input parameters and the performance measures, to determine the independent variables that have
and overall model sensitivity to independent the most influence on the model output. Stepwise
variables. The techniques used in this analysis regression analysis selects variables to be in a,

have been described by a number of authors linear equation based on the correlation coeffi-<

(Draper and Smith,1966; Mendenhall and cient between a single independent variable and
Schaeffer,1973; Bowen and Bennett,1988; and the dependent variable (Draper and Smith,1966;
Sen and Srivastava,1990) and several have been and Iman et al.,1980).
applied previously to total-system performance
assessments (Iman and Conover,1979; Helton et Selection of variables for the linear model by step-
al.,1991; and McKay,1992). wise regression analysis may be based on a variety-

of criteria, such as the F-statistic, the Mean '
'Ihe use of regression analysis in this work was an Square Error, the correlation coefficient, or the
extension of the regression analyses done in IPA C statistic. As variables are added to the regres-i

f
Phase 1 (see Codell et al.,1992; p. 62). Previously, sion equation, the coefficient of determination,

2the regression analysis was used to determine the R , is calculated (Seitz et al.,1991). The coefficient
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8. Sensitivity and Uncertainty.

!

of determination is the square of the multiple potential parameters, ccorr6, ccorr7, and ccorr8

: correlation coefficient (Walpole and Myers,1978) that were used in the SOTEC module (see Chap-

| and is proportional to the total variance of the ter 5 and Appendix A). Infiltration was the most
J dependent parameter that is explained by the important parameter for the scenarios (see Table

regression model:it increases as more variables 8-1) in which climatic (pluvial) consequences were
are added to the model(Intriligator,1978). In this not considered (oooo, oodo, osoo, ooov). He gas:

analysis, the F-statistic was used for variable retardation coefficient (betaf) and fracture
i selection; the subset giving the largest R was permeability (permf) for the Topapah Springs2

chosen, member (Cl4 gas module) were also included in
the list of the most important parameters. De
UO alteration rate for sub-area 2 of the reposi-

I In stepwise regression, parameters are ranked in tory,fomar2 (SOMC), was among the important
2 ,

order of importance to the total-system perform- param ters for the scenanos with climatic conse-
,

ance assessment model by their effect on the quences, cooo and csdv. Tables 8-2 to 8-5 list the
#

2coefficient of determination, R (Seitz ct al.,1991). parameters selected by stepwise regression for the
! The variable associated with the largest change in base case (oooo) and fully disturbed case (csdv)

2
.

R is ranked as the most important. for the 0.01 level of significance.
4

'

Subset selection by the stepwise regression tech- It should be noted that the same subsets were
1 nique may be performed at varying levels of sig- selected for all scenarios without climatic disturb-

mficance, n. The level of sigmficance a is the ances, vooo, oodo, osoo, ooov. Similarly, the scc-
, ,

probability that a parameter will be rejected from narios with climatic effects, cooo and csdv, had
the regression equation when it should be in- the same subsets of important parameters.

i cluded. IIelton et al. (1991) performed stepwise
regression analyses at the 0.01 level of signifi-
cance. In this analysis, the stepwise regression Table 8-1 Scenario Classes Modeled in the IPA
analyses were done for 0.01 and 0.05 level of Phase 2 Anahs.is
significance. For the base case (oooo) scenario,'

fifteen parameters were selected by the stepwise
i regression from a suite of 195 parameters at the Scenario Class

0.01 level of significance, whereas 24 parameters Scenario Class Identifier
were selected at the 0.05 level of significance. Six

i parameters were selected at the 0.01 level of
significance, from a suite of 29 independent 13ase Case o000

<

paranieters by Helton et al., for the Waste Climate Change Only (Pluvial) cooo'

isolat,on I,ilot Project performance assessment.i

IIelton et al. noted that as the number of Seismicity Only osoo
;

independent parameters increases, there is more
chance for selection of a spurious pararneter. An Drilling Only oodo

analysis of the relationship between the number of Magmatic Activity Only ooov
independent parameters used as mput to the

! total system performance assessment model, the Drilling + Seismicity osdo

: level of significance, and the number of the Drilling + Se.ismicity +
..

stepwise-selected parameters was not done in IPA Magmatic Activity osdv
Phase 2. Ilowever, such an analysis is needed in
order to establish the most appropriate number of Drilling + Seismicity +
variables for the selected subset. A discussion of Climate Change esde

; Mallows' C statistic for determining the num-p
ber of parameters for the "best" fit of a model by Drilling + Seismicity +'

a regression equation is given in Section 8.6.2.2. Magmatic Activity +
a esdvClimate Change

A small set of parameters that were important in,

all IPA Phase 2 scenarios were the corrosion arully disturbed'

'
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8. Sensitivity and Uncertainty

Table 8-2 Results of Stepwise and Multilinear Regression: Normallt.ed Release for Base Case (oooo)
Scenarioa

Standardi:.ed Rank
Ibrameter Regression Cordidence Regression Regression Elasticity Uncertainty
Name CotDicient interraib CoeDicient Coeficient Coeficient CotDicient

INFIl4UN) 4.86E + 02 1.12E + 02 0.400 0.417 0.390 0.160

ECORR6 -3.35E-03 1.06E-06 -0.312 -0.348 -2.69 0.0976

ECORR7 -2.68E-03 1.06E-03 -0.248 -0.282 -2.14 0.0619

RETARD 3 -1.44E-03 5.57E-03 -0.242 -0.216 -0.510 0.0587

ECORR8 1.28E + 03 5.72E + 0.'. 0.205 0.243 0.176 0.042

AKR3 9.34E + 14 4.03E + 14 0.213 0.274 0.255 0.046

Kd39'Ih -7.18E-01 4.78E-01 -0.148 -0.092 -0.119 0.019

ECORR5 -2.79E + 01 2.25E + 01 -0.114 -0.0S2 -0.213 0.0130

RETARD 1 -6.20E-03 5.56E-03 -0.104 -0.110 -0.219 0.0108

KdCm1 1.43E-01 1.27E-01 0.104 0.066 0.0S9 0.0107

AKR2 9.79E + 13 8.24E + 13 0.110 0.106 0.132 0.0121

AKR4 1.60E + 14 1.34E + 14 0.120 0.126 0.131 0.0121

Kd26Am 4.12E-02 4.21E-02 0.090 0.074 0.077 0.008

SOIAAm 2.03E + 03 2.00E + 03 0.094 c 0.068 0.009

FORWAR2 5.69E + 02 5.71E + 02 0.092 c 0.068 0.008

"See Appendix A for a description of the parameter names. Coefficients are described in Section 8.4.
" Values expressed can be added to or subtracted from the Regression Coefficient.
Tarameter not selected.
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8. Sensitivity and Uncertainty

Table 8-3 Results of Stepwise and R.itilinear Regression: Efective Dose Equiralent for Base Case
(oooo) Scenarioa

Standardized Rank
Pararneter Regression Confidence Regression Regression Elasticity Uncertainty

Co<ficient CocDicient CoeDicient CoeficientNarne Coeficient interraib

INFilfUN) 2.91E + 07 4.20E + 06 0.657 0.870 1.03 0.432

FUNNEL 2 8.27E + 04 4.63E + 04 0.169 0.091 0.469 0.0286

ECORR6 -6.45E + 01 3.708E + 01 -0.165 -0.138 -2.29 0.0272

! FORWAR2 3.57E + 07 2.15E + 07 0.158 0.101 0.217 0.0249

SOL 4AM 1.04E + 08 7.46E + 07 0.132 0.042 0.154 0.0175

RDIFF13 4.38E + 07 3.77E + 07 0.110 0.072 0.151 0.0121

KD39Th -1.87E + 04 1.79E + 04 -0.099 -0.038 -0.136 0.0098

ECORR5 -8.18E + 05 8.43E + 05 -0.092 -0.053 -0.278 0.0085

RPOR21 1.51E + 05 1.54E + 05 0.093 0.043 0.061 0.0087

ECORR7 -3.62E + 01 3.71E + 01 -0.093 -0.140 -1.28 0.0086

*See Appendix A for a definition of the parameter names. Coefficients are described in Section 8.4.
' Values expressed can be added to or subtracted from the Regression Coefficient.

Table 8-4 Results of Stepwise and Multilinear Regression: Norinalit.ed Release for Fully Disturbed
(csdr) Scenario"

Standardized Rank
Parameter Regression Confidence Regression Regression Elasticity Uncertainty

Narne Coeficient intervalb Coeficient Coeficient CoeDicient CoeDicient

ECORR6 -6.71E-03 1.37E-03 -0.36 -0.385 -2.22 0.133

ECORR7 -4.55E-03 1.37E-03 -0.25 -0.333 -1.50 0.061

FORWAR2 2.09E + 03 8.41E+ 02 0.20 0.158 0.12 0.038

ECORR8 1.93E + 03 8.44E + 02 0.18 0.179 0.11 0.033

FORWAR3 1.46E + 03 8.45E + 02 0.14 0.121 0.08 0.019

KD39TII -1.25E + 00 7.04E-01 -0.14 -0.124 -0.09 0.020

RETARD 3 -1.33E-02 8.04E-03 -0.13 -0.148 -0.19 0.017

FUNNEL 2 2.87E + 00 1.82E + 00 0.13 0.120 0.15 0.016
i

VOLMAX2 -8.64 E + 01 6.08E-01 0.11 0.032 0.14 0.013

HIT 19 1.02E+ 00 7.29E-01 0.11 0.118 0.13 0.012

'See Appendix A for a di Unition of the parameter names. Coefficients are described in Section 8.4.
*Wlues expressed can be M4d to or subtracted from the Regression Coef]Icient.

8-5 NUREG-1464
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Table 8-5 Results of Stepwise and Multilinear Regression: Efectire Dose Equiralent for Fully
Disturbed (csdr) Scenarioa

Standardiz.ed Rank
Pararneter Regression Confidence Regression Regression Elasticity Uncertainty
Name CoeDicient Interval'' Coeficient CoeDicient CocDicient Coeficient

FORWAR2 2.13E + 08 8.48E + 07 0.219 0.378 0.407 0.048

FORWAR3 1.63E + 08 1.54E + 07 0.167 0.126 0.310 0.028

ECORR6 -2.60E + 02 1.47E + 02 -0.154 0.346 -2.88 0.024

ECORR8 1.39E + 08 8.54E + 07 0.143 0.087 0.215 0.020

Kd114Se 3.75E + 06 2.84E + 06 0.115 c 0.215 0.013

DRILL 21 9.85E + 00 7.48E + 00 0.114 0.099 0.437 0.013

VOLMAX4 -8.07E + 04 6.13E + 04 -0.115 -0.046 -0.430 0.013

Kd104Ni 1.14E + 06 8.51E + 05 0.116 c 0.217 0.014

ZONE 7 -8.65 E + 04 7.35E + 04 4).102 c 4).383 0.010

Kd44Ra 6.65E + 03 5.70E + 04 0.102 -c 0.191 0.010

WAREA4 8.97E + 04 7.35E + 04 0.106 c 0.398 0.011

FUNNEL 2 2.14E + 05 1.89E + 05 0.101 0.237 0.380 0.010

PERMF1 1.82E + 21 1.65E + 21 0.096 0.119 2.34 0.009

lilt 19 8.37E + 04 7.35E + 04 0.099 0.0S6 0.037 0.010

Kd50Pb 1.36E + 04 1.26E + 04 0.095 c 0.177 0.009

BETAF3 -3.94 E + 04 3.48E + 04 -0.098 c -1.49 0.010

PORM1 5.0SE + 05 7.33E + 05 0.060 c 0.050 0.004

BETAM 3.54E + 04 3.48E + 04 -0.0S8 -0.058 -0.709 0.008

VOLMAX6 -6.04E + 04 6.13E + 04 -0.0S6 c -0.321 0.007

'See Appendix A for a definition of the parameter names. Coefficients are described in Section 8.4.
6 Values expressed can be added to or subtracted from the Regression Coef]icient.
' Parameter not selected.

NUREG-1464 8-6
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8. Sensitivity and Uncertainty

A means of confirming the selection of the most radionuclides or release pathways to the Normal-
important parameters for the model is through i:cd Rc/ case or Effective Dose Equivalent. The
the use of scatter plots (llelton et al., 1991).13y compartmental component analysis was done
plotting the performance measure (Normalized primarily with the use of boxplots. The boxplot
Rc/ case or Effective Dose Equivalent) against the (Tukey,1977; and llelton et al.,1991)is a means
input variable (e.g., undisturbed infiltration) linear of assessing the effect of the full range and distri-
or discontinuous relationships among the param- bution of a given component (radionuclide or
eters may be seen, llowever, because the per- geosphere pathway) on the output. The boxplot
formance measures are a function of many (Figure 8-1) consists of a " box," the ends of which
independent parameters, distinct relationships represent the lower and upper quartiles of the
may be difficult to detect from scatter plots alone. distribution (25th percentile (X.25) and 75th

percentile (r.75) respectively). The "/" symbol

8.3.2 Compartmental Component Analysis (whisker) represents the values in the distribution
that arc x25 - 1.5(x.75 - x.25) and x 75 + 1.5(x.75 -

Compartmental component analysis was used to x.25)(llelton et al.,1991). Values outside the
illustrate the relative importance of individual whiskers (" outliers") are represented with lines. 1

Outher

20 -

-

Outher

$

4

15 --

-

e
$
2

Outher

~$ Outher
m
E 10 Whiskerx 7, + 1.5 x (a , - mas) g [r

75th Percentile

5 .

-

IMedian

25th Percentile

i

I0 m ,, - 1.5 x (s 7 - x ,,) Whisker -

|

|

Figure 8-1 Example boxplot showing interquartile region, the whiskers at 1.5 x (interquartile)
and outliers in the distribution
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|

IdC release. More than 25 percent of the
8.3.2.1 Contribution of Individual Nuclides to gaseous

the Nonnalir.cd Release and Effccrire Dose liquid pathway releases yield a Nonnali:cd Rc/ case

Equiraient greater than 1.

'Ihe contribution of individual nuclides to the The nuclides making the largest contribution to
Nonnalized Rc/ case was evaluated in terms of the '9dNb,210 b,P
absolute contribution, the fraction of the total the Effective Dose Equivalent are 243Am are243Am. 9 Nb, 237Np, and
contribution, and the contribution of different 237Np, and

important because of their long half-lives, whereas
transport pathways to the co!!cetive release to the 210 b continues to build up over time with decayPaccessible environment. The contributions by of nuclides in the 238U series, particularly 234U.
seven representative radionuclides to the
Nonnali:ed Release and to the Effective Duse
Equivalent for the base case (oooo) are shown in 8.3.2.2 Meases by Pathway,

Figures 8-2 and 8-3, respectively. Corresponding
results for the fully disturbed case (csdv) are 'The relative release by pathway differs between
illustrated in Figures 8-4 and 8-5. the base (oooo) and the fully disturbed (csdv)

e ses.,In the base case (oooo) scenario, the con-
The dominant radionuclide contributor to the tribution to the Nonnf :cd Rc/ case is roughlydi

IdC, primarily in the gas- divided between the hquid and the gaseous path-Nonnali:cd Release is
cous pathway (Figures 8-2 and 8-4). Fifty percent ways. E,le mean contributton to the Nonnalized

IdCof the vectors in the base case (oooo) have Release is higher m, the hqu,id pathway for Nor-
releases greater than 0.8 times the U.S. Environ- mali:cd Release less than 1, whereas the mean
mental Protection Agency (EPA) limit. Although contribution to the Nonna!!:cd Relcase is higher ,in
gaseous C is important to the Nonnali:cd die gaseous pathwaysfy Nonnah:cd Release14

Release, it is a very small contributor to the between 1 and 10. Tius is anticipated because

2Ecc' ire Dose Equivalent (Figures 8-3 and 8-5).much of the exceedegee of the EPA limit of 1 isE
,

Am is an important contributor to the Nonnal- *"'' " E*''""' '0 **'' ' ' ' * ' ' ' ' " '
i:ed Release and Effective Dose Equivalent, where- the fully disturbed (csdv) scenario are divided

240Pu and 971'c are important contributors to much differently among h, quid, gaseous, andas
the fully disturbed (csdv) scenario Nonnali:cd direct pathways (Figure 8-6). The mean fractional
Release. In some cases, these nuclides exhibit Contribution to the Nonnali:cd Release for the
releases greater than the EPA limit. l.iquid pathway is 0.8, whereas the mean fractional

contribution to the Nonnalized Rc/ case for the2Federal Regulation 40 CFR Part 191 provides
,

gaseous pathway ,s 0.2. The direct pathway (viai
that 10 percent of the total releases to the drilh,ng or volcamsm), while a much smaller
accessible environment may have a Nonnali:cd contributor to the Nonnali cd Release, exhibits
Release between 1 and 10. In the IPA Phase 2 Nonnali:cd Release values as high as 15.
total-system performance assessment, more than
fifty percent of the vectors gave a Nonnali:cd
Rc/ case greater than 1,in large part because of the 8.3.3 Significance ofIndependent Parameters

-Kolmogorov-Smirnov Test and Sign
Test

2 Currently a revned set of standards specific to the Yucca Mountain

$# NMtN2Ytle $"n'e*rb992.1rects NRC to pro.iiI* TcNf $92SIuhtic
The stepwise regression analysis used the change" S#"

2
Law f02-486), approved October 24

in the coefficient of determinat,on, R , to deter-c i

a$f$nd
ine which parameters ' vere the most important

UtNtthes e u'ta
#

s ec sten w ti pub in the total-system pc. )rmance assessment
safety standards for protection of the pubhe from releases to the
accembie environmeni from radioactive materiais stored or dis- model. The Kolmogo.ov-Smirnov (K-S) test and
posed of at Yucca Mountain. Nevada. consistent with the findings the Sign test were also used to determme the

.

and recommendations made b the Nationai Academy of sciences,

e $at t ng importance of the input parameters (Bowen and" " " " '
Nh hn
17'A standards for the Yucca Mountain site will not be substantially Bennett,1988). These tests, unlike stepwisec ne i ory. sa e

pit [E'u"tarty2 ii$7pE[a'fn"$ $e$*cN"dadEa $"u$n'ifi}iive
regression analysis, test the relationship between' '" '

, ,

performance assessment as the means to estimate postciosure the parameters and resultS, Without assummg ai

performance of the repos tory system. specific functional form.

NUREG-1464 8-8
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8. Sensitivity and Uncertainty

833.1 The Kolmogorov-Smirnov Test Table 8-6 presents the results of applying the K-S
and Sign tests to the base case (oooo) scenario

The K-S test (Bowen and Bennett,1988)is gener- results for the 0.05 level of significance. The
ally used to test whether two distributions are the parameters are listed in order of their values for
same. It was used in the present context as a test the K-S test. In general, when the K-S test and
of whether a subset of the LilS-determined values Sign test were performed on a set of independent
for a given input parameter conforms to the parameters one-at-a-time, the resulting subset of
distribution defined for the variable. The subsets important independent parameters agreed with
ofinput values used in the K-S analysis corre- the set ofindependent parameters selected by the
spond to the vectors in which the 40 largest values stepwise regression. However, this agreement is
for Nonnalized Release or Effective Dose Equiva- conditional on the fact that the samples tested
lent vcere generated in a given scenario. For each were made up of only the largest values of the
input parameter, the defined or theoretical Nonnalized Release or Effective Dose Equivalent.
distribution was compared to the distribution of
the values in the subsets (Figure 8-7). If the The advantage of the K-S and Sign tests over the
theoretical and subset distributions are similar, stepwise regression analysis is that the correlation
the interpretation is that the input parameter will with the performance measure is strictly related to
have little or no effect on the results. Conversely, the distribution of the independent parameter.
a significant difference between the theoretical Different ranges of the performance measure can
distribution and subset distribution would indi- also be explored to determine the most significant
cate that the parameter is important to the per- parameters in other parts of the parameter space.
formance measure. Figure 8-7a is a plot of the
theoretical distribution (solid line) and the distri- 8.4 Sensitivity Analysis
bution of the sampled values (dots) for the
fracture beta parameter. The two distributions are 8.4.1 Introduction
very similar, whereas the distnbutions for
undisturbed infiltration (Figure 8-7b) are very The objective of sensitivity analysis is to establish
different. Fifty percent of the values (cumulative the relative importance of parameters to the con-
density = 0.5 to 1.0) from the theoretical distri- ceptual model. One measure of model sensitivity
bution (solid line) for infiltration rate are greater is the amount of variation in model output af-
than 0.(XX)75, whereas 80 percent (cumulative fected by variation in the model input. The model
density = 0.2 to 1) of the sampled values (dots) output, Y, cumulative release of radionuclides at
are greater than 0.(XX)75. These large values for the accessible environment (Nonnal/2cd Rc/ case or
the infiltration rate are thus significant in affecting Effective Dose Equivalent) can be expressed in
the total-system performance assessment (TIM) terms of the independent parameters:
computer model output as Nonnali cd Release.

t

Y - f(ri,x2,. ...x) (8-1)
83.3.2 The Sign Test

The Sign test (Bowen and Bennett,1988)is Model sensitivity can be defined as the first par-
another test for comparing whether two distribu. tial derivative of the model output response Y
tions are the same. Each observation in the subset with respect to the mput parametersxt:
sample is represented by a plus (+ ) sign or a
minus (-) sign, depending whether it is smaller or 0Y

, , _ _ (8-2)larger than the median of the known distribution. Ox,

The test statistic is the total number of plus (+)
signs, and is compared to the number of plus The sensitivity, as defined in the above relation-
rigns expected for a given theoretical distribution ship, has dimensions. To compare sensitivity
and number of samples. If the distributions are among parameters in the model, the sensitivities |
significantly different, the independent variable is can be normalized and made dimensionless. This |
considered to have an important effect on the may be done in a variety of ways. One method of
total-system performance assessment model making the sensitivities dimensionless is to
output. multiply the sensitivity by a ratio of Y and xj:

NUREG-1464 8-14

-_____ __-- _ -_ _ - - -



' <

D%9m;cCZ *p

-

3e5= oEat

8 0 3 = o. *
- - - _ - -

_

F
i_ g .. a_

- u
r
e 3

-

8 5|

7- ..
_ .:

fD B .
r e ._

ai t *sct a .4/t r 0| .
ui F *.

- r b r
a_ e us c .

_ ;t t
i u *_ o(b n r

_ e
)s s 4

Uu
.

5|
*sn ed di

s i
t nu .
r t
bh .ee 5_

0|d Ki onl_

fm .i
l
t o 'rag
t o.

ir_ o o_ nv
. r -
_ aS ae3==o=.,w,

tem
.i

- )rn o g o.e 3 g o
o

_ - _ - - _v
t
e
s j

t
t 0 | * h

0 e( . o( . r
e ya

0 :|; ti) : - caB 0 l

0| ... de
t si1

a *. t

n
bc . uo *.. i
t

oe * nI

f n
f f

c i ..i

i
l |
t
re an
i :t

t o .f no s
r R 0 r ..a n

t 0| p .*e 0
3 w

( d
m i .s
/ t

ny br ..u)
i
t

| o
n

.

.
0 .
.

1
.0

0 .
5

* E 5 R n C o. E w n E @ m .=,



8. Sensitivity and Uncertainty

aY x, Another way to remove the dimensions and the
#, " E ' Y ~ (8-3) differences in scale is to standardize each value

for the input and response parameters by sub-
tracting the estimated mean I and dividing by

If the values for xi and Y used in the ratioxj/Y are
the estimated means ofxi and Y, the sensitivity is x, - r

#' . ~ (8'

known as the "clasticity"(Intriligator,1978). o,
;

|

Table 8-6 Important Parameters Selected by the Kolmogorov-Smirnov and Sign Tests for
the llase Case (oooo) Scenario at the 0.05 Level of Significancea

Collective
Normalized Efective Dose
Release TIM Afodule Equivalent Thi Afodule

INFlyUN) FLOWMOD INFlyUN) FLOWMOD

ECORR8 SOTEC FUNNEL 2 SOTEC

AKR3 Cl4 RPOR(1,2) SOTEC

RETARD 2 C14 ECORR6 SOTEC

SOL 4Am SOTEC FORWAR2 SOTEC

*See Appendix A for a definition of the variable names. i

'Ihe sensitivities ar */ax, * will have values be-
o+fAz+c,tween 0and 1, which facilitates comparison Y-n (8-5) !,

between disparate parameters. .-i

whem a is the intercept, A are the regressionA number of methods may be used to estimate o

the sensitivity of tl e model output to a given inde- coefficients and 6 is the error (Sen and
pendent parameter. Differential analysis (Helton Srivastava,1990).

et al.,1991), involves Grerrr;ining the local sensi-
tivity of the respom,e to an individual parameter. Many submodels in a typical performance assess-

Regtession analysis may be used to estimate the ment behave non-linearly with respect to the

sensitivity of the model in relation to an individ:
values of the input parameters. Regression can, , ,

ual parameter, or to a group of parameters. Esti- include polynomials and cross products of the N

mations of model performance and overall model independent parameters. For example:
-

sensitivity may be generated with a regression y y y
equation. o+[#.4+ [ [#,x;2+r.Ya (8-6)

,
4 -

..i t.: j.i

Generally, a linear regression equation is
represented as a linear combination of the The regression analyses for IPA Phase 2 con-
independent parameters: sidered only linear forms and combinations of the

NUREG-1464 8-16
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8. Sensitivity and Uncertainty ,

,

i
l

1
i

parameters, such as that expressed in Equation regression coefficients. It should be noted that |

!

; (8-5). while the regression coefficients are a measure of
sensitivity of the model output to the input vari-'

824,2 Estimation of Sensitivities by ables, they are particular to specific models and i

Regression Analysis are not generically applicable.

Multilinear regression was used to estimate the 8,4.3 Estimation of Sensitivities by
sensitivities of the model with respect to the most Differential Analysis
important parameters selected by stepwise
regression analysis. The estimated regression Another method used primarily for sensitivity
coefficients for the untransformed data have analyses is differential analysis. This approach
dimensions. Tb compare sensitivities for the consists of approximating the response surface by i

individual parameters, two different transfor- its Thylor series expansion about a reference point I

mations of the data were executed before doing (x ) such as the mean:o

the regression analysis: standardization (Seitz et
al.,1991) and rank transformation (Iman and u

Conover,1979). Y - Y(#) + [ aY(#)(x4-27)axi
6. ,

8,4.2.1 Standardization + (higher order terms) + c, (8-7).

Data can be standardized to eliminate the dimen-
sions and any scale effecis, as illustrated in By truncating the Taylor series at the first term.
Equation (8-4) above. The result of this transfor- the partial derivative of the response with respect

to variable xi or a small perturbation from thefmation is that all transformed parameter values
have a mean of zero and a standard deviation of reference point is defined:
one. The regression coefficients estimated, using
standardized data, are also a measure of the ay(f) y _ y(f) (8-8)fraction of the standard deviation change in the =

ax, x,4
resonse, Y, as affected by a fraction of the stand-
ard deviation o, change in the independent
parameter (Helton et al.,1991). Thus, the The partial derivatives can be evaluated analytic-

coefficients estimated from regression of the ally in some cases, but it is often too difficult to

standardized data will be indicative of the do this directly. A number of techniques, such as

importance to the model, the adjoint method and Green's function method,
have also been developed (Zimmerman et al.,
1990) o increase the efficiency of the evaluation
of der}ivatives analytically withm complex com-8.4.2.2 Rank 1Yansformation

Rank transformation of the data also eliminates puter codes. The partial derivatives can also be
the dimensions and scale associated with the evaluated numerically by calculating the perform-
parameters (Iman and Conover,1979). The rank ance at the reference point and at points nearby, ,

transformation involves replacing the data used in by perturbing one independent variable at a time. i

the model with their corresponding ranks, as
determined by ordering the 400 observations from There are important drawbacks to differential
the minimurn (1) to maximum (400). The same analysis. The Taylor series approximation of the

,

transformation is done to values of the model partial derivatives is inherently local, and may not '

output. reflect accurately the sensitivity at points far from
the evaluation point. Another drawback to differ-

The estimated regression coefficients for regres- ential analysis is that the evaluation of the deriva-
sions done with untransformed data, the stand- tives is often difficult and expensive. Numerical
ardized, and rank-transformed data for the base evaluation of the derivatives, as in Equation (8-8),
(oooo), and the fully-disturbed (esdv) cases are requires one or more evaluations of the perform-
giv:n in Thbles 8-2 to 8-5. Because the regression ance assessment model for each derivative, and is
coefficients are estimates, the 95 percent confi- often too costly to consider for a large number of
dence interval was determined for each of the raw input parameters.

8-17 NUREG-1464-



8. Sensitivity and Uncertainty

Differential analysis provides no information on each parameter except for one of the most
the possible existence of thresholds or discon- significant parameters, which differed from )'
tinuities in either the independent parameters or its average by a small amount (e.g.,10
the response of the model to the distribution percent);
(lielton et al.,1991)(c.g., the change from matrix
to fracture flow in unsaturated media). It is (3) The TPA computer code was run using the

possible, however, to evaluate the partial new input file for the base case, to generate

derivatives at any point in the parameter space. 15 output vectors of Nonnali:cd Release; and

Efficient techniques for finding points in the (4) The partial derivatives for Nonnali:cd Release
parameter space that are highly sigmficant (e.g., with respect to the 14 independent param-
sensitive or high-consequence) have been ders were estimated using Equation (8-8);
developed, and demon.strated on a simple repre- the difference between the Nonnali:cd
s r tations of a geologic repositmy (Wu et al., Rc/ case from vsetor 1 and vectors 2 through

' 15, divided by the difference in the inde-
pendent parameter.

8.4.4 Comparison of Sensitivity Coefficients
Estimated from Regression and The sensitivity coefficients from the differential
Differential Analyses analysis and multilinear regression for the 14 most

significant parameters are compared in Table 8-7.
Multilinear regression was used to estimate the The results agree reasonably wellin some cases
first derivatives of Nonnali:ed Release (Y) with (e.g., INFIL(UN), undisturbed infiltration) and
respect to the input variables xi(i.e., aY/ax,). generally have the same sense. The most striking
These first derivatives are estimates of the difference is the large number of cases in which
coefficients of the multilinear regression equation. differential analysis gave a zero sensitivity. This
in diffcrcntial analysis, the first derivatives are could be a reflection of the insensitivity to those;

estimated at a " reference" point; in this analysis, parameters in the region of the reference point.
the mean of each input variable. Each input Additionally, many of the TPA modules switch
variable is perturbed a small amount from the from one behavior to another rather abruptly,
mean value, one variable at a time, and the first depending on the input parameters. For example,
derivatives calculated as described in Equation the transition from matrix flow to fracture flow in
(8-8). the module FLOIVMOD is non linear over the

range of infiltration rates. The insensitivity of the
Differential analysis should not give the same model to several parameters at the reference point
results as regression analysis for the first de- indicates the need to apply differential analysis at
rivatives (Wu et al.,1992) because multilinear several points on the response surface.
regression analysis uses information from all
regions of the parameter space, whereas differ- 8.4.5 Model Sensitivity Analysis
ential analysis estimates the derivatives at only
one point in parameter space. 8.4.5.1 CCDF Sensitivity

In this work, the CCDF, that is (1 - CDF (Cumu-
The analysis for the present comparison was per- lative Distribution Function)), which, in a single
formed for the base case (oooo) scenario and the figure, plots the magnitude and uncertainty of the
14 most significant input variables in the following Nonnali cd Release at the accessible environment,
manner: is the main vehicle for conveying uncertainty re-

sults. However, the CCDF gives no explicit infor-
(1) The mean value of each parameter in the mation on the contribution to total uncertainty by

400-vector Latin Hypercube Sampler (LHS) each of the input parameters.
input file was calculated;

Plots illustrating the sensitivity of the CCDF to a
(2) A new input file containing 15 vectors was single parameter or condition were generated by

generated. The first vector contained the screening the output vectors according to a
average values for each parameter. He next criterion, and using only the remaining vectors to
14 vectors contained the average values for produce the CCDFs. The CCDFs of screened
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8. Sensitivity and Uncertainty

Table 8-7 Comparison of First Derivatives of Normaliud Release by Regression
and Differential Analysisa

f Regression ifDWerential Elasticity Regression Elasticity Dyerentiall'arameter Name

INFI14UN) 502 377.4 0.403 0.495

ECORR6 -0.0033 0 -2.66 0

ECORR7 -0.0027 0 -2.14 0

RETARD 3 -0.015 -0.00194 -0.518 -0.112

ECORR8 1317 0 0.182 0

AKR3 9.6E + 14 3.65E + 13 0.264 0.016 i

i

KD39Th -0.713 0 -0.118 0

ECORR5 -27.3 0 -0.213 0

RETARD 1 -0.0062 -0.0021 -0.219 -0.036

KD1Cm 0.014 0 0.049 0

AKR2 9.79E + 13 5.66E + 13 0.132 0.012

AKR4 1.6E + 14 -1.7E + 13 0.131 -0.0022

Kd26Am 0.(M1 0 0.077 0

SOL 4Am 2030 597 0.068 0.0033 .

"Sce Appendix A for a definition of the parameter names.

data illustrating the sensitivity to performance with the LHS method, this feature was not evoked
measures of individual natural and engineered li. IPA Phase 2 (i.e., there was no deliberate
barriers are presented in Section 9.5. attempt :n produce correlations among input

parameters). Spurious correlations are apparent

8.4.5.2 Sensitivity of Results to Number of correlations of the input parameters among
themselves, when no correlations were mtended.

Yectors
Although computer programs for generating LHS

The sensitivity of the results to the number of (Iman et al.,1980) generally contain algorithms for
LHS vectors in each scenario is illustrated by minimizing these effects, correlation of the model
comparing spurious correlations among the input output variables to the independent parameters is
parameters and by the sensitivity of the CCDF to confounded by spurious correlations,if too few
the number of vectors. vectors are available for the statistical tests.

To demonstrate the problem with spurious corre-8.4.5.2.1 Spurious Correlations
lations, three computations of Normalized Release

Although it is possible to specify correlations were done with inputs of 100, 200, and 400 vectors
among parameters when generating input vectors generated by the LHS technique. Each vector had
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445 parameters,195 of wi.ich were sampled for The latter uncertainty may be subdivided further
the base case (oooo). The carrelation coefficient into parameter and model uncertainty. Parameter
between each input parame er xi and the Normal- uncertainty is caused by insufficient knowledge
i cd Release, K calculated from the performance about the input information, and can manifest
assessment model was calculated and plotted itself in several forms. For example, if a single
against the largest correlation between xi and any parameter characterizes a facet of the model(e.g.,
other independent parameter. These plots illus- hydraulic conductivity of a rock unit), then uncer-
trate a limitation of the sensitivity analyses: if the tainty about its value would lead to selecting a
spurious correlations among independent param- distribution for the probabilistic sampling of that
eters are as large or larger than the correlation parameter with wider limits than if the parameter
between the dependent-independent parameters, were well characterized. Because it usually is not
then one cannot determine the validity of the possible to characterize a spatially varying
latter correlations. Figure 8-8 for 1(X) vectors property of the rock, such as permeability by a
clearly shows that the correlations among inde- single parameter, using a single parameter value
pendent parameters are as large or larger than the over the entire field of calculation to represent a
correlations between the independent parameters spatially varying parameter also introduces
and model output for a significant fraction of the uncertainty.
vectors, thereby confounding interpretation of the
results for sensitivity. The results are similar for For IPA Phase 2, the repository was represented
2(X) vectors, but are not shown here. Figure 8-9 by a highly simplified conceptual model, which in
illustrates that for 400 vectors, the largest many cases, ignored the large spatial variability of
correlations between the independent parameters the geosphere (e.g..the hydraulic properties of
and model output are distinctly larger than the each layer were considered spatially homogeneous
correlations among the independent parameters, for each vector, ignoring the considerable hetero-

geneity). These parameters could be made to vary

8.4.5.2.2 Sensitivity of the CCDF to Number of n time and space; however, this would make the

Vectors modehng much more complicated. Models withm
,

the system representing the performance assess-
CCDFs of Normali cd Rc/ case were generated ment do in fact include spatial and temporal vari-
from runs of 50,100,150,200, and 400 vectors, ability, but these are only indirectly a result of the
and presented in Figure 8-10. Visually, the values of the input parameters. For example, gas
CCDFs were quite similar, suggesting a relative flow is represented in two dimensions and is tran-
lack of sensitivity to the number of vectors. sient in time. Additionally, some of the param-

eters such as hydraulic conductivity implicitly
The conclusions that can be drawn from this take into consideration the spatial scales of corre-
analysis are that the usefulness of the sensitivity lation to account for the length of flow paths.
analysis was limited for fewer than 400 vectors per

Modelm.g uncertainty is caused by simplifym.g
. .

scenario, as shown by comparing the magnitude
of the largest spurious correlations to the model ssumptions and the fact that the models used
output-independent parameter correlations. may not accurately simulate the true physical

,

llowever CCDFs were much less sensitive to the process. Tins study, as was the case m, the IPA

number of vectors per scenario. Phase 1 study (Codell et al.,1992). deals primarily
with the effects of parameter uncertainty.

8.5 Uncertainty Analysis Iman and Helton (1985, p.1-1) give an apt defini-

Different types of uncertainty associated with the tion of uncertainty, which has been adopted for

modeling of physicochemical processes can be
the present study:

distinguished-in particular: " Uncertainty analysis is defined here to be
the determination of the variation or model

he statistical uncertainty because of the imprecision in Y that results from theo

inherent random nature of the processes, and collective variation in the model variables
xi...xx.... A convenient tool for providing such

The state-of-knowledge uncertainty, information is the estimated cumulativeo
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8. Sensitivity and Uncertainty )
1

the sum of U for allindependent parameteu ;distribution function (CDF) for Y since it i
summarizes the variability in computer model would be unity. Non-zero covariance of the
output which results from the input independent parameters will cause EU to deviatei
assumptions." from unity. The sums of the uncertainty

coefficients presented in Tables 8-2 to 8-5 are
2

Although the main presentation of uncertainty in equal to the coeff. ent of determination, R , for
IPA Phase 2 will rest on the CCDF, an additional each regression analysis.
means of describing uncertainty, the " uncertainty
coefficient," has also been developed. 8.6 Emulation of the Total-System

Performance Assessment Model
Uncertainty Coeficient Using Multilinear Regression
It )vould be useful to define an " uncertainty coef- One aspect of doing multilinear regression that
ficient" to represent the contribution of uncer- has not been explored previously by the NRC staff
tainty from each of the input parameters, but is the application to emulating the total-system
there does not appear to be any standard defim.- performance assessment model. The regression
tion of such a term. Leading toward a definition equation can be used with the suite of values for
that can be used in the present work, Zimmerman the input parameter to estimate the response, P.

,

ct al. (1990) present an expression for the uncer- The estimated response may then be compared
,

tainty, usmg the response surface m which the with the full model output (Normalized Rc/ case or
,

actual modelis represented by the multilinear Effective Dose Equivalent) to determine how good
,

regression of the model results: the regression equation approximation of the
model is. The following discussion outlines some

Var (Y) - E[(Y- F)2] - {p,2 yor(x,) of the procedures used to better fit the regression
equation to the model and illustrates how the

+ N ##sCor(2, r) - (8-9) regression equation can be used to estimates

model performance,
where Yis the value of the response, A is the
regression coefficient ar/ax,, E/ / is the expected 8.6.1 Estimation of the Response
value, P is the estirnated mean of Y, Var is the
variance, and Cov is the covariance. For the IPA Values of the response for the simplest form of
Phase 2 calculations, the independent parameters the multilinear regression equation were calcu-
are not deliberately correlated, so it is assumed lated using the raw data for the input parameters
that the covariance term is zero. In this analysis, (xi) and the estimated regression coefficients, bi
the quantity Wr(Y) is estimated by estimating A (Tables 8-2 to 8-5).
and Var (ri).

9 - a + b m + . . . + b,x,, (8-11)o .

Assum.mg that there is no covariance among the
independent parameters, Equation (8-9) presents
a way in which the variance of the response can It should be noted that although the form of the
be tied to variance and sensitivity of each of the regression described here is linear, several param-
independent parameters. Based on this assump- eters used in IPA Phase 2 do not exhibit a linear
tion, it is possible to define an " uncertainty" relationship with the performance measure.,

coefficient Uj:
A non-linear relationship between the response
and the independent parameters can often be

U,
A2 y ,7(x,)

determined by plotting the residuals for the.

(8-10) regression agamst the values for a given mde-
,

pendent parameter (Figure 8-11). If the residuals
This term is numerically equivalent to the square e, - (Y,- Y,) are a function of an independent,

of the " standardized regression coefficient" de- parameter, there will be a grouping or trend in the
scribed in Section 8.4.2. Ideally, if all the inde- residuals as a function of the independent param-
pendent parameters were included in the model, eter (Figure 8-11a). In Figure 8--11a, there is a
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8. Sensitivity and Uncertainty

skewed distribution of the points toward low 8.6.2 Evaluation of the Goodness of Fit
infiltration values. Transformation of the

8.6.2.1 Correlation Coefficient |
independent parameter to a non-linear form (e.g., '

1/x, log (x), x ) may be appropriate (Sen and The correlation coefficient is often used to esti-2

Srivastava,1990). By transforming the mdepend- mate the linear relationship between two variables
ent parameter (e.g., mfiltratmn to log (infiltmtion)). (Walpole and Myers,1978). The more linear the

,

the residuals plot (Figure 8-11b)is changed to relationship, the closer the correlation coefficient
mdicate no funct,onal relationship between the is to unity. Ideally, the better the regression equa-i
residuals and the mdependent parameter. Tlus tion estimates the full total-system performance
mdicates that the new form of the parameter may assessment model, the closer the correlation co-
help provide a better fit of the model. efficient is to 1 (or -1). The square of the corre-

lation coefficient, the coefficient of determination
(R ) indicates the percent of the full model that is2

The process of transforming parameters, doing explained by the regression model. The coefficient

subset selection and regression analysis,is an of determination for the regression equation with

iterative process. Several iterations may be twenty parameters is 0.61. Because the coefficient
of determination and the absolute value of therequired to get the best fit of the model by the

regression equation. Non-linear regression correlation ufficient increase as more param-

techniques are also available, but beyond the eters are added to the model, they are not

scope of the present project. necessarily good indicators of the optimal number
of parameters to be included in the regression
model. Proper selection of the form of the inde-
pendent parameters is essential to constructing a

A regression equation was constructed for the regression equation that will emulate the total-
purpose of emulatmg the total-system perform- system performance assessment model well.
ance assessment model. Twenty parameters
selected by stepwise regression analysis were used; 8.&22 Mallon' C Statisticp
some parameters were transformed as discussed
above. 11elton et al. (1991) stated that as the number of

independent parameters increases, there is a
greater chance for spurious correlations that
result in the inclusion of a variable in the

Figure 8-12 is a plot of the estimated values for regression model. Mallows C statistic (Mallows,p
Nonnali cd Rc/ case, 9, from the regression equa- 1973: and Sen and Srivastava,1990) was used m
tion versus the Nonnalized Release for the base th.is analysis, m an attempt to evaluate the

'

case (oooo) computed by the TPA computer code. optimal number of parameters that should be
It should be noted that the estimated response included in the regression model.
parameter 9 is a function of specific b andi
specific values ofxi. Other regression equations Mallows' C statistic compares the error of thep
will give different results. The purpose of the plot restricted model(the regression equation for the
is to illustrate the degree of fit between the subset of parameters) to the error of the full
response variable determmed by the regression (total-system performance assessment) model (all
equation and the performance measure computed of the independent parameters):
by the TPA computer code. The correlatmn
coefficient between the estimated response i and ,

the Nonnali:cd Release is 0.78, which corresponds gA y _ p)2
to a coefficient of determination of 0.61. The 95

C~f - (n - 2p) , (8-12)percent confidence intervalis noted on the plot r

and indicates the region in which there is high
confidence of finding the least-squares fit line. where Yis the response for the full model with all
Figure 8-13 illustrates the CCDFs for the esti- parameters,9 is the response for the restricted
mated responses y and the Nonnali:cd Rc/ case model,32 is the unbiased estimate of the variance
from the total-system performance assessment (mean square error) for the full model, n is the
model. number of observations, andp is the number of
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8. Sensitivity and Uncertainty

independent parameters in restricted model, plus rounding matrix. The second module predicts the
one (Walpole and Meyers,1978). local sensitivities of releases to the independent

parameters.
When C up, the optimal number of parametersp
for the regression equation has been chosen. In The second report (Wu ct al.,1992) evaluates and j

this analysis _, the use of the C statistic for select- demonstrates the use of several sensitivity and I

p !

ing the optimal number of parameters did not uncertainty analysis methods using the analytical
model developed by Gureghian et al. The Limit-give results that were easily interpretable. The Cp

statistic is very sensitive to small changes in the fit State Approach, which was developed initially for
if (n - 2p) is large (Gunst and hiason,1980). structural reliability analyses, was investigated for

Attempts were made to reduce the number of its usefulness in IPA. This approach is based on

independent parameters to consider, by first per. partitioning the performance results into two ,
forming stepwise linear regression, with the F-test parts, one m which the performance measure is

criterion using = 0.1, and then doing a subsc- smaller than a chosen value called the Limit-State,
i

quent subset selection, with a = 0.05. The com- and the other in which the performance measure (

parison of the u .05 model with the a oa model still is larger. The optimal expansion point in param- I

did not pnwide easily interpretable results. More eter space, known as the Most Probable Point

work is needed to establish the optimal number of (MPP), has the property that its location on the

parameters for subret selection and multilinear Limit-State surface is closest to the origin. Addi- |
'

regression. One aspect that should be considered tionally, the projections onto the parameter axes

is the predictive capability of the individual of the vector from the origin to the MPP are the

independent parameters. Another aspect to sensitivity coefficients. Once the MPP is deter-
,

consider is how effectively this statistic might be mined and the Limit-State surface approximated, I

applied to highly non-linear models. the probability of the performance measure being
less than the Limit-State can be evaluated. By
choosing a succession of Limit-States, the entire

8.7 Sensitivity and Uncertainty cumulative distribution of the performance meas-
Auxiliary Analyses ure can be determined. Determining the location

of the MPP is the crux of the methodology. Meth-
The IPA Phase 2 staff took part in a computa- ods for determining the MPP and improving the
tional exercise to evaluate several methods of estimate of probability are discussed in the
sensitivity and uncertainty analyses. The purpose report.,

of these analyses was to demonstrate, on relatively I
'

simple flow and transport problems, several The Limit-State Approach is significantly more
'

methods for sensitivity and uncertainty analysis complex than the more commonly used Monte
useful for evaluation of total-system performance Carlo or Latin Hypercube sampling methods. To
assessments. aid understanding of the Limit-State Approach,4

all steps of the method were explained by apply-
The work was presented in two reports. The first ing it to two simple examples. The first involved
report (Gureghian et al.,1992) covers the deriva- calculation of the cumulative probability distribu-
tion and verification of the closed form analytical tion of the Darcy vek) city V, given by V = -K1,
solutions for one-dimensional saturated transport where K and I are the hydraulic conductivity and
of a radionuclide in a fractured, layered system hydraulic gradient, respectively. Although simple,
with diffusion into the rock matrix. The material this example turned out to be difficult for the ap-
properties of individual fractures and rock matrix plication of the Limit-State Approach, because of i
layers were assumed to be homogeneous and iso- the possibility of change of sign of I and hence V. |

tropic. The sorption phenomenon in fractures and
matrix was described by a retardation coefficients. The second example applied the Limit-State'

The solutions of the model are based on analytical Approach to a one-dimensional transport prob-
inversions of the Laplace transforms, verified with lem developed in Gureghian et al., and compared
inversions performed numerically. The first mod- the results among the more conventional methods
ule of the computer program calculates the space- such as Monte Carlo, LHS, and differential

time dependent concentration of a decaying analysis for computing both the CCDF and the
species migrating in the fractures and the sur- sensitivity coefficients. This problem included 25

8-29 NUREG-1464
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|
|

independent parameters. The uncertainty analysis the performance assessment models in a potential
used the CCDF for cumulative release as the license application. Many of the techniques used
basis for comparison between the methods. have been used in previous performance
Results indicated that the Limit-State Approach assessment work: stepwise regression analysis,
had the potential of being much more efficient in CCDFs, differential analysis, and boxplots. In
terms of computational resources than Latin addition, the Kolmogorov-Smirnov and Sign tests
llypercube or Monte Carlo Sampling. In one case, were used to determine parameters important to
the Limit-State Approach was able to duplicate the total-system performance assessment model.
the CCDF produced by a 5000 vector Monte Techniques for developing regression equation to
Carlo run with only about 600 vectors, and in emulate the total-system performance assessment
other cases far fewer. model were examined for potential use in deter-

mining CCDF sensitivity to changes in parameter

In general, computational ef0ciency is propor- distribution type, for example.

tional to the desired accuracy and the choice of
Select. ion of the s.igmficant parameters by stepwise

.

an approach will depend on the nature of the
problem. Ilowever, the reports demonstrate that regressm,n analysis, the K-S test, and the Sign test

,

the Lunit-State Approach permits the analyst to gave similar results. Regression analysis can only

concentrate on the critical performance region, be applied over the entire parameter space. The

with the potential for optimizing the use of the K-S test can also be applied to different parts of
the parameter space, in order to test for locally

,

consequence model where it can contribute the
imp rtant parameters.most information. [3y contrast, sampling methods

such as Monte Carlo or LilS must cover the en-
The use of standardized data for stepwise regres-tire parameter space, regardless of its importance. sion gave the same results as the untransformed /In addition, the Lnmt-State Approach leads to

, raw data and had the advantage of giving dimen-probabilistic sensitivity analyses, with essentially sionless coefficients that could then be compared.
no aJditional work. In particular, the efGeiency of The estimated multilinear regression coefficients

,

the Limit-State Approach is mdependent of the for the standardized data were used to determine
probability level. Therefore, it is more suitable for the " uncertainty coef5cient" that defined the per-

,

evaluatmg the tails of the distribution thary LHS centage of the variance of the model response,
,

or Monte Carlo sampimg. Ilowever, the Limit- attributable to variance in the independent
State Approach is relatively difficult to parameter.
implement.

The results of differential analysis for 14 param-
The computational efficiency of the Limit-State eters about the mean for all parameters agreed
Approach in general depends on the number of fairly well with the multilinear regression co-
independent parameters and the efficiency of efficients. Several parameters exhibited zero
evaluating local sensitivities. When the number of sensitivity about the mean, which points to the
independent parameters is large, the Limit-State importance of determining local sensitivities at
Approach may no longer be efficient unless the several points in the parameter space.
sensitivities can be determined efficiently, but at
the expense of simplicity. The efficiency of the

The c uestion of how many vectors (observations)standard Monte Carlo method depends only on will g|ive valid results needs to be explored. The
the probability level and desired accuracy. It is
not clear that the Limit-State Approach will be Latin Hypercube sampling strategy reduces the,

number of vectors needed to do a Monte Carlothe best approach for problems mvolving large simulation. The covariance of the independentnumbers of independent parameters.
variables for 400 vectors was small but non-zero.
Difficulties associated with application of the Cp8.8 Conclusions and Suggestions for statistic indicates that perhaps more vectors are

,

Further Work needed. The sampling of more vectors will have '

the disadvantage of requiring longer run times.
The sensitivity and uncertainty analyses in IPA Yet, it should significantly redi'ce the number of
Phase 2 involved evaluation of a number of tech. spurious correlations that can result in picking the

,

'

niques that have potential use in the evaluation of wrong variables by stepwise regression.
1
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8. Sensitivity and Uncertainty

'Ihe assumption that covariance was zero was associated with performance assessment models.
made in the sensitivity and uncertainty analyses. The linear estimation used in this analysis is the
Future work to consider grouping of parameters simplest techidque; a number of others can be
or covariance among the input parameters is explored in future phases of this work.
important to developing a better understanding of

~

model sensitivities. In general, the techniques used in the IPA Phase 2
scrisitivity and uncertainty analysis were easy to
implement. No single technique is valid for the

'Ilie development of a regression equation for the sensitivity and uncertainty analyses. The use of a
purpose of verifying important parameter selec- combination of techniques is essential to bringing
tion by emulating the total-system performance out various aspects of the total-system perform-
assessment model has potential use in the license ance assessment model. Future evaluation of other
application review process. It should be empha- techniques such as the " hat" function (Sen and
sized that regression equations can never replace Srivastava,1990) or the Limit-State Approach will
the total-system performance assessment model, help to establish which techniques will be most
but are a tool by which to study the sensitivities useful to the license application review process.

|
1

,
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9 ANALYrlCAL RESUIXSI

9.1 Introduction and Caveats limited cases, the TPA model appears to be

Concerning the Results of IPA performing as designed. However, other than |

sopware quality assurance (QA) and the above i

Phase 2 mentioned checks, there is no comprehensive

This chapter presents the results of the simulation validation procedurefor the TPA model
runs of the total-system performance assessment available at present, to ensure that the com-

(TPA) computer code using the parameter distri- puted CCDFs are accurate representations of ;
'

butions presented in Appendix A of this report. the behavior of the repository system.

He results of the simulations are presented as
complimentary cumulative distribution functions 3. There are numerous unverified simplifying !

(CCDFs) of Normalized Release and Effective assumptions in many of the models.
; Dose Equivalent (defined in Chapter 8), distri- 7he modelsforpow and transport considered

bution bar graphs, and scatter plots. only a steady rate ofinfiltration and a con-
stant environment, and did not take into ac-

The results are presented for demonstration pur- count the sigmficant variations in the driving
poses and are not intended to indicate the poten- forces likely to occur over the performance
tial for repositosy compliance or non-compliance assessment period. Also, the models considered
with any of the 10 CFR Part 60 performance that the geosphere was spatially umform in the
requirements. lateral direction, and did not take into account

the large variations in materialproperties that
The following caveats should be taken into exist at the site. In addition, the behavior of"

consideration when reviewing the results of the many thousands of waste packages was repre-
Iterative Performance Assessment (IPA) Phase 2 sented by ensemble averages, using seven
eifort: representative waste packages.

1

1. The models used here are based on limited 4. There are large uncertainties in the input
site data and have had limited review. data.
Preliminary resultsfrom some models such as Although the TPA modelis intended to deal

MC retardation model with some data uncertainty through the istinthe gas transport and
,

have been presented at U.S. Nuclear Regulatory Hypercube Sampling (LHS) process, many of
Commission /U.S. Department of Ener&Y the most important parameters have variations1

(DOE) Techr ical Etchanges and before the over several orders of magnitude. For many;

U.S. Environmental Protection Agency's parameter distributions, the means and dis-i

(EPA's) Scientific Advisory Board. Although tribution shapes are based on only a few meas-
: the overall modeling was more sophisticated urements. Also, the analysis did not recognize

than that ofIPA Phase 1, it was recogni:cd correlations among the independent variables
that input data were still very firnited. In addi- in the Monte Carlo analyses, and treated all
tion, scientists do not yet agree on how ade- variables as independent. 71sese situations are
quately the various models represent repository likely to lead to extremes in consequences.
processes. However, spatial correlations were considered,

somewhat, in choosing hydrogeologic variables.
2. The results presented here cannot be con-

firmed as accurately representing the behav- 5. Coupled effects between processes and events
ior of the repository. in the scenarios have not been fully modeled
The staff has examined the results of runs for nor evaluated.
individual vectors to ensure thatfor these in IPA Phase 2, an atternpt was made to cou-

pie some events and processes such as corro-
sion and repository cooling. However, complex81hc figures shown in this chapter present the results from a demon,

stration of staff capabihty to review a performance assessment. coupled interactions such as moisture
These figures, hke the demonstration. are linuted by the use of movernent (including infiltration) and gas
nuny simphfying assumptions and spane data.

,
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9. Analytical Results

transport have not been modeled in HM Phase 9.2.1.1 Conditional CCDFs
2. A conditional CCDF is a CCDF constructed for a ,

1single scenario class with the assumption that the
6. The dose calculation is for illustrative scenario class has a probability of occurrence of

1.0. For each scenario class evaluated under IPApurposes.
The dose calculation is based on assumptions Phase 2, a conditional CCDF was constructed in
regarding a postulated biosphere consisting of a the following manner:
fann irrigated ly well water, a family living on

A vector represents a smgle sampling for all
,

ethefarm, and a distant population consuming
cattle raised on thefarm. There has been rela.

of the sampled variables. The total number of
vectors to be selected has to be known beforefively little research, as a part of HM Phase 2,

on the likelihood of these or other assumptions sannpling so that each sciectnan for each
,

regardingfuture biospheres. In addition, many varnable n_s made from equally probable
.

distributnans;
of the coefficients in the dose model are generic
and not specific to the repository region. Each vector is assigned an equal probability*

within the scenario (i.e., for 400 vectors, each

9.2 Conditional CCDFs and
e The set of vectors is sorted from lowest toExceedance Probability Curves highest consequences R (cumulative release

9.2.1 Construction of the CCDFs
The exceedance probability E of the sortede

The CCDFs, which express the uncertainty in the consequences is calculated by the following

model results for population doses and EPA formula:
limits for cumulative release over 10,000 years, are ",

presented in different forms, including: E,-1-[p/, (9-1)
s1

e Conditional CCDFs for each scenario;
where g is the probability of the ith vector of

Conditional CCDFs showing performance of the sorted set, and N' is the number ofa
individual and engineered barriers; and vectors in the set; and

The CCDF is the graph of E versus itse i
Total CCDFs combining all scenarios for sorted consequences R.e

both release and dose.
9.2.1.2 Screened Conditional CCDFs

Normalized Release, which is the primary meas. This CCDF uses a set of vectors derived from the
ure of consequences displayed by the CCDF is 400-vector base case scenario by screening for
computed by dividing each radionuclide that compliance with regulations or ranges of model
enters the accessible environment by its limit input parameters. It is constructed identically to
specified in Appendix A,'Ihble 1 of 40 CFR the conditional CCDF described above, but for
Part 191 (Code of Federal Regulations, Title 40, N' = the number of remaining vectors, and still
" Protection of Environment"), and summing the assuming equal probability for each remaining
resulting ratios. Effective Dose Equivalent, the vector,pi = 1/N'. Examples of possible screening
other measure of consequences displayed by the criteria are waste package lifetimes greater than
CCDF, is described in Section 733. 300 years (or 1000 years) and infiltration rates less

than 03 millimeters / year.

Both conventional mean CCDFs and " hair" dia-
, 9.2.13 Total CCDFgrams have been constructed. The following dn,s-

cussion presents salient points of CCDF con. The total CCDF is constructed by combining vec-
struction for IPA Phase 2. tors from all scenarios. The probability of each

NUREG-1464 9-2
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9. Analytical Results

vector pe, however, is taken to be the scenario consequences and fixed but imprecisely'

probabilitypj, divided by the number of vectors Nj known quantities.... Further, these repre-
m the scenano: sentations lead naturally to CCDFs and

distributions of CCDFs. The distributions of
.

CCDFs are important because they displayP!- - (9-2)p,, , N, ' the variability that is averaged over to obtain ,

the mean CCDFs that are typically used for j

The consequences are then sorted, as before, from comparison with the EPA release limits." '

lowest to highest. The exceedance probability is;
then defined: Because one line is plotted for each vector, hair<

diagrams are complicated and difficult to inter-
4 y,

pret. To simplify them visually, yet preserve theV-
E* L a (9-3) statisticalinformation they contain, the bound-P '

aries of the hair diagram are summarized by |'"

finding the density function of the exceedancewhere N' is the total number of vectors, and p',
probability at a range of values of cumulative

are the probabilities for the sorted consequences. release, and plottmg only the 5th,50t , and 95th1

E.ercentiles of this density function:(i.e., for a9.2.1.4 "llair" Diagrams given value of cumulat,ve release R , the exceed-i t
ance probabilities are interpreted from all hairsHelton et al. (1991. Section VI) develops an their values sorted, and the 20th,200th, and 380th

: alternative method of displaying uncertainty about
scenarios and parameters for probabilistic values saved to be plotted as the 5th,50th, and

.

models. In this technique, " hair diagrams," there 95th percentile of the hairs.'
,

|is one CCDF or " hair" per vector, which displays"

the cumulative probability for each vector (for 9.2.2 Conditional CCDFs ihr Various
which there is a new set of sampled parameters) Scenario Classes,

displayed over the range of scenarios. Among the
advantage of hair diagrams, Helton et al. states Four hundred (400) vector runs were made for'

! the following: nine scenario classes. These classes are identified
in the following table (Table 9-1) along with their'

". . they maintain the distinction between estimated probabilities of occurrence over the
scenarios, probabilities for scenarios, next 10,000 years.

' Table 9-1 Estimated Probabilities for the Scenario Classes Modeled in the IPA Phase 2 Analysis

Scenario
Class Estimated

Scenario Class identiper* Probability

1
'

Base Case oooo = 0.0

i Climate Change Only (Pluvial) cooo u 0.0
7.9 x 10-8Seismicity Only osoo

Drilling Only oodo u 0.0

Magmatic Activity Only ooov = 0.0

: Drilling + Seismicity osdo 0.35

Drilling + Seismicity + Magmatic Activity osdv 1.0 x 10-2
l Drilling + Seismicity + Climate Change esdo 0.62

b esdv 2.0 x 10-2Drilling + Seismicity + Magmatic Activity + Climate Change

*See Section 9.2.3 for explanations of the identifiers.
*Funy disturbed.
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9. Analytical Results

Scenario classes csdv, csdo, osdv, and osdo were runs used the same LHS set and most of the same
chosen from the 16 possible scenarios (see Chap- independent variables, these plots allow the visual
ter 3) to calculate the exceedance probabilities of inspection of the effects of the scenario on the
the releases and doses from their conditional model outputs. Scenario plots were used to com-
exceedance probability curves (CCDFs). These pare the single-event scenarios against the base
are the only scenario classes with occurrence case; that is, scenario cooo (pluvial infiltration
probabilities large enough to make a significant and higher water table); osoo (seismicity); oodo
contribution to total performance. The other cases (human intrusion by exploratmy drilling); and
were chosen to evaluate the effect on exceedance ooov (magmatism); against oooo (undisturbed or
probabilities by disruptive events acting alone. It base case).
is assumed that any significant interaction
between disruptive events (within the capabilities
of the models to predict) will be picked up in the The base case (oooo) scenario represents the cal-
fully disturbed (csdv) case. culated releases and doses from the repositoiy

over a 10,000-year performance period, under
,

9.2.3 Ilasic Scenarios mndhions as they are presently perceived to exist
(allowm, g for parameter uncertainty) and without

The basic scenarios computed for the purpose of disturbing events such as drilling, earthquakes,
comparison are: the base (or undisturbed)(oooo) magmatism, or change to a pluvial climate. The
scenario; the fully disturbed (csdr) scenario; the thresholds defined for two of these disturbing
base case disturbed by climate-only (covo) see- events, earthquakes and drilling, give them prob-
natio; the base case disturbed by drilling-only abilities of occurrence of almost 1.0 during the
(oodo) scenario; the base case disturbed by period of performance. IIence, the probability of
seismic-only (osoo) scenario: and the base case occurrence of scenarios not containing these
disturbed by magmatism-only (voor) scenario. events is almost 0.0. The probability of having a
The conditional exceedance probabilities (or pluvial climate within the performance assessment
CCDFs) for the Normalized Rc/ case for each period is estimated to be 0.64. Therefore, the
scenario are presented in Figure 9-1. The dotted probability of the base case is very low, and is
lines represent compliance with the EPA release computed primarily for comparison rather than as
standard.2 The conditional excecdance proba- a major contributor to the total exceedance prob-

3bilities for dose estimates are presented in Figure ability curve. The fully disturbed (csdv) scenario
9-2. represents the opposite extreme from the base

case. In the fully disturbed case, all disruptive
Scenario plots as defined in this report are scatter events being considered (seismicity, drilling, mag-
plots of the results for one scenario plotted matism, and pluvial) are allowed to act on the
against the results of another scenario. For the repository. This scenario is expected to show the
IPA Phase 2 analysis, the LIIS sets contained 400 effects of interactions among events, as well as the
vectors for all production runs. Since all scenario effects of the events, themselves. An example of

an expected interaction is pluvial climate (high,

2
Currently, a revised set of standards specific to the Yucca Mountam Water level and increased infiltration) and seis-

$"eNY"I'c'tTfM"92."Sei"n'e'rb992, directs NRC to pro-"^NUy fcNf i d2Si ublicmically induced waste package failures."'P ""I
2-4k), approved October 24Lw|

mulgate a rule, mothfymg 10 CFR Part 60 of its regulations, so!

$ e'[,'i nZ8,"/, U",''i{.cl*",t,'s,'"o3 frM"%h As can be seen by comparing the climatenmly
"" C h' 1t ad

, he
accemble environment from radioactive materials stored or dis- (covo) scenario with the fully disturbed case (csdv)
a7 Ire $"n'mYn$' tens""a'de"'b$"e 'ia5E"n'IS"'$y$$Ic";$"M,in Figure 9-1, almost all the increase in Nonnal-d

io 1:PA, on issues relatmg to tKe environmental standards /2cd Rc/ case in the high probability part of the
a

EiE"iYPI'st n5'"d U"r"iN"lu'$a*Nu'n'iai' '' """**d'N$'he fully disturbed CCDF over the base case CCDF is
' " "

se in e
substantially different from those currently contained in 40 CFR due to the influence of the pluvial climate (de-
$a'n!i a6v7$$$"e$'# P*S$" $ i$e' "n"*aosYe'"iin"'a'iescribed in Section 6.2). Figure 9-3 is a scenario

' d "
se n

ratekmure performance of the repository system. plot comparing the releases from the pluvial sce-
1

*nmse persons who were assumed to be exposed in the CCDFs for nario with the releases from the base case for the
In'/nUnN"I tie'r5"n$'"p'u'ia i$1N"IEeN'a're'a7u""ed same vectors. The influence of climate on the total ]

"' P

to consume contaminated beef releases is very sigmficant for most vectors, even
, ,
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9. Analytical Results

though the gas pathway is insensitive to infiltra- amount, resuhing in little increase in the Normal-
tion (the IPA Phase 2 models did not explicitly i:cd Rc/casc.
consider the effects of infiltrating water on either ,

the release of gaseous radionuclides, nor their 'Ihe effect of seismicity is more apparent on the

transport in the geosphere). Although the effect of scenario plot, Figure 9,5a. This figure shows the
the pluvial conditions is large, there are some total releases for the seismic-only (osoo) scenan,o

vectors that are nearly the same or even smaller compared with the base case scenario. There are

for the pluvial case. 'lhis observation is probably a significant number of vectors with , higher
,

caused by the following conditions: releases. The way in which the seismic model is
employed must permit all containers in any zone

. . to fail simultaneously when the seismic criteria
o Contributions to cumulative release from the are exceeded. The vectors having the largest rela-

gas patinvay are relatively large, compared tive release for the seismic scenario had seismic
with the hqu,d pathway; and parameters allowing relatively early seismic fail-i

ure, which contributed mostly to large gaseous
14CThe higher water table duriing the pluvial releases from the temperature-dependento

scenario causes radionuclides to be released source term and transport models. Liquid-only
from the vadose zone into a less permeable releases, presented in scenario plot, Figure 9-5b,
and slower moving saturated zone than would showed a more modest effect of early seismic
be the case for the non-pluvial conditions. failures.
This results in a smaller release to the
accessible environment for the same release Like pluvial climate (covo), magmatism (ooov)
to the saturated zone. appears to be the only other event to have a sig-

nificant, discernable effect on the shape of the
exceedance probability plot, as shown in Figure

iluman intrusion, as presented in the base case 9-L Unlike chmate, however, magmatism appears
disturbed by drilling-only scenario (oodo)(see to affect only the low probabihty part of the
Sect. ion 6.3), .m I,igure 9-1, does not appear to curve. The likely explanation is that, as with drill-

.

have a discernable effect on the exceedance prob- ing into a waste package canister, the probability
. .

] abilities. There appears to be a low likelihood of a dike , tersection with the repository is veryof m
direct hit and relatively minor consequences when low even under the conditional assumption that
a hit is actually made. 'Ihe scenario plot, Fig- the scenario exists. With the magmatism model
ure 9-4, shows the releases from the liquid, gas, ,

(see Section 6.5) the probability of an intersection
and direct pathways for the drilling-only scenario when coupled with the scenario probability and
compared with the base case. 'Ihere are only its consequences is high enough and the conse-minor differences in the releases from drilling.

quences high enough, that the event of magma-
virtually all caused by the direct releases of con- tism was able to make a discernable modification
taminated rock. Without the releases of contami-'

to the base case exceedance probabilities at the
nated rock, the comparison would plot almost tail of the distribution funct,on.i
perfectly as a straight line. There are only minor
differences in liquid and gas releases caused by a The scenario plot in Figure 9-6 shows the total
few prematurely failed waste packages, but the releases from liquid, gas, and direct pathways for
results are too small to be visible on a plot. It the magmatic scenarios. There are a relatively few
should be noted that a more in-depth analysis, for vectors with large releases. Most of the releases
example, one accounting for the effects of drilhng are identical with the base case because there
fluid, could show an increase in consequences and were no magmatic events that happened within,

the sigmficance of the scenario. the repository area and affected releases. The
largest releases were caused by magmatic cones

The seismic-failure mechanism described in that were assumed to bring radioactive contami-
Section 6.4 is considered to be very conservative. nants directly to the surface. In a few cases, mag-
llowever seismic failure appears to have only a matic dikes caused premature container failure,
small effect on the CCDF, as shown by the com- but did not bring any contaminant directly to the
parison in Figure 9-1. Seismic loading usually surface. Subtracting out the direct releases,
shortens waste package lifetime by a small premature failure caused only minor excess

NUREG-1464 9-8

_ _ _ _ _ _ _ _ _ _ -



- _ _- _. - _ _ _ _ _ -_

1

l
4

9. Analytical Results

=-

w-

S
B
c ,

a: 1

3 *-

Ei

.E
o

l

m-

o-

1 I I | |

0 2 4 6 8

Undisturbed Release

Figure 9-4 Scenario plot of drilling scenario versus base case scenario

9-9 NUREG-1464



-

9. Analytical Results

1

S-

o

e-

8
y w-

E
v

-E
y 0o

5 g- n

no

o
N- o

o o

%
oo*

o-

1 I I I I I

O 2 4 6 8 10

Undisturbed Release

Figure 9-5a Scenario plot of seismic scenario versus base case scenario

NUREG-1464 9-10



9. Analytical Results

6 W

5-
o

o
O ;

Oo

4-

8 e
E #, 9Po

3- #
' o

I
a
E o

o o

~ o

o
o

O
o1-

4 o

O$ |
o

'

0
I I l ; i

,

0 1 6

Undisturbed Release i

l

|

Figure 9-5b Scenario plot of seismic scenario versus base case scenario (liquid releases only)

i

9-11 NUREG-1464

.



i

9. Analytical Results |

J

O

O
W-

i

.

!
O >

'a
o-
~

3
'

.E
E

b
=
1;; :-

5
!w3 _. o

|
|

0
!

o_ .

I I | | .

0 5 10 15

i

Undisturbed Release

i

Figure 9-4 Scenario plot of magmatic scenario

!

t

i

h
NUREG-1464 9-12

'

- - _ _ 'n--' _ _ _ _ - _ _ _ _ _ _ _ _ _
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releases of liquid and gas, too rmall to be visible 9.4.1 1 nprovements in IPA Phase 2 Likely to
Afr t Resultson a plot. ec

9.4.1.1 Seenarios

9.3 Total System CCDF only a limited set of scenario classes was con-
sidered in IPA Phase 1, drilling and pluvial con-
ditions, resulting in four scenarios. However, for

The total CCDF for cumulative release for the the IPA Phase 2 analysis, the staff applied the
sigmficant scenarios, csdo, osdo, csdv and osdv, Sandia National Laboratories (SNL) scenario- |

was constructed by the procedure described in selection methodology for use in the consequence |

Section 9.2.1 and is shown in Figure 9-7a. The analysis of a potential high-level (HLW) waste |
'

corresponding CCDF for dose is shown in Figure disposal site (see Cranwell et al.,1990). Based on
9-7b. It should be noted that although the effects the staff evaluation and modification of the SNL
of a high-probability event such as pluvial-climate methodology, four scenario classes were consid-
can still be recognized in the total CCDF, the e,f- ered (climate change, seismicity, magamatism,
fects of k)w-probability events such as magmatism and human intrusion) from which 16 scenarios
are obscured. 'Ib better preserve the effects of resulted. In IPA Phase 1, the occurrence proba-
both low- and high-probability events, Figure 9-8a bility of pluvial climate was assumed to be 0.10. In
shows the same mformation used to construct the IPA Phase 2, the occurrence probability of pluvial
total CCDF, but plotted as a " hair" diagram, as climate was determined to be 0.M (Chapter 3).
described in Section 9.2.1. Figure 9-8b shows the The probability of the drilling scenario class at
5th,50th, and 95th percentiles of the hairs, as the site was determined to be approximately equal
boundaries from the hair diagram. The signifi- to 1.0 in both IPA Phase 1 and Phase 2.
cance of the " hair diagram"is to present the
entire range of credible releases from the reposi- 9.4.1.2 Pathways
tory as a function of scenario probability and
parameter uncertainty. The curve shown in Fig- The IPA Phase 1 effort identified and accounted
ure 9-7a incorporates scenario probability and for a number of important attributes of the Yucca
parameter uncertainty into a single curve, without Mountain site (e.g., stratigraphic changes below
providing a means of separately evaluating the the repository in the unsaturated zone and differ-
effects of either, ences between matrix and fracture flow). As dis-

cussed in Chapter 4, the IPA Phase 2 effort not
only has maintained the important attributes
identified in the Phase 1, study but has added

9.4 Differences Between IPA Phases 1 further modeling compicxity such as:
and 2, and Comparison of Results

Saturated zone pathways to the accessiblee
environment;

A complete discussion of results from this total-
system performance assessment and future total- Calculation of radionuclide concentration fore
system performance assessments must melude an dose assessment; and

, ,

evaluation of why the results differ among various
analyses. If a baseline CCDF is established, the Both fracture and matrix pathways allowede
effects of changing assumptions and parameter within a vector.
values can be quantitatively examined. At the
present time, the only baseline developed by the The additional complexity provided additional
staff for comparison is the CCDF from the IPA insights into: the performance of fractured rock as
Phase 1 study. IPA Phases 1 and 2 were signifi- geologic barrier; data requirements; and the capa-
cantly different in terms of scope and approach, bilities of the utilized computational methods.
in many areas. A description of the major im-
provements in IPA Phase 2 over Phase 1 provides Also, three transport pathways were considered in
an indication of the amount and relative signifi- IPA Phase 2 (i.e., gaseous, aqueous, and direct)
cance of factors that may be influencing the compared with one transport pathway (i.e., aque-
difference, ous)in Phase 1. In the gas-phase transport

9-13 NUREG-1464



_ . . _ _

l

100: I -*2
-

>c
|c - csdo ______~~~---+im 5- . -

o.
-

i '--s EPA Standard e~ :.=
I N

g -. . ~ . . - . . _ . . - - - - - . . ~ . . . . _ . . ' " ' .3- m u
osdo ' - - N

j..s, g
.., w

10-1 _-
- - - - - - - % .s.. --i E.

G:
N. 3

_- N. I
-

y
~

Csdv 'g-y
'

Is -------_________ -__
-

i..o
g \, i___

10 2 -
-

-\.
o ig -----~~-~.-. ._._._. -----_._._._,-._ '

_

_
s |. s3 - o$dv _ _ ' ' ' ~ . , , , % I

a - 4.u
_ .- gjE -s. x

.

8
o _ s gs ix

Lu -s .

P -'. -\'
10-3 --

'-t
~

: iI --------A
s

:
- 's. s Total
- s. i

1
1-

s- s
_ s. s

I. s

104 - s . .~ .'\
s

s
'

_

s._

s: ' s.
_

g-
_

t , , , , , ,,,I , , , , , , , ,I , ,

10 1 100 101

Normalized Release

Figure 9-7a Total CCDF for NormalizedRelease from significant scenarios
(Scenario class identifiers are described in Table 9-1.)

__ __



100-
-

~_ csdo
_

_--
.__' Aosdo ~

s'
10-1 r -

-

_ s
': -

\
_ s
- t

A

b
~ \

ss .._.-._._._._._._._ ~*"* --._,,,,''''
s

\
.g3

i lcsdv.8
2 10-2 _- s. \ q

s's. 4n- ;.._..'---~. A. sg _ . . , , ,

i
c.

- -~..,.s. -s.
.

- s iu
-

osdv% N..s -'-gg (o N
? A

_

, \ \

'\ 1 \G, 3gs _

s- s s-

s.\
i.:

-
-

- \,
- s \
- \'s

N.:
_

L s

N.,''-s._-
s .,

TotalI
104 r -

_ s
: s, . ._,
- * . ,

'~
.u.

- -.~..
..

7'', ,
-

....I ,,! |. . . i , , , , , , , , , , , , , , ,

10 4 10s 10 s

'

>
a
tJ

Effective Dose Equivalent (person-rem) iz o
C E-
x xrn a

1, Figure 9-7b Total CCDF for Egective Dose Equivalent from significant scenarios Eo
G

g (Scenario class identifiers are described in Table 9-1.)

. _ _ - .___- __-_-________--_________-_-___ _ ___-___-__ _ __ _ ____ - ___



_ _ _ . . _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ . - _ . _ _ . _ _ _ _ . _ _ _ _ _ . __

y
.*

C >
mW

$- . [ r
' -' -

E
@ .

i.

E

5- 5f

. 7_..-. _ _

E U- .
'! I !

,

|' |
!3 1; i
1 s=

i
, jO i

| ! ! ll.ia .

E I| || i

$ ~~ | |j ! i
3 >x

'^'
,

. ,e '

|
1 t

L | |
| i

'* : ,
1

il ! I |
'

U- |: f
'

,

I
,

> ' i, i:

, .. .. !!, I |'
,

i|I|| [l I,

i! il! |
- - -

+ :g_ i , ,.

I
| | | | | |

O 5 10 15 20 25

t

Normalized Release 1

!

Figure 9-8a " Hair diagram" showing all Normali-ed Release vectors
(for scenarios osdo, osdt; csdo, and esdv)

i



,t [ :' . , , .c& , :!| * , i .> E |-' | 8 i; i> A

-

_. r
-

.

. . -* >ce.%gE xoE.E -

.

w
-

-

w

_.

_
1 0

1

.

.

_

_.

-
.

% i8
5
9

I.*.e'i' .'|0ie'es'.i .' ii'i'
"

, s
, m
- a
* r
* g

a
.' i

d
- r

.~,-
I 6

i

a
~ h

"m-
- oe r- s f

. a
- e sr
- le

R o
. t

. d c
e e- z

- i v
la e' 8te:,IeIete*

m s
r ao e
N l

e
I 4 r

f
o

% s0 e5 u
: ' .:!i: l

a
., v
. e

- l

' i
t

n
e

. c

x'-
r
e

I 2 P

b
8.

-
9
e

ii ii- . ;!! r
u
g

i

F
%
5

t

c
I 0

- - - - -
0 06 gb Nd o68

yg o.2n. E.}=us

eia4 2C"M9%D



9. Analytical Results

calculations, advection, radioactive decay, and cussed in Section 9 4.1, the Phase 1 and Phase 2

temperature effects were considered. The models were quite different in a number of im-
retardation coefficients used for the gas-phase portant aspects, so it is difficult to pinpoint the
calculation also accounted for equilibrium exact causes of the differences in results. Some of
speciation. the differences in the total system CCDFs may I

have been caused by the following specific factors: :

9.4.1.3 Source Term
1. Wastepackagefailure model. The lPA Phase 1

The modeling of waste-package failure was non- study had a non-mechanistic model of waste
mechanistic in IPA Phase 1. The model used by package canister failure, which assumed a
the staff to calculate the source term in IPA Phase probability distribution of failure times.
I was that incorporated in the NEFIWAN com- Furthermore, all canisters in the four mod-
puter code obtained from SNL(see Longsine et eled repository sub-areas were assumed to
al.,1987). In this model, radionuclide releases fail at the same time. The IPA Phase 2 model
would occur only after failure of the waste pack- employs a mechanistic model of canister fail-
age, characterized as a single failure time for the ute that calculates the failure time based on
entire repository. assumptions about canister wetting, corro-

sion, and seismic forces. Furthermore, the

As discussed in Chapter 5, the staff developed its failure times of the canisters in the seven
own computer code to calculate the source term modeled sub-areas were independent of each
in IPA Phase 2. The SOTEC module (see Sagar et other.
al. (1992)) deals with the calculation of aqueous
and gaseous radionuclide time- and space- 2. Release ratefrom failed canisters. He IPA
dependent source terms for the geologic reposi- Phase 1 model for source term based release
tory. It does so by considering the variations in rate of dissolved radionuclides from the
those physical processes expected to be important waste form on the solubility of either the
for the release of radionuclides from the engi- uranium matrix or the individual radio-
neered barrier system (EBS). nuclides for a given How rate through the

canister, and carried away only in the advec-
Three primary calculations are done in SOTEC: tive flow. Carbon-14 gaseous releases were
(a) failure of waste packages because of a combi- not included explicitly in the IPA Phase 1
nation of corrosion processes and mechanical model. The IPA Phase 2 model includes

of spent nuclear fuel: .;everal important improvements:
stresses;(b) the teachingCO gas from the oxida-Iand (c) the release of 2
tion of UO and other components in spent Solubility limited by collection of iso-2 e

nuclear fuel and hardware. Other principal topes of each element;
features of the IPA Phase 2 source term model

14Cinclude representation of the repository by seven A temperature-dependent model fore

separate regions (or sub-areas) and the consider- release from several compartments of the
ation of 20 radionuclides, based on a screening fuel; and
analysis. The IPA Phase 1 analysis considered 28
radionuclides. The screening analysis for Diffusive as well as advective transporte
radionuclides is described in Section 5.2.4 of this from the canister.
report.

3. Several of the parameters common to both IPA
9.4.2 Possible Reasons for DilTerences in Phases I and 2 had diferent ralues. Rate of

Results water influr-This value was an assumed
fraction of the infiltration rate in IPA Phase

Figure 9-9 shows the total system CCDFs for the 1, but was calculated explicitly from the
IPA Phase 1 and Phase 2 analyses. The Phase 1 fracture-flow modeling in Phase 2. Only
CCDF has relatively higher releases in the high- fracture flow at the repository horizon
risk portion of the curve (i.e., the left side), but contributed to advective transport through
knver releases in the low-risk portion. As dis- the canister.
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9. Analytical Results

;

<

Contactfraction with waste-The fraction of 6. Scenario probabilities. Except as noted under
. infiltrating water contacting the waste was item 3, above, the application of the pluvial-
! chosen from a uniform distribution in both climate scenario has been reasonably similar
j the IPA Phase 1 and 2 models from a range in both IPA Phases 1 and 2. However, the

related to the cross-sectional area of the probability of the pluvial climate was arbi-
'

boreholes. The contact fraction was chosen to trarily assumed to be 0.10 in IPA Phase 1 and
1 be 0.002 to 0.01 in Phase 1. The equivalent determined by analysis of paleo-hydrologie
i range for IIW Phase 2 was about 0 to 0.002, data to be 0.64 in 11% Phase 2. In both IPA

which is considerably lower. Furthermore, phases, pluvial-climate conditions result in a
i only the fracture flow portion of the total significant increase in releases at high
j infiltration could reach the waste package in conditional probabilities.

Phase 2, whereas both the fracture and
matrix flow parts of the flow could be in- 9.4.3 Conclusions

; volved in Phase 1.
4 The modeling improvements from IPA Phase 1 to
'

Infiltration Rate-The range of infiltration Phase 2 were numerous and in some cases cannot
be eas,ly separated, sueh as in the case of wasterates for the base case (oooo) and the pluvial. i

' climate case (covo) was the same in both 11% camster-failure mecham,sms resultm, g in the re-4

Phase 1 and Phase 2. The type of distribution lease of 14C and other radionuclides and the
chosen was different, however. A uniform incorporation of a gas-transport pathway. Hence,,

distribution was chosen in Phase 1 for both the calculation of a quantitative measure of the
,

'

the base case and the pluvial case. For IPA effect of each individual change or improvement
,

Phase 2, a log-uniform distribution was is not considered feasible. A visual m, spection of
,

{ assumed for both cases. the curves indicates that the difference m, occur-
,

rence probabilities assigned to the pluvial-chmate
.

scenar , and the incorporation of the gas path-4. Radionuclide contributions. The largest con-
tributors to cumulative release at the accessi- w y in I hase 2 may be the pnmary factors. In'

ble environment for the IPA Phase 1 study future IPA phases it will be feas,ble to analyze thei i

were the isotopes of plutonium, but they were effect on the CCDF for every sigmficant change ,m
,

| relatively unimportant in Phase 2. The solu- the analysis, including modifications to models,
,

parameter distribut,ons, and scenano classes.
i bility range of plutonium for IPA Phase 1 was i

5.0 x 104 to 3.0 x 10-3 kilogr ims/ cubic
meter sampled from a log-uniform distribu- 9.5 Effects of Modeled Performance of.

} tion. In IPA Phase 2, thermodynamic calcula- Natural and Engineered Barriers
tions and the consideratmn of both oxidizmg
and reduemg environments resulted m a on Total System Performance

4 to 5.0 x 10-4 kilograms / This section presents repository performance inrange of 2.0 x 10
cubic meter, which is considerably smaller. terms of factors related to the behavior of the*

Furthermore, solubility in Phase 1 was based engineered and natural barriers. In 11% Phase 2,
on single radionuclides, wherever the 11% the factors investigated were the integrity of the

-

; Phase 2 model considered all isotopes of an waste packages, the rate of release of radio-
j element in this determination. nuclides from the engineered barriers, and the

travel time of water through the geosphere. One
5. Carbon 4f gascous relcases. The IPA Phase 1 of the primary goals of the IIW effort is to give ,

| model did not include the releases of 14C gas insight to the effectiveness and ability to imple-
| to the accessible environment. The release of ment NRC's regulation applicable to the geologic

14
3 C gas was a major contributor to the cumu- repository. The regulatory requirements in 10

lative release to the accessible environment in CFR 60.113 address "three subsystem perform-.

the 11% Phan 2 model. Furthermore, the IPA ance objectives," namely substantially complete
Phase 2 model predicted this release to occur containment (SCC) of waste in the waste packages
at high conditional probabilities and inde- (10 CFR 60.113(a)(1)(ii)(A)), controlled fractional;

pendent of the release of the dissolved
release rate from the EBS (10 CFR 60.113(a)(1)(ii)

{ radionuclides. (B)), and pre-waste-emplacement ground-water

NUREG-1464 9-20
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9. Analytical Results

travel time (GWIT)(10 CFR 60.113(a)(2)). The 9.5.1 Effect of Travel Time of Water through
results presented in this section portray the over- the Geosphere
all(total) system perfmmance in terms of the
staff's understanding of the primary factors con. The NRC regulations in 10 CFR 60.113(a)(2) pro-

tributing to waste containment. The calculations scribe that the site for a geologie repository

are not for the purpose of directly drawing a possesses the property of pre-waste emplacement

comparison between overall system performance GWIT along the fastest pathway from the dis-
turbed zone to the accessible environment of lessin terms of release or dose and the subsystem

performance measures. There are primarily two than 1000 years (or other criteria chosen by the

reasons for this distinction: (1) the subsystem Commission (10 CFR 60.113(b)). Since there is
performance measures are supposed to be inde. not yet an unambiguous definition of GWIT, four

pendent requirements ensuring a minimal per. distinct " liquid" travel times have been defined

formance of each of the multiple barriers in a for each vector for the present study:

geologic repository, unrelated to the total system Fastest-the minimum time for the transporteperformance; and (2) the characterizations of
SCC, EBS release rate, and GWIT used in IPA of a non-diffusmg particle along the fastest

emnb, ation of possible matrix and fracturemPhase 2 are crude and incomplete, and do not
exactly conform to the definitions of those quanti. pathways m any of the seven flow columns

ties in 10 CFR Part 60. For example, the " liquid" representing the repos, tory.i

travel time, as used in this report, does not Mostfha-the travel time through the path-
.

e
include the 10 CFR Part 60 concept of the

way associated with the greatest flux from the" disturbed zone"(10 CFR 60.2) and is for post.
emplacement rather than pre-emplacement rep sitory to the accessible environment.

conditions. Furthermore, the " liquid" travel time Fha awniged-the average travel time for all
.

o
calculated in the TPA computer code program p ths, weighted by the flux m each path,
(described in Chapter 4)is an abstraction based
on the fastest combination of possible fracture Acraged-the average travel time for alle
and matrix pathways, and does not correspond to paths, irrespective of the flux in each path,
a realistic flow path. Nevertheless, the followmg
comparisons shed light on tiie importance of the For the purpose of IPA Phase 2, only liquid re-
engmeered and natural barn,ers to the total leases were included in this analysis; releases of
system performance. IdC were completely insensitive to liquidgaseous

.
travel time. Carbon-14 was the major contributor

Screened Conditional CCDFs are used for these to the normalized releases: therefore the inclusion
comparisons. As explamed in Section 9.2.1, these of gaseous releases would have further masked
plots are generated by "screemng out" vectors the sensitivity of Normalized Rc/ case to travel
aceordmg to a entenon, and usmg only the re- time. Figure 9-10a shows the scatter plot of liquid
maming vectors to produce the CCDFs. The travel time versus normalized liquid release for

,,

entena used in the present study were: each of the four definitions of travel time listed
,

above. Fastest travel time and most flux travel
o Infiltration less than 1 or 2 millimeters / year time are similarly distributed with travel times

(discussed in Section 10.3). controlled by fracture flow clustered at the short
~

time end and travel times controlled by matrix
o 'Havel time of water in geosphere less than flow at the long time end. Also, similarly distrib-

1200,1100, and 1(XX) years (discussed in uted are average travel time and flux averaged
Section 9.5.1). travel time. The fact that the fastest travel times

and most flux travel times are clustered around
o Release rates of radionuclides from the EBS 1(XX) years for cases controlled by fracture flow is

less than 10-5/ year of the 1000 year inventory an aspect of the site and the models chosen.
(discussed in Section 9.5.2). Correlation coefficients were also calculated for

the relationship between normalized liquid release
Waste package lifetimes of 300 or 1000 years and travel time for the four definitions. The fluxo

(discussed in Section 9.5.3). normalized travel time had the highest coefficient

9-21 NUREG-14M
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9. Analytical Results

i correlation ( .52), followed by most flux ( .23), through the EBS, for dissolved radionuclides (in-
Id; fastest ( .17), and average ( .05). ciuding C) versus the time of the maximum i

release for four selected radionuclides. The bi- '
,

j Figure 9-10b shows the sensitivity of the CCDF of modal nature of the plots for three of the radio-
liquid release in the base case (oooo) scenario to nuclides is caused by the large differences in cool-
excluding all or portions of cases with some frac- ing time (and therefore time-of-container failure)
ture flow. As expected, excluding all cases involv- for different parts of the geologic repository.
ing a fast path to the accessible environment There does not appear to be any significant rela-<

reduces liquid releases to very small amounts, tionship between time of release and EBS release
Excluding some of the fast path cases by using a rate of dissolved radionuclides. Americium-241
criterion of 1(XX) or 1100 years does not have a has a relatively short half-life and is not a daugh- )
significant effect on the CCDF even though a ter of any of the other radionuclides in the list,

'

large portion of the fast path cases is being and therefore does not display a bi-modal distri-
removed. bution. Although not plotted, one would expect'

i that short failure times would also be related to
14C because of the: 9.5.2 EITect of Release Rate from the EDS higher releases of gaseous

dependence of the release model on temperature.4

; The NRC regulations set forth in 10 CFR 60.113
(aXIXii)(B) specify that the release rate of any 9.5.4 Effects of the Performance of All

j radionuclides from the EBS should be 10-5/ year Natural and Engineered Barriers
; or less of the 1000 year inventory. Figure 9-11
; shows that the CCDF for the base case (oooo) Figure 9-13 shows the CCDFs for total liquid and

scenario responds mildly to screening out the gas cumulative releases in the base case scenario,
|,

vectors that had release rates greater than with the effects of all natural and engineered
'

;

10-5/ year of the 1000-year inventory and greater barriers separately and in unison. Screening the
i than 0.1 percent of the calculated total release vectors on the basis of barrier performance leads

,

rate limit. to a CCDF considerably better (in terms of com- !;

. pliance) than the unscreened vectors. Note that

9.5.3 Effect of Waste Package Lifetime only 18 of the 400 vectors " passed" the screening
1 tests, so the CCDF might not be statistically
; Figure 9-12a shows the distribution of waste convergent.
~

package failure time for the base case scenario. ;

I Figure 9-12b shows the CCDF sensitivity to !

I screening for waste package lifetimes (other than 9.6 Illustration ofIndividual Annual
initial failures) that are less than 300 or 1000 Dose Calculation |

,

years, as specified in 10 CFR 60.113(aX1XiiXA).
Long waste package lifetimes substantially de. In IPA Phase 2, two types of average annual indi-
crease the release. Much of this benefit is derived vidual ingestion doses (rems / year) were derived
from the suppression of releases of IdC from early from the 10,000-year cumulative population doses
failures of waste containers, during the time when calculated by DU7Y: (1) a crude estimate of dose

.

i the containers are hot and gaseous travel times for an individual member of the farm family who
i are shortest. Figure 9-12c shows the CCDF sensi- obtains his/her only source of drinking water from

tivity plot for the same case, but for gaseous re- the contaminated well discussed in Chapter 7; and,

leases only. Figure 9-12d shows a scatterplot for (2) a crude estimate of dose for the 177 individ-i

! all vectors of gaseous 14C release to the accessible uals who reside within 100 kilometers of Yucca
environment as a function of minimum failure Mountain and who eat contaminated beef (whose
time. There is a clear trend of high gaseous re- only source of food was vegetation irrigated with

2

leases for short waste package lifetimes, the contaminated well water). Estimates of these
individual doses are presented as histograms in

! The effect of waste package failure time on com- Figure 9-14.
pliance with the NRC release rate criterion was,

also investigated. Figure 9-12e is a scatter plot of The doses in Figure 9-14 should not be construed
fraction of the 1000-year inventory being released as accurate estimates of individual annual doses

9-23 NUREG-1464
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9. Analytical Results

|

at Yucca Mountain, Nevada. They were included probabilistic performance assessment (such as I
in this report only to illustrate some of the those illustrated in Figure 9-14) to a deterministic
statistical techniques available to the NRC staff individual dose standard such as that proposed in
for use in future performance assessments. The 40 CFR 191.15 (EPA,1993; 58 FR 7935).
method used to calculate individual doses in
Figure 9-14 is based on the incorrect assumption 9.7 Summary and Conclusionsthat the release rate of any smgle radionuclide
into water or beef remains approximately constant in this chapter, the results of the total-system per-
throughout the entire 10,00(bycar period of expo- formance assessment analyses were presented in
sure. Since the times of release of radionuclides terms of CCDFs, conditional CCDFs, single-
from the repository were random (as determined vector CCDFs, scatter plots, and screened condi-
by LilS sampling), and the concentrations in the tional CCDFs. Although the graphs were pre-
accessible environment because of these releases sented for demonstration purposes only, many of
are generally pulses or step functions, this as- the representations were found to be especially
sumption is not appropriate. The crude individual useful for examining some specific aspects of the
dose values in Figure 9-14 therefore underesti- analyses. The scenario plots, for example, have
mate the " peak" individual dose values by an proven to be a useful tool for evaluating the effect
unknown amount. of disruptive event scenarios on individual vec-

tors. Also, scenario-conditional CCDFs and

The doses in Figure 9-14 were derived as follows. single-vector CCDF plots (" hair diagrams")
For any scenario class, each of the 400 vectors proved to be useful for displaying the results of
obtained from parameter distributions by LIIS variable uncertainty and scenario probability
sampling was used to generate a corresponding assumptions.
10.(X)0-year population dose. The 400 dose values

The difference between CCDFs of releases m. theplotted in Figure 9-14 correspond to the set of
400 vectors associated with a scenario class in IPA IPA Phase 1 and Phase 2 analyses was primarily

Phase 2. For each vector, the fraction of 10.000- caused by the greatly m, ereased probability of the

year dose calculated by DITIY, which was caused pluvs,al-climate scenario class m I,hase 2, and the
, ,

either by ingestion of contaminated beef or con- addition of the gas pathway for C migration m
I,hase .

taminated drinking water, was divided by 10,000
years (the exposure period) and either by 3 or 177 The relationship between the performance of the
(the number of members m the family or the natural barrier as measured by liquid travel time
number of beef eaters) to obtam the very crude and the EPA release criterion depends on what
estimates of the mdividual doses m rems / year. definition of liquid travel time is used. When
The doses caused by the mhalation of airborne liquid travel time is defined along the " fastest"
radioactivity by the 22,200 individuals (those who pathway or the "most flux pathway," there is a
reside within 100 kilometers of the repositmy) bi-modal distribution because of the sharp dis-
were of the order of millirems over the 10,(XXbyear tinction between matrix and fracture controlled
exposure period. Since the individual doses flow. When travel time is " averaged" or " flux-
caused by mhalation were negligible compared normalized" this bi-modal distribution does not !

with the mdividual doses caused by m, gestion of occur. Correlation analysis showed a significant
'

water and beef, they were not meluded in the relationship between flux-normalized travel time
histograms of h,gure 9-14. and Nonnalized Rc/ case. For an averaged liquid

travel time there was almost no correlation. Cer-
In future phases of IPA, more appropriate com- tainly, the type of flow (fracture or matrix) that is
puter codes (e.g., GENil(see Napier et al.,1988)) strongly influenced by the sampled infiltration
may be required to obtain significantly better esti- rate appears to be the primary factor in reducing
mates of these individual annual doses. In addi- waterborne radionuclide movement to the acces-
tion, the transport modules will have to supply sible environment.
time-varying concentration data to the dose mod-
ules. In future performance assessments, the NRC Little correlation was shown between the frac-
staff may also need to devise a strategy to relate tional release rate performance measure and the
distributions of individual doses obtained in a Nonnali cd Rc/ case. Meeting the NRC EBS

9-33 NUREG-1464
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9. Analytical Results

release-rate criterion, alone, did not guarantee a on compliance with the NRC EBS release-rate

Normalized Release less than 1. The staff con- criterion, however, did not appear to be
cludes that more work is necessary to evaluate the significant.
relationship of the NRC EBS release-rate criterion
to total system performance, as well as the feasi- The effect of compliance with all of the NRC sub-

bility of repository designs to meet the criterion, system performance requirements, on meeting the
EPA release limit, must be considered inconclu-
sive, because of the small number of realizations

Waste package lifetime appeared to have a signifi- that met all three criteria. Future analyses, using
cant effect on the Normalized Rc/ case for the lig- selected ranges of sampled values and more
uid and gaseous components. Early waste canister realistic (less conservative) models, may provide

idC more definitive insights.failures were generally found to result in large
releases to the accessible environment, primarily
because of enhanced transport from large thermal The individual dose calculation, although illustra-

CO genera- tive for the sake of comparison, is neither con-gradients, and increased rates of 14 2

tion at higher temperatures. Significant sensitivity servative nor accurate. Significant improvement in

of releases to waste package failure times was ob- all phases of the performance assessment will be
served in the 3(X)- to 1(XX)-year range. The effect of required if individual dose is to be calculated for
release time (a function of waste package lifetime) regulatory purposes.

NUREG-1464 9-34
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10 CONCLUSIONS AND RECOMMENDNflONS

10.1 Introduction mathematical representations of repository
performance.

4

As noted in Chapter 1, a major goal of the Iter-
ative Performance Assessment (IPA) effort is to 10.2 Evaluation of IPA Phase 2
develop the necessary knowledge, tools, and Methodology and Scientific Bases
methodologies to provide a basis for the U.S. for Analyses
Nuclear Regulatory Commission staff to evaluate
the adequacy of the U.S. Department of Energy's 10.2.1 Adequacy of Methodology

: (DOE's) site characterization program (in the
; context of integrated repository performance) as The methodology evaluated, which is described in

well as for reviewing the performance assessment previous chapters, meludes the simulation struc-

submitted as part of a potentiallicense applica. ture and treatment of uncertainty, scenario analy-

tion. Further development of these tools and pro. sis, consequence analysis, the calculation of com-'

cedures is planned in future IPA iterations. In plementary cumulative distribution functions

reviewing the results of IPA Phase 2, the staff (CCDFs) for the normalized release and dose,

evaluated the adequacy of the methodology and and the use of auxiliary analyses to support model

the adequacy of the scientific bases used for these assumptions. An objective of IPA Phase 2 was to

analyses. This evaluation is discussed in Section evaluate particular aspects of the performance
assessment methodology, developed and trans-

10.2. ferred to NRC by the Sandia National Labora-
tories (SNL), including the models and codes for

The staff gained insights from developing and 11 w and transport m partially saturated fractured
evaluating the system code computational mod- rock (i.e., DCM3D-flow; NEFTib1N ll-radio ,
ules, performing the auxiliary analyses, and per- nuclide cham transport) and the scenario analysis
forming the sensitivity and uncertainty analyses methodology. The purpose of this section is to
on the results of IPA Phase 2. These insights discuss the adequacy of various aspects of the

! include the relative importance of various site IPA P1iase 2 performance assessment method-
characteristics, design features, and repository logy, including that developed by SNL.

,

processes to repository performance. Insights
gained from performance assessment results (and The hionte Carlo simulation of multiple vectors
limited by the accuracy of the models used) m, - or realizations, used in IPA Phase 2, is a common
clude evaluation of the relationslups between the approach to uncertainty analysis, and was used in*

performance of natural and engineered barriers the IPA Phase 1 study (Codell et al.,1992) andi

and performance of the repository, and evaluation other recent studies, such as the SNL perform-
of dose and release estimates and their relation- ance assessments for the Waste Isolation Pilot
ship to scenario class and pathway. Insights and Plant (WIPP)(Helton et al.,1991), the SNL
conclusions are discussed in Section 10.3. performance assessments for Yucca hiountain

(Barnard et al.,1992, and Wilson et al.,1994), and
Section 10.4 discusses additional research, model- the Pacific Northwest Laboratory (PNL) perform-
ing improvements and supporting analyses that ance assessment for Yucca hiountain (Eslinger et
will be needed to improve the methodology and al.,1993). This procedure allows the propagation
scientific basis of future performance assess- of parameter uncertainty through a series of
ments. In Section 10.4.1, necessary research falling linked models. hiodel uncertainty and uncertainty

; under the responsibility of DOE or its contractors resulting from the spatial variability of the param-
has also been included. In some cases it will be eters, however, are not reflected directly in the
necessary for NRC, as well as DOE, to pursue a results (although some of these uncertainties have
more thorough understanding of the scientific been represented by input parameter variability).
bases of the subsystem models, as well as im-
provements to the codes that incorporate the The SNL scenario selection methodology (Cran-
models, so that NRC can evaluate critical DOE well et al.,1990), whose modification and imple-

assumptions, conceptual descriptions, and mentation were described in Chapter 3, provided

10-1 NUREG-1464



10. Conclusions and Recommendations

an adequate basis for the staff's scenario analysis The calculation of CCDFs, described in Chapter
in IPA Phase 2. Sixteen mutually exclusive scen- 9, was based on the assumption of equal proba-
ario classes, with associated estimated probabil- bility for each realization determined for a sce-
ities, were generated from an initial list of 17 nario class. There were three presentations of
potentially disruptive events and processes, of CCDFs in IPA Phase 2: (1) conditional CCDF
which four events and processes remained after curves for each scenario class representing the |

screening for combination into scenario classes. parameter uncertainty; (2) composite or total
These 16 scenario classes were provided for incor- CCDF curves representing all scenario dasses;
poration in the consequence analysis. Definition and (3) " hair diagrams," which are CCOF curves
of repository system boundaries for the analysis for multiple parameter vectors, each representing
kept the nurnber of scenarios requiring evaluation all scenario classes. The conditional CCDFs
to a tractable number. present repository behavior for each scenario

class. They are combined to form the composite
or total CCDF by weighting each by its scenario

,nie consequence models, desen. bed in Chapters 4 probability. The " hair diagram" presents the same
to 6, represent a limited attempt to estimate, for information in a different way, keeping separate
the most part usmg mecham,stic models, the per- the scenario and parametric probabilities. For,

formance of the repository under selected see- that reason, the extremes of system behavior may
nario classes for each sampled realization. The be better demonstrated with the hair CCDFs. For
increasmgly mechamstic nature of the conse- example the effects of extreme parametric values

quence models is considered to be a positive can be displayed for both high probability events,

improvement over IPA Phase 1, because it has (climate change) and low probability events (mag-
and will allow m future developments, more rnatism). The mean of all of the hair CCDFs gives
representative and realistic couphng between the same composite or total CCDF that would be
processes, and because the use of mechamstic calculated by combining the scenario CCDFs..

models allows a more direct and transparent iden-
tification of needed information and data. The

A comparison between the CCDF of cumulative

IPA Phase 2 models have not been run for time-
radionuclide release resulting from the IPA Phase

varying boundary conditions (e.g., time-varying
2 analysis and the CCDF computed by the earlier
Phase 1 analysis demonstrated several significantpercolation flux through the repository for source
differences. Much of the difference could be ex-term and dissolved transport models). Ilowever,

some of the models allow for transient conditions plained by the incorporation of the gas transport'

pathway in Phase 2 and the assignment of acaused by repository heat (e.g., gas flux for MC
transport), which is a function of time. Changing higher probability of occurrence for the pluvial

near-field temperatures caused by repository heat (climate) event. Similar comparisons in future
climate phases of IPA should be easier and more

also influence the start of waste package corrosion
and fuel alteration rates. Changing far-field temp- informative because comparisons are expected to

cratures influence gas transport. An alternative to be made after each incremental change rather

this limited dynamic approach may be to employ then only at the completion of major revisions in

stochastic time senes generatmn of environmental the total-system performance assessment.

processes, such as that employed in a perform- Auxiliary analyses are an important part of NRC's
ance assessment in the United Kingdom (see IPA meth3dology. Auxiliary analyses were used
llMIP/ DOE,1993). Also,in the IPA Phase 2 con- for development of the abstracted models de-
sequence models (described in Chapter 6). limita- scribed in Chapters 4 and 5 from more sophisti-
tions in site characterization data and excessively cated models, to synthesize parameter values and
long computer code run times required the use of distributions from more fundamental data, and to
one- (1-D) and two-dimensional (2-D) transport place the results of the analyses in perspective.
models, where a full three-dimensional (3-D), The auxiliary analyses were used to set some con-
transient approach may have been more appro- stant parameters such as water level during the
priate. Although 3-D models may remain pluvial climate event, geochemical parameters for
impractical to include directly in the IPA evalu- various strata and radionuclides, and to deter-
ations, they can be used to develop abstracted mine the 1-D flow path characteristics for the
codes. liquid flow and transport computations. The

NUREG-1464 10-2



10. Conclusions and Recommendations

auxiliary analyses proved to be an indispensable characterization at the time these analyses were |
|

and integral element of the staff 11% effort. performed did not support a consensus among
hydrologists about conceptual models of water

The use of the DCM3D and NEFI7MN II com- movement through Yucca Mountain nor the

puter programs proved to be usefal for imple. appmpriate paradigm for modeling transport of
menting the conceptual models for liquid flow and radionuclides. Far-field geochemistry, especially in |

transport of radionuclides, respectively. DCM3D its application to transport by fracture flow, is |

was not used directly in the total-system perform. another area where conservative approximations

ance assessment (Ti%) computer code, but was have been used in the IPA Phase 2 analysis to

used principally to partition the groundwater flow account for uncertainty. In this analysis, there was ;

between the fracture and matrix systems for input assumed conservatively to be no retardation in the j

to NEFI7MNII. The transport of radionuclides fractures. Credible models of retardation proc- '

was simulated using NEFI7MN II, which esses, especially in fractures, would reduce the

accounted for element-specific retardation, radio. level of conservatism for this process.

active decay, and generation of radioactive prog-
eny. This simple representation kept the fracture The NRC staff has modeled the 1988 Site Char-
and matrix flow systems separate. More complex acterization Plan (SCP) repository design (DOE,
representations may require features of the com- 1988) to the extent practical, although the staff is
puter progums not used in the current analysis aware of proposed oesign changes. Because of the
(e.g., transient flow fields, matrix diffusion, and preliminary nature of the design, many of the cal-
3-D models) or computer programs that represent culations have been performed as conservative or
additional processes (e.g., multi-phase flow). bounding analyses. Examples of such analyses are

the seismic failure model for the waste packages,
the waste package corrosion model, and the wasteOverall, the methodology preides a structured, dissolution model. To the extent practicable, the

analytical approach for estunating performance of SCP design has been used as a basis for model-a potential geologic repository. Various aspects of ing. Many aspects of the repository design arethe methodology require improvement, such as
expected to change and the waste package des,gni

consequence models, and the estimation of sce- is likely to change significantly. Changes m, place-nario probabilities, as discussed in Section 10.4. ment configuration, such as from vertical to
horizontal, will affect the waste dissolution and

10.2.2 Adequacy of Scientific Basis for the release models. Changes to thermal loading will
IPA Phase 2 Analyses affect the near-field hydrology of the waste pack-

ages and the circulation of rock gas.
For the purposes of this discussion, the scientific
basis for analysis was considered to be published 10.2.3 Conclusions Regarding IPA Phase 2
mformation about the site and the proposed hiethodology and Analyses
repository design, published research conducted
by DOE and its contractors, and NRC-sponsored The methodology can and must be improved as
research. Broader scientific and techmcal litera- more data become available and the understand-
ture, includmg published performance assess- ing of the site matures. However, the staff con-
ments such as that performed for the WIPP siders the present methodology suitable to gain
project (Helton et al.,1991), was used to supple- insight into the significance of many of the ger-
ment this mformation. mane parameters and processes and to gain

insights regarding model development, repository
The scientific basis for analysis is improving performance, and research and technical assist-
through site characterization activities and re- ance needs. However, the data and scientific
search. However, the existing scientific basis is far understanding of the site are not sufficient at the
from adequate to allow an accurate assessment of current time to predict potential repository per-
compliance with any of the applicable perform- formance with certainty. Furthermore, several
ance objectives with reasonable assurance. The areas of modeling need improvement in order to
paucity of data about the site is probably the have confidence in the estimates of performance.
greatest inadequacy. For example, the state of site The computed CCDFs presented in this report
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should not be taken to be indicative of actual deciease of liquid radionuclide releases for the
repository system performance. base case CCDF when vectors with infiltration

rates greater than 1 or 2 millimeters / year were
eliminated from the CCDE10.3 Insights and Conclusions From

IPA Phase 2
Although the flux of liquid water through the
repository depends on the parameters infiltration,

10.3.1 Significant Insights and Conclusions hydrauhc conductivity, and porosity, performanceg , ,gP g g. g
correlates most strongly to mfiltration. The satur-

,

Sens.tivity and Uncertainty Analyses ated hydraulic conductivity and porosity varyi
;

fr m layer to layer for each vector, and are as-The purpose of this section is to discuss insights sumed to be uncorrelated. There is only one value
identified through model development and the

f in fr n Per vector for aH layers, however.
sensitivity and uncertainty analysis that have a Smce, m the 1-D representation of unsaturated

i ,

significant effect on the results of the performance flow, m, filtrating water must pass through all
assessment. Most of these insights at this stage of

layers, th sensiMty Jo the value of hydrauh,cthe IPA process deal with site aspects, repository conduc ivity or porosity of any single layer is
,

} design, and repository processes.

As noted in Chapter 4, two features of the site
that appear to strongly m, fluence the results of the A number of model simplifications (e.g.,1-D flow

performance assessment are:(1) the rock media paths, permeability ranges, and seven sub-areas,

are unsaturated and therefore have the potential for the total repository area) were used to abstract

for advective transport of gas upward to the at- the 3-D problem and allow analysis of the uncer-

i mosphere; and (2) the rock media are fractured tainties with reasonable computer execution times

and have the potentia for fast hquid pathways for for the Phase 2 analysis. However, the proposed

radionuclide transport to the water table and repository is a transient,3-D, partially saturated,

beyond. The quantitative effects of both these system with significant air and water vapor move-

features have been relatively difficult to model in ment in a fractured, porous medium, complicated.

a consistent manner. For example, permcability by potentially significant heat transfer and the

and porosity for flow through fractures ,n the dual associated flows of gas and liquid. How thesei

porosity model for the repository cross-section phenomena can be approximated by simplifying
assumptions and still provide an adequate repre-

stratigraphy were estimated from fracture aper.tsentation for the calculation of system perform-ture widths and the number of fractures per um
area, where as permeability and porosity for the ance is poorly understood at this time and needs

matrix were based on core analysis. Both of these further investigation.,

data types are based on k> cal (small-scale) obser-
vations and need to be supplemented by data The Phase 2 analysis conservatively assumed that
collected at a larger scale. there was no retardation in the fractures and did

not consider the process of matrix diffusion in the
From the regression analyses for the base case modeling. Future iterations need to evaluate the

scenario and other scenario classes not involving nature and magnitude of the conservatism of
pluvial climate, infiltration rate was found to be these assumptions and the relationship of fracture
the most important sampled parameter. There is coatmgs to geochemical processes.
strong correlation at low to moderate infiltration
rates (base case) and weaker correlation at the The design of the waste package container and its
high infiltration rates (pluvial case). In the former emplacement configuration is expected to have a
case, there was both matrix flow and fracture strong influence on repository performance. As
flow, but in the latter case, the flow was predomi- discussed in Section 10.2.2, the design of the waste
nately in fractures. Under conditions of significant package will greatly affect waste package failure
fracture flow, radionuclide travel times tended to times and release mechanisms. IPA Phase 2 analy-
be low, with relatively little decay. The accom- ses had varying degrees of ability to treat design
panying figure (Figure 10-1) shows a significant details; e.g., SOTEC was based on vertically
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Figure 10-1 CCDF for dissolved radionuclides, base case scenario (Vectors screened for
less than 1 or 2 mm/yr infiltration.)
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emplaced waste packages, with no option for hori- loading was assumed for all simulations. A
,

zontal emplacement. DRILLO had the option for parametric study of repository thermal loading i

horizontal emplacement, but it was not used. Vari- may provide additional insights in future phases.
ous options for treating the configuration of the
waste package will probably need to be incorpor. Gas transport parameters were also identified to

.

ated in some of the modules of the system code. be important. Parameters identified are the gC in
s

permeability and retardation coefficient for
,

e Topopah Spring Unit. The gas transport of
fjC will be complicated by variations m moistureThe corrosion-related parameters that showed ,

strong correlation with performance were the in the transport medium and gas flow, because of
. ,

(electrochemical) potentials for pitting and crevice the heat of the decaying nuclear waste as well ascorrosion, and the active corrosion rate. Corro- ,

sion affects the time of waste package failure chemical processes leading to rgardation of car-
bon. Geochemical modelmg of C transport

under static and seismic conditions. Dissolution- demonstrated a retardation factor of approxi-
,

related parameters include the fuel alteration rate
and solubilities of radionuclides. Other factors mately 30 to 40, primarily because of the transfer

,

~

of carbon between the CO m the gas phase and2found te be important control the interaction of nate and bicarbonate m the h,qmd
,

dissolved cargC m,ght be trapped temporarily mwater with the waste package and influence
phase. Some i

whether and how water contacts the waste. , ,

precipitatmg calcite dunng the period when temp-
eratures are rising, and released from the calcite

Failure of the waste packages by corrosion and as it redissolves as temperatures fall. Although
transport of dissolved radionuclides from the not modeled in IPA Phase 2, percolation of moist-

,

waste package are expected to depend on contact ute and its effect on the upward movement of
with hquid water. In IPA Phase 2, waste packages vapor may tend to reduce C releases during14

were assumed to remain dry until their surface pluvial periods, possibly reducing the sensitivity of
temperature dropped below the boiling point, and total normalized release to percolation rate.
came into contact with hquid water from dnppmg
'Tactures and wet rock. Future models need the Seismicity and volcanism caused large releases
i.bility to consider plausible rewetting mechanisms compared with the undisturbed (base) case, but
ior dry rock, the possible influx of liquid water did not appear to have a significant effect on the
v.:ch as dripping fractures, condensation of water total CCDE However, more realistic modeling of
vapor on waste package surfaces because of cap- infiltration, corrosion, seismicity and magmatism
illary and solution effects, rise in the water table, could significantly change the importance of dis-
and water reflux driven by repository or geo- ruptive effects relative to one another, as well as
thermal heat. their influence on the total CCDE For example, a

more detailed study of magmatism may include
Repository heat load is a design parameter that changing groundwater chemistry and accelerating
has the potential to significantly affect perform- the corrosion of nearby waste packages.
ance. The present analysis is based on the
assumption of a hot repository with a design Several potentially volatile compounds of *Tc,
power loading of 57 kilowatts / acre. This loading Se,and 1299 1 will be present in spent nuclear fuel.
results in a strong thermally induced gas flow Conservative estimates of gaseous releases of

,

when typical hydrologi properties are assumed these radionuclides during volcanism and normal
for the rock strata, as shown in Section 43. This pperations demonstrated relatively insigmficant

,

loading is assumed to cause a period of dryness mpacts, so this potential phenomenon was given
for the waste packages: that is, there is a period a low priority for the IPA Phase 2 study.
for which the temperature of the rock surrounding
any particular waste package will be above the
boih,ng point of water, assumed to protect it from 10.3.2 Insights and Conclusions Regarding

corrosion. Temperature also affects corrosion System and Subsystem Performance

rates and the rate of oxidation of spent nuclear This section presents some insights and conclu-
fuel. Hence, the overall sensitivity of the total- sions regarding system and subsystem perform-
system performance assessment to any particular ance in terms of factors related to the behavior of
loading is not clear at this point, because only one the engineered and natural barriers. As noted
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iearlier. the factors that were investigated in IPA criterion was strong, for flux weighted " liquid"
Phase 2 were the integrity of the waste package travel time. However, travel times calculated as a I
canisters, the rate of release of radionuclides from result of averaging or flux weighting sub-area
engineered barriers, and the travel time of water travel times were generally in excess of 10,000
through the geosphere. The regulatory require- years. %e relationship between " fastest" travel
ments in 10 CFR 60.113 address "three subsystem times from among the seven repository sub-areas
performance objectives " namely substantially and the Nonnalized Rc/ case was most significant
complete containment (SCC) of waste in the waste when used as a factor to determine the presence
packages (10 CFR 60.113(aX1)(iiXA)), controlled or absence of fracture controlled flow.
fractional release rate from the engineered barrier

Release of IdC through the gaseous pathway con-system (Ells)(10 CFR 60.113(aXIXiiXB)), and
pre-waste-emplacement ground-water travel time tributed sigmficantly to the Nonnalized Rc/ case

(GWIT)(10 CFR 60.113(aX2)). The conclusions while not af fecting sigmficantly the Effective Dose
,

are not for the purpose of directly drawing a Eqmvalent estimate. Tlus is gC is related to theobably because then rmalized release limit forcomparison between overall system performance
world-wide circulation of 14C and the resulting ,in terms of release or dose and the subsystem

performance measures. There are primarily two dose, whcreas the dose calculation m this study is

reasons for this distinction:(1) the subsystem limited to the assumed population m a circular
,

area of 50-kilometer radius.performance measures are supposed to be inde-
pendent requirements ensuring a minimal per- The 10,000-year median collective dose for the
formance of each of the multiple barriers in a fully disturbed case was approximately an order
geologic repository, unrelated to the total system of magnitude greater than the corresponding dose
performance; and (2) the characterizations of for the base case scenario. For the Nonnali:cd
SCC, Ells release rate, and GWTF used in IPA Rc/ case, the median (i.e.,50 percent probability)
Phase 2 are crude and incomplete, and do not of the fully disturbed case was about 5 times the
exactly conform to the definitions of those quan- median of the base case. For both dose and
tities in 10 CFR Part 60. For example, travel time Nonnalized Rc/ case at the median probability, the
as used here does not include the concept of the most important disturbing event is pluvial climate
disturbed zone and is for post-emplacement and the resulting increase in percolation rate. The
rather than pre-emplacement conditions. Further- contributions by the ingestion pathway dominated
more, travel time calculated in FLOlVMOD is an the collective doses from both scenarios. The
abstraction based on the fastest combination of average annual dose to an individual in the region
possible fracture and matrix pathways, and does from inhalation was negligible compared with that

; not correspond to a realistic flow path. Neverthe- from ingestion of contaminated drinking water
less, the following comparisons shed light on the and locally-grown contaminated food. In scenario
importance of the engineered and natural barriers classes involving magmatism, order of magnitude
to the total system performance- increases over the base case dose resulted from

direct releases to the surface during an extrusive
magmatic event. The same type of event increased

CCDFs have been drawn by " screening out" we- the Nonnalized Rc/ case by about a factor of 4. The
tors that did not meet a given criterion. The radionuclides that made the largest contributions
screened CCDFs used with the barriers' perform-

ic,77,,,,y,, developed in accordance with the provisions of the
,,y;,,g ,,, ,, ,,,,g,,g, ,g,,;,;c ,, ,3, y,,c, goo,,,;,

ance showed waste package lifetime to have a
site is bemley Act of 1992. The linergy Pohey Act of 1992 (Pubhesignificant effect on the normalized release for riner P

. . law g02-486). approved October 24,1992, directs NRC to prm
liquid and gaseous source term components in the mulgate a rule, modifying m crR Part 60 of its regulations. so
300-year to ' Ayear range. Early waste package that these regulations are consistent with I lWs pubhe health and

safety standards for protection of the pubbe from releaso to the!

I4C accessidie environment from radioactive materiais stored or dis-failures were generally found to result in large
releases to the accessible environment, primarily P" sed of at Yucca. Mountain. Nevada, consistent with the findmgs

and recommendations made b the National Academy of sciences.
. because of enhanced transport from large thermal to I PA, on issues relating io tee environmentat standards govern.

14CO genera- $he Itjsg ngd regdgradients, and increased rates of' ount r tt
2 , , , ,h , , , ,n,

tion at higher temperatures. The relationship different from those currently contained in 40 CFR Part 191,
between "li uid" travel time and the U.S. particularly as they pertain to the need to conduct a quantitative

.
S performance assessment as the means to estimate postclosure

Environmental Protection Agency (EPA) release performance of the repository system.
,
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,

to population dose}3 cumulated over 10,000 years)
Field measurement of gas flow rates and determi-

94Nb, 210Pb, Am, and 237Np. nation of Yucca Mountain pneumatic propertieswere
by DOE will need to be continued for adeauate

10.4 Recommendations niedeling of gas transport.
'

Regi9nal Hydrology. Further research will also be
10.4.1 Recommendations for Additional required in the area of regional hydrology to

Scientific Input determine maximum water levels and boundary
conditions for site hydrologic modeling especially

Based on the insights and conclusions described
f r disruptive consequences. DOE should con ,te

,

above as well as recommendations identified in sider mvestigatmg the steep gradient near the si
the Phase 1 report, there is a need for continuing because of the possible mfluence on future site

,

research by both NRC and DOE in the general gr undwater elevations.
,

areas of hydrology and geochemistry, waste form
and waste package container materials, repository Ivrcolation. DOE will need to continue the field
hydrothermal effects, and probabilities and effects measurement of deep percolation and its corre-
of disruptive events. The ability to identify re- lation with precipitation. NRC should explore the
search needs from the work performed in IPA possible use of such correlations with expert
Phase 2 is limited by the lack of sophistication of elicitation information in climatology to determine
the models and paucity of data. When site charac- ranges of percolation rates as a function of

,

terization results are adequate to allow detailed climatological assumptions. The development of a
modehng of hydrologic characteristics for differ- more sophisticated climate model should also be
ent scales, ongomg research m scale effects will pursued.
prove useful. The same is expected to be true of
advanced corrosion and waste dissolution topics, Geochemical Models. NRC and DOE research in
shaft and borehole sealing, natural analogs, and geochemistry, including laboratory studies, field,

seismic research. Hence, there is a sigmficant studies, and natural analogs must continue to
amount of research being pursued that will even- provide adequate verification of present geo-
tually support performance assessment, but can- chemical models or, if required, the bases for
not be directly justified by insights and conclu- alternative models. Research in this area should
sions from the present analysis. emphasize flow through fractures because of the

importance demonstrated for fracture flow. Fur-
: Fracture-Matrix Interactions. Considerable re- ther research in gas transport geochemistry
'

search in hydrology will need to be directed at should also be undertaken to determine if there
IdCO release in theachieving a better understanding of fracture- are significant barriers to 2

matrix interactions. Flow in fractured or geosphere.
fractured-porous media can be represented in sev-

,

eral ways: (1) discretefracture models that sent Corrosion Models. DOE should continue to collect
flow explicitly in discrete channels and in the data on the corrosion of waste container mate-,

porous matrix; (2) equivalent continuum models rials. Both NRC and DOE research in corrosion
that represent the averaging of the matrix and should be directed at obtaining a better under-
fracture system into an equivalent porous medi- standing of the corrosion mechanism and how
um: and (3) dual-continuum models that treat the corrosion is likely to progress under conditions of
matrix and fracture as separate but interacting high humidity or in contact with water of high
continua. Experimental information for fracture- ionic strength. In addition, models to determine
matrix interactions is scarce and is needed to accurately the contact of the waste form with lig-
provide insights on the applicability of these uid water will be highly design-specific to the
approaches. DOE will need to provide detailed repository concept finally adopted. Much of this
characterization of the fracture properties in the work is expected to stem from confirmatory
repository horizon as a minimum, for examination laboratory-scale and field heater tests uoed to
of near-field hydrothermal effects; and to a de- validate mathematical models of two-phase heat
gree sufficient to determine percolation, liquid and mass transfer. Since the experimental data
transport, and/or vapor transport properties must be necessarily of short duration and small-
through the rest of the Yucca Mountain area. scale relative to those of the repository, reliable
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mathematical models may be the only way to ex- consistent environment, incorporating aspects

trapolate results to greater times and distances. In of modern code development such as object-
this regard, the basis for the development of these oriented design and principles of software
models will rely on a mechanistic understanding quality assurance. The computational plat-
of the processes and events related to the waste form should be standardized to employ

package's interaction with its environment. NRC UNIX tools for software development and

needs to pursue an independent understanding of debugging. Requirements for individual code
these processes to evaluate DOE's assumptions. modules should be specified in advance of

DOE will need to continue characterization of the integrating them into the system code. There
spent fuel waste form (inventories and dissolution should be careful attention to interfaces

rates) as these control the source term. among the TPA computer code and its
modules.

Magmatism. Additional geologic information is
needed regarding volcanic processes to improve 2. Future IPA derclopments will require more

the probability estimates of the magmatic sce- model abstraction and eDicient computing tech-

nario. This information includes determining the niques. The computational requirements of
role of volatiles in driving magma ascent, the the TPA computational modules can be pro-

importance of multiple dike intrusions and the hibitive, and significant simplifications were
role of pre-existing geologic structure. The effects required in order to achieve acceptably low
of uncertainty in geochronological data should execution costs. It is recommended that more
also be evaluated. Additionalimprovements may attention be given to abstracting the compli-
also have to be made regarding magma interac- cated phenomena to achieve efficient compu-
tion with water. NRC should develop an inde- tational modules, and examination of the

pendent understanding in this area. feasibility of applying high-performance com-
puting procedures including massive parallel

10.4.2 Recommendations Regarding Modeling computers and advanced computational

Improvements and Supporting methods (e.g., adaptive grids, domain

Analyses in NRC's IPA Activities decomposition, and efficient matrix solvers).

| The following recommendations are listed by J. 7he TPA computer code must be easily un-

chapter and include recommendations for model- graded. It is recommended that the TPA sys-i

! ing improvements and additional analyses based tem code be considered a dynamic entity, to

: on conclusions in the chapters and include recom- be upgraded in future IPA iterations. Possible

| mendations from the IPA Phase 1 Report (see upgrades include: addition of new modules.
'

Chapter 10. " Preliminary Suggestions for Future changed scope of current modules, central-
i Work," in Codell et al.,1992) that have not yet ized use of databases, uniform interfaces

i been implemented (see Section 1.2.5 of this between modules, and uniform codmg prac- |
'

j report). Some of these recommendations parallel tices among modules.

|
those of Section 10.4.1, but emphasize analysis
rather than research- 10.4.2.2 Scenario Analysis Module

I. Stafjudgments in screening the initial set of
i 10.4.2.1 TPA Computer Code crents and processes (EPs) should be reassessed
1

I. Software Quality Assurance requirements need using appropriate mathematical models and .

'

more prominence in module derclopment. There numerical codes, as recommended by Cranwell

were a number of difficulties encountered et al. (1990). This could lead to the assign-,

during the development of the Phase 2 mod- ment of different probabilities to the EPs and
,

ules and their integration into the TPA sys- result in a different outcome to the screening.
;

i tem code. Many of the problems could prob-
ably be traced to a lack of documented 2. Future work should investigate methodsfor

module designs, lack of module integration generating individual scenarios " representative"'

designs, and lack of documented module of the scenario classes to which they belong. The
,

testing. The TPA computer code and its approach taken in the IPA Phase 2 scenario!

modules need to be developed under a more analysis generated scenario classes (i.e.,
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i
>

unique combinations of events or processes propagate through a geologic unit). These
without regard to the order in which they further analyses can be used to modify cur-
occur). Generating representative events rent IPA models and revise parametric
would likely involve the need to " partition" ranges.
the individual scenario classes into appro-
priate subevents or subprocesses and then 3. Eramine hydrogeologicfeatures and heterogen-
examining various combinations. city that could allow a "short circuit" through

the unsaturated zone. The IPA Phase 2 flow
3. Obtain geoscience inputfor modelingfault- and transport analyses assumed that fluid

ing, uplift, and subsidence at Yucca Mountain. fl w and radionuclide transport could be
In the IPA Phase 2 scenario analysis, the represented as 1-D stream tubes for each of
vibratory ground motion from k> cal faulting the hydrogeologic umts. Two- and 3-D

,

was combined with regional seismicity. Re- analyses could mvestigate the impact of fault
gional uplift and subsidence were considered zones and perched water on pathways
to have negligible consequences in the screen. through the unsaturated zone. If the impact is

,

ing analysis, and no attempt was made to of sufficient magnitude, then additional
,

model thne events. In future IPA iterations, Pathways could be added to the flow and
all of these events will be modeled, probably transport analysis m future iterations.

,

in auxiliary analyses, to make a determination
4. Eramine the coupling of water in the gaseousabout whether they should be meluded.

andliquidphases. The model of the repository
is highly idealized. The prototype is transient,

10.4.2.3 Flow and 'hansport Module 3-D, partially saturated flow with significant
air and water vapor movement in a fractured,1. Eramine modeling issues afecting percolation.

Conceptual model assumptions with respect porous medium complicated by potentially
significant heat transfer and the associatedto percolation should have a major effect on

water flux through a repository k>cated in the flows of gas and liquid affecting the redistri-

unsaturated zone. Issues that can be invest'- bution of moisture. Abstracted models need

gated with auxiliary analyses include the re- to be tested through simulation, comparing

lationship between highly transient rainfall the results with those of the more complete

and percolation estimates, the effect of top- model developed in the auxiliary analyses,,

ographic lows and fault zones as sources of which includes the coupling of water move-

mereased recharge, how spatial variability in ment in the liquid and gaseous phases under,

hydrologic parameters affect percolation, and non-isothermal conditions. Simulation efforts

the effect of fracture imbibition on could examine the variation m moisture con-
percolation. tents and fluid flux through the repository

caused by vapor movement and condensation

2. Eramine modeling assumptions afectinK (this effect would be especially pronounced

fracture-matrir interaction. Modeling assump- during the thermal phase of the repository).

tions regarding the interaction between ma- 5. Eramine refinements in t/w saturated zone
trix and fractures are very important due to modeling to improre concentration estimatesfor
differences in fluid vek> cities and retardation dose calculations. The calculation of dose
of the two flow systems. Auxiliary analyses requires a determination of the radionuclide
could improve the understanding of concept- concentration. The concentration determina-
ual rnodeling assumptions regarding small- tion requires consideration of flow and dis-
scale interactions at the fracture-matrix inter- persion,in the saturated zone, that is not
face (e.g., detailed simulations to examine the normally required for the calculation of time-
equilibration of pressure between the fracture

integrated discharge (Nornmlized Release) forand matrix considering transient conditions comparison with the EPA standard.
and the effects of mineral coatings on frac-
ture surfaces) and latge-scale effects concern- 6. Assess the usefulness of additionalintermediate
ing the flow field within a hydrogeologie unit calculationsfor understanding theflow and
(e.g., examine how the small-scale effects transport results. The IPA Phase 2 analyses
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performance measures were integrated dis- two-phase flow into account to better esti-
charge and radionuclide dose. These results mate the temperature in the near field and
are often difficult to explain in the absence of the transfer of liquid water and water vapor
other information on modeling results for inputs needed to predict the onset of corro-
individual modules (e.g., fluid flux or water sion and the interaction of liquid water with
velocity for the groundwater pathway, and the waste. |

I

release rates for the source term module). It
would be beneficial to further examine the 4. Take spatial and temporal variability into

modeling approaches and identify interme- account in source term models. IPA Phase 2

diate calculations that could be performed to began to explore ensemble averages of the

provide further insights on model and system temporally and spatially varying environ-

performance, mental parameters that should be used to
represent a large number of waste packages

7. Eraluate the importance of thermally- and with relatively few calculations. Improved j

source term models should also take the jbarometrically-driven airJiow on performance.
in IPA Phase 2, thermal gradient-driven gas variability of the properties of the fuelinto .

transport was incorporated in the calculation account either explicitly or by defining effec- ;

of the CCDE Other pneumatic effects such tive mput parameters that capture the varia-
,

|

as barometric pumping should be considered bility without making the models too complex
,

in future iterations of IPA. for tota!-system performance assessments.

5. Improve modelsfor the release ofgaseous NC.
10.4.2.4 Source Term Module The IPA Phase 2 model considers the release

14CO emanating from the waste,of gaseous 2
I. The models in SOTEC will hare to be modified based on steady-state diffusion of oxygen and

m response to the current waste disposal con- 14CO . Failure to include the transient diffu-2
cepts that dgerfrom the SCP design assumed sian af oxygen evident from the data could
for the IPA Phase 2. IPA Phase 2 was based lead to inaccurate predictions of conversion
on the waste package concept described in rates at low temperatures. The model could
DOE's 1988 SCP of single-walled packages be improved by considering transient diffu-

,

placed vertically m boreholes, with an air gap sion. Also, the present implementation of the
14C mixes Ibetween the container and the surroundmg model for the release of gaseous

rock. The current models will have to be the contribution from the seven repository
modified as DOE progresses m, site charac- sub-areas for use in the 2-D gas flow model.
terization and makes decisions about its The model should be revised to take into

,

thermal loading strategy, waste package de- account variations in release rate for each
sign, waste package matenals, and additional sub-area.
engmeered barn,ers.

6. Consider modes of waste packagefailure other
2. Develop more mechanistic modelsfor waste than corrosion. Waste packages might also fail

package corrosion. The present version of from mechanisms other than corrosion, such
SOTEC used in IPA Phase 2 considered as seismic shaking, volcanism, and inadvert-
simplified models for corrosion. Needed ent human intrusion. Although IPA Phase 2
improvements to SOTEC include codes considered failure by drilling, volcanism and
abstracted from complex physics-based seismicity, the models were highly simplified,
models, including a mechanistic model for Models for failure by volcanism might take
initiation and propagation of k>calized corro- into account mechanisms of interaction be-
sion, taking into account the geochemical tween magma and the waste packages (e.g.,
environment and mechanical stresses. corrosive gases and viscous forces). Improved

models for human intrusion might consider
,

J. Improve modelsfor the efects of heat. The pres- the site-specific likelih(x>d for drilling, shear
ent temperature model uses a semi-analytical forces from drilling fluids, or other mecha-'

approach for conduction-only. More realistic nisms that could bring radioactive material to
models could take heat and mass transfer in the surface. These disruptive events could
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also have a significant effect on the other over the 10,000-year period of regulatory
aspects of the repository performance. interest. Although conservatively neglected in
Analytical expressions for buckling are only SOTEC, the model could include recognition
available for simplified geometries and load- that degraded waste packages, including
ing conditions with static loads. A buckling failed fuel (e.g., defective cladding), can still
model for a complex geometry and multiple contribute to the isolation or controlled
and transient loads would require a release of radionuclides.
complicated and computationally intensive
simulation unsuited for IPA. Once the engi- 9. Include modelsfor other wasteforms. The
neering design has been finalized, the struc- staff's first two IPAs focused on evaluating
tural failure of the waste packages from the performance of waste packages for spent
dynamic and other forces could be analyzed nuclear fuel. In future IPAs, the staff should
deterministically by numerical and experi- develop a source term model for the expected
mental techniques and abstracted for IPA. inventory of glass waste packages with special
Hese analyses would include the possible consideration to the kinetics of glass dissolu-
impact of mechanical fatigue of the waste tion, formation of secondary silicate mineral,
packages from recurrent, low-intensity colloid formation, and mass transport of ra-
seismic activity. Improved models of scismic dionuclides. Further, waste forms other than
failure might take into account the range of light-water reactor spent nuclear fuel and
frequencies of earth motion, and realistic defense-related vitrified wastes (glass) may
dynamic modes of the waste packages. ultimately need to be considered if they are

determined to be potentially significant
7. Improre modelfor the dissolution of radionu- sources. These may include any transuranic

clidesfrom the wasteform. The chemistry or greater-than-Class-C wastes.

within the waste package was treated in a
highly simplified manner in IPA Phase 2. The 10.4.2.5 Disruptive Consequence Analysis
model could be improved by taking into ac- 1. Consolidate calculations of radionuclide inven-count the formation and subsequent trans- tory in the drilling model. The drilling codeport of colioids, speciation of the elements
released to the water, the contributmn of calculates inventory using the Bateman equa-

minerals from the ground water and struc- tions and determines the inventory from the
time of the earliest drilling event. Greatertural materials m, the waste package. the

changing temperature, and other factors such efficiency may have been attainable by cal-
, culating the evolution of the inventory oneas iomzmg radiation,

time only. The inventory could then be moved
from one bin to another as needed, rather

8. Improve modelfor transport of radionuclides than having this calculation repeated in sev-
from the wastepackage. Mass transfer out of eral different modules. Having a unified list
the waste package by flowing water and diffu- of inventories would provide more informa-
sion was included in IPA Phase 2, based on tion on the migration of the nuclides through
DOE's 1988 SCP conceptual waste package the geosphere and make accounting simpler,

design. The transport model, in conjunction for radionuclides that migrate through both
with the waste form dissolution model, liquid and gaseous pathways,
should consider the rates that water contacts
and enters the waste package canister, inter. 2. Allow multiple waste packagefailure times in
acts with the waste form, and transports the drilling model. The effects of the number
radionuclides from the waste package by of drilling events are predicted to be small
both advection and diffusion. The model relative to the other releases calculated in
should recognize that the suite of waste pack- Phase 2, in part because drilling affects only
ages will represent a broad range of varying a small number of waste packages. However,
stages of degradation, with some completely for cases where there is both drilling com-
intact and others significantly degraded from bined with volcanism or seismicity, the source
both anticipated and unanticipated processes term model predicts all failures occur at the
and events. These conditions are progressive earliest time for any event. His simplifying
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modeling assumption could lead incorrectly Commission on Radiological Protection
to predictions of large total releases, when a (ICRP,1990) should be incorporated into the
later disruption (volcanic or seismic event) codes,if adopted by NRC.
causes widespread failure of waste packages. |
The drilling code (DRILLO-described in 3. Apply the statistical sensitivity and uncertainty .

Section 6.3) and the source term code methodology developed in HM Phase 2for the
(SOTEC-described in Chapter 5) should be geosphere models to the dose assessment models.

modified to allow multiple waste package at Sensitivity and uncertainty analyses c.m be
different times within the same run. used to identify the most important dose

assessment parameters and the sensitivity of
3. Reduce the number of variables and tie the the dose estimate to these parameters. i

sampled parameters to the extent of drilling (

actirity in the drilling model. The drilling mod- 10.4.2.7 Sensitivity and Uncertainty Analysis
el required 92 sampled parameters to deter-

1. Sensitivity and uncertainty analysis shoidd ex-mine whether, where, and when there was a
F ore the use of dimensional analysis toformlstrike on a waste package. The model should

be simplified to require fewer sampled factors based on combinations of other pa- |

parameters that would be more meaningful in rameters. Dimensional analysis is a useful I

the sensitivity and uncertainty analysis. technique for determining the functional
relationships among variables. Principles of

'

4. Surface releases should be based on site-specific dimensional analysis might be applied for the

mechanisms. Although IPA Phase 2 consid- purpose of simplifying the repository system,
cred failure by drilling, volcanism, and seis- with its hundreds of independent parameters,

micity, the models were highly simplified. into an equivalent system with fewer param-
Future models might consider the site- eters. These dimensionless factors would

specific likelihood for drilling, shear forces make the task of analyzing the system and

from drilling fluids, and mechanisms that determining important parameters simpler.

could bring radioactive material to the
2. Importance sampling techniques such as the |surface.

Limit-State Approach should be evaluated. The 1

Limit-State Approach (Wu et al.,1992), dis-
10.4.2.6 Dose Assessment Module cussed in Section 8.4, has the potential for
1. Improre the D177Ydose assessment model. The easing the computational burden experienced

results of dose assessments should be evalu- in the IPA Phase 2 study by reducing the !
ated as functions of radionuclide type and number of vectors needed to construct the ,

exposure pathway. In addition, the dose con- CCDFs and perform the sensitivity analyses. |

version factors used in IPA Phase 2 should be This approach should be evaluated further on
re-calculated to obtain a more accurate esti- the full repository system model. Ilowever, as
mate of population doses for long-lived radio- presently implemented, the Limit-State
nuclides (as discussed in Section 7.6). Also, Approach cannot deal with hundreds of
the model parameters currently used in independent parameters. The number of
DIrlY must be verified as being applicable independent variables analyzed by the Limit-
to the Yucca Mountain site. State Approach must be reduced, either by

selecting the most important parameters by
2. Eraluate other dose assessment computer codes. stepwise regression analysis, or combining

Codes that should be evaluated include codes parameters into groups.
for estimating long-term individual and col-
lective exposures, atmospheric dispersion 3. A method of directly obtaining CCDF sensitirity
models, and demographsc models. Methods to individualparameters should be developed.

employed by international organizations (e.g., Sensitivity analyses have been developed to
the Biospheric Model Validation Study and determine the effect of changes in the input
the Nuclear Energy Agency) for calculation of parameters of the models on scaler measures
doses into the far future should be evaluated. of repository performance such as cumulative
The recommendations of the International release and effective dose equivalents. Some
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effort should be directed at developing a tivity for a probabilistic performance meas-
robust method for evaluating system sensi- ure (e.g., the CCDF).

i

a

J
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APPENDIX A
LHS-SAMPLED INPUT PARAMETERS

The following is a list of parameters used by the total-system performance assessment computer code (including its modules) in the Iterative
Performance Assessment Phase 2 demonstration. It includes constants that were considered as " global parameters"(see Section 2.1.5). The list
does not include parameters or constants internal to a particular computational module. All dimensions are in meters-kilogranyears, open
brackets ( [ ] ) are dimensionless parameters.

The parameters sampled for the base case include those parameters listed for the C14 SOTEC, and FLOil3f0D modules (described in
Section 2.13). The parameter:. sampled for the fully disturbed case are those parameters listed for the C14, FLOll3f0D, SOTEC, VOLCANO,
and DRILLO modules. The infiltration rate used for the fully disturbed case was the disturbed infiltration.

Type ofDistibution 1alue
(or Range in iblue) Parameter Name Afodule Parameter Desciption Basisfor Parameter Assignment

2CONSTANT alpha C14 gas dispersivity [m /yr] Assumed
0.0

2LOGNORh1AL AKR(1) C14 fracture permeability of layer [m ] Klavetter and Peters (1986) (+ /- one order of
6.5E-17 5.5E-15 (Tiva Canyon) magnitude of the reported value)

2LOGNORh1AL AKR(2) Cl4 fracture permeability of layer [m ] Klavetter and Peters (1986) (+ /- one order of
1.6E-16 1.bE-14 (Paintbrush) magnitude of the reported value)

2LOGNORh1AL AKR(3) C14 fracture permeability of layer [m ] Klavetter and Peters (1986) (+ /- one order of
3.24E-17 3.24E-15 (Topopah Spring) magnitude of the highest reported value)

2LOGNORh1AL AKR(4) C14 fracture permeability of layer [m ] Klavetter and Peters (1986) (+ /- one order of
9.7E-17 9.7E-15 (Calico Ilills, vitric) magnitude of the reported value) !

2LOGNORh1AL AKR(5) Cl4 fracture permeability of layer [m ] Klavetter and Peters (1986) (+ /- one order of
9.7E-17 9.7E-15 (Calico liills, zeolitic) magnitude of the reported value)

CONSTANT pork (l) C14 fracture porosity oflayer [ ] Klavetter and Peters (1986)(reported value)

0.00014 (Iiva Canyon)

CONSTANT pork (2) Cl4 fracture porosity of layer [ ] Klavetter and Peters (1986) (reported value)

0.000027 (Paintbush)
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Appendix A

1)pe ofDistibution iblue
(orRange in 1 blue) Parameter Name Module Parameter Desciption Basisfor ParameterAssignment

CONSTANT pork (3) C14 fracture porosity of layer [ ] Klavetter and Peters (1986)(reported value)0.000041 (Topopah Spring)

CONSTANT pork (4) C14 fracture porosity of layer [ ] Klavetter and Peters (1986) (reported value)0.000046 (Calico Itills, sitric)

CONSTANT pork (5) C14 fracture porosity oflayer[ ] Klavetter and Peters (1986)(reported value)0.000046 (Calico Ilills, zeolitic)

UNIFORht retardk(1) C14 retardation factor [ ] Based on geochemical model presented in10.0 100. (Tiva Canyon) Appendix K

UNIFORh1 retardk(2) C14 retardation factor [ ] Based on geochemical model presented in10.0 100. (Paintbrush) Appendix K

UNIFORh1 retardk(3) C14 retardation factor [ ] Based on geochemical model presented in10.0 100. (Topopah Spring) Appendix K

UNIFORhi retardk(4) C14 retardation factor [ ] Hased on geochemical model presented in10.0 100. (Calico Ilills, vitric) Appendix K

UNIFORh1 retardk(5) C14 retardation factor [ ] Hased on geochemical model presented in10.0 100. (Calico Ilills, zeolitic) Appendix K

LOGNORhfAL permm (1) FLOWhf0D matrix permeability [m ] Peters et al. (1984)(reported range and2

3.6E-19 1.2E-18 (Topopah Spring) correlation length considerations)

LOGNORh!AL permm (2) FLOWMOD matrix permeability [m ] Peters et al. (1984) (reported range and2

3.9E-15 2.0E-14 (Calico Ilills, vitric) correlation length considerations)

LOGNORh1AL permm (3) FLOWMOD matrix permeability [m ] Peters et al. (1984) (reported range and
2

1.3E-20 6.7E-19 (Calico Ilills, zeolitic) correlation length considerations)

LOGNORMAL permm (4) FLOWMOD matrix permeability [m ] Peters et al. (1984)(reported range and2

1.9E-16 9.6E-16 (Prow Pass) correlation length considerations)

LOGNORMAL permm (5) FLOWMOD matrix permeability [m ] Peters et al. (1984) (reported range and2

5.1E-18 1.5E-17 (Upper Crater Flat) correlation length considerations)

NUREG-1464 A-2
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Appendix A

73pe ofDistibution 1 blue
(or Range in 1alue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

LOGNORMAL permm (6) FLOWMOD matrix permeability [m2] Peters et al. (1984)(reported range and
3.5E .16 4.4 E-16 (Bullfrog) correlation length considerations)

2LOGNORMAL permm (7) FLOWMOD matrix permeability [m ] Assumed same as Upper Crater Flat
4.1E-18 1.6E-17 (Middle Crater Flat)

2LOGNORMAL permf(1) FLOWMOD fracture permeability [m ] Klavetter and Peters (19S6)(reported range
1.lE-16 1.9E-16 (Topopah Spring) and correlation length considerations)

2LOGNORMAL permf(2) FLOWMOD fracture permeability [m ] Klavetter and Peters (19S6) (+ /- 50 percent
5.6E-16 1.2E-15 (Calico Ilills, vitric) of reported value and correlation length

considerations)

2LOGNORMAL permf (3) FLOWMOD fracture permeability [m ] Klavetter and Peters (1986) (+ /- 50 percent
6.2E-16 9.9E-16 (Calico Ilills, zeolitic) of reported value and correlation length

considerations)

2LOGNORMAL permf (4) FLOWMOD fracture permeability [m ] Klavetter and Peters (1986) (+ /- 50 percent
3.9E-17 8. lE-17 (Prow Pass) of reportedvalue and correlation length

considerations)

2LOGNORMAL permf(5) FLOWMOP fracture permeability [m ] Assumed same as Calico Ilills
6.7E-16 9.8E-16 (Upper Crater Flat)

LOGNORMAL permf(6) FLOWMOD fracture permeability [m2] Assumed same as Prow Pass
4.9E-17 6.4 E-17 (Bullfrog)

2LOGNORMAL permf (7) FLOWMOD fracture permeability [m ] Assumed same as Calico Hills
6.2E-16 9.9E-16 (Middle Crater Flat)

UNIFORM porm (1) FLOWMOD matrix porosity [ ] Peters et al. (1984) (reported range)
0.06 0.16 (Topopah Spring)

UNIFORM porm (2) FLOWMOD matrix porosity [ } Peters et al. (1984)(+ /- 25 percent of mean)
0.33 0.56 (Calico Ilills, vitric)

UNIFORM porm (3) FLOWMOD matrix porosity [ ] Peters et al. (1984) (+ /- 25 percent of mean)
0.20 0.33 (Calico Hills, zeolitic)
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lype of Distibution 1alue
(or Range in 1alue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

UNIFORM porm (4) FLOWMOD matrix porosity [ ] Peters et al. (1984) (+ /- 25 percent of mean)
0.24 0.40 (Prow Ibss)

|

UNIFORM porm (5) FLOWMOD matrix porosity [ ] Peters et al. (19S4)(+ /- 25 percent of mean)
0.18 030 (Upper Crater Flat)

UNIFORM porm (6) FLOWMOD matrix porosity [ ] Peters et al. (1984) (+ /- 25 percent of mean)
0.19 032 (Bullfrog)

UNIFORM porm (7) FLOWMOD matrix porosity [ ] Assumed same as Upper Crater Flat
0.18 030 (Middle Crater Flat)

CONSTANT porf (1) FLOWMOD fracture porosity [ ] Klavetter and Peters (1986)
4.1E-5 (Topopah Spring) ;

CONSTANT porf (2) FLOWMOD fracture porosity [ ] Klavetter and Peters (1986)
4.6E-5 (Calico IIills, vitric)

CONSTANT porf (3) FLOWMOD fracture porosity [ ] Klavetter and Peters (1986) i

4.6E-5 (Calico 1Iills, zeolitic)
,

t

CONSTANT porf(4) FLOWMOD fracture porosity [ ] Klavetter and Peters (1986)
13E-5 (Prow lbss) :

CONSTANT porf(5) FLOWMOD fracture porosity [ ] Assumed same as Calico liills i

4.6E-5 (Upper Crater Flat)

CONSTANT porf(6) FLOWMOD fracture porosity [ ] Assumc6 same as Prow lbss
13E-5 (Bullfrog)

CONSTANT porf(7) FLOWMOD fracture porosity [ ] Assumed same as Calico Hills
4.6E-5 (Middle Crater Flat)

UNIFORM betam (1) FLOWMOD van Genuchten power term [ ] Klavetter and Peters (1986)
L4 2.2 (Tbpopah Spring - matrix) (+ /- 25 percent reported value)

UNIFORM betam (2) FLOWMOD van Genuchten power term [ ] Klavetter and Peters (1986) (+ /- 25 percent
1.5 4.9 (Calico Hills, vitric - matrix) of reported value-lower bound replaced

with reported low value in Peters et al. (1984))

NUREG-1464 A-4
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Appendix A

Type ofDistibution ialue
(or Range in Iblue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

UNIFORh1 betam (3) FLOWhiOD van Genuchten power term [ ] Klavetter and Peters (19S6)(+ /- 25 percent
1.2 33 (Calico Hills, zeolitic - matrix) of reported value-upper bound replaced

with reported high value in Peters et al.
(1984))

UNIFORh1 betam (4) FLOWh10D van Genuchten power term [ ] Klavetter and Peters (1986) (+ /- 25 percent
2.0 3.4 (Prow Pass - matrix) of reported value-upper bound replaced with

reported high value in Peters et al. (1984))

UNIFORN1 betam (5) FLOWh10D van Genuchten power term [ ] Peters et al. (1984)(+ /- 25 percent of mean)
1.5 2.4 (Upper Crater Flat - matrix)

UNIFORh1 betam (6) FLOWh10D van Genuchten power term [ ] Peters et al. (1984)(reported range)
23 4.2 (Bullfrog - matrix)

UNIFORN1 betam (7) FLOWh10D van Genuchten power term [ ] Assumed same as Upper Crater Flat
1.5 2.4 (htiddle Crater Flat - matrix)

UNIFORhl betaf (1) FLOWh10D van Genuchten power term [ ] Klavetter and Peters (1986)
3.2 53 (Topopah Spring - fracture) (+ /~ 25 percent of reported value)

UNIFORh1 betaf (2) FLOWh10D van Genuchten power term [ ] Klavetter and Peters (1986)32 53 (Calico Ilills, vitric - fracture) (+ /- 25 percent of reported value)

UNIFORN1 betaf (3) FLOWh10D van Genuchten power term [ ] Klavetter and Peters (1986)
3.2 53 (Calico I tills, zcolitic - frac.) (+ /- 25 percent of reported value)

UNIFORh1 betaf (4) FLOWh10D van Genuchten power term [ ] Klavetter and Peters (1986)
3.2 53 (Prow Pass - fracture) (+ /- 25 percent of reported value)

UNIFORh1 betaf (5) FLOWh10D van Genuchten power term [ ] Assumed same as Calico Ilills
3.2 5.3 (Upper Crater Flat - fracture)

UNIFORh1 betaf (6) FLOWh10D van Genuchten power term [ ] Assumed same as Prow I' ass
3.2 5.3 (13ullfrog - fracture)

UNIFORh1 betaf (7) FLOWh10D van Genuchten power term [ ] Assumed same as Calico Hills
3.2 53 (hfiddle Crater Flat - fracture)
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Type ofDistibution Ialue
(or Range in iblue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

CONST,tyr grad (1) FLOWh10D gradient in saturated zone [ ] Based on elevation of water table at ,

0.0026 (Topopah Spring) the Yucca hiountain site !

CONSTANT grad (2) FLOWh10D gradient in saturated zone [ ] Based on elevation of water table at I

0.0026 (Calico Hills, vitric) the Yucca hiountain site !

CONSTANT grad (3) FLOWh10D gradient in saturatet' .one [ ] Lased on elevation of water table at

0.0026 (Calico Ilills, _ colitic) the Yucca hiountain site

CONSTANT grad (4) FLOWh10D gradient in saturated zone [ ] Based on elevation of water table at

0.0026 (Prow Pass) the Yucca hiountain site

CONSTANT grad (5) FLOWh10D gradient in saturated zone [ ] Based on elevation of water table at

0.0026 (Upper Crater Flat) the Yucca hiountain site

CONSTANT grad (6) FLOWh10D gradient in saturated zone [ ] Based on elevation of water table at

0.0026 (Bullfrog) the Yucca hiountain site

CONSTANT grad (7) FLOWh10D gradient in saturated zone [ ] Based on elevation of water table at
0.0026 (Niiddle Crater Flat) the Yucca hiountain site ;

NORMAL dispersion FLOWh10D dispersion length [m] Assumed

03 R.0

LOGUNIFORh1 infiltration FLOWh10D infiltration rate (undisturbed) Assumed (similar to IPA Phase 1:
L0E-4 5.0E-3 [m/yr] see Codelt et al. (1992))

LOGUNIFORh1 infiltration FLOWh10D infiltration rate [m/yr] Assumed (similar to IPA Phase 1;
5.0E-3 L0E-2 (pluvial) (pluvial conditions) see Codell et al. (1992))

3Cm K [m /kg] Codell et al. (1992) (+ /- one order ofLOGUNIFORh1 kdm (1) FLOWh10D d

0.045 4.5 (Tbpopah Spring) magnitude of the mean of log of retradation
factors from IPA Phase 1)

3Cm K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (2) FLOWh10D d

0328 32.8 (Calico Hills, vitric) magnitude of the mean of log of retardation
factors from IPA Phase 1)

NUREG-1464 A-6
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1)pe ofDistibution Eklue
(or Range in Ihlue) Parameter Name Modele Parameter Desciption Basisfor Parameter Assignment

3LOGUNIFORM kdm (3) FLOWMOD Cm K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.166 16.6 (Calico Hills, zeolitic) magnitude of the mean oflog of retardation

factors from IPA Phase 1)

3LOGUNIFORM kom(4) FLOWMOD Cm K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.116 11.6 (Prow Ibss) magnitude of the mean of log of retardation

factors from IPA Phase 1)

3LOGUNIFORM kdm (5) FLOWMOD Cm K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.132 13.2 (Upper Crater Flat) magnitude of the mean of log of retanlation

factors from IPA Phase 1)

3LOGUNIFORM kdm (6) FLOWMOD Cm Ka [m /kg] Codell et al. (1992) (+ /- one order of
0.12 12.0 (Bullfrog) magnitude of the mean of log of retardation

factors from IPA Phase 1)

3* LOGUNIFORM kdm (7) FLOWMOD Cm Ka [m /kg] Codell et al. (1992)(+ /- one order of
0.132 13.2 (Middle Crater Flat) magnitude of the mean of log of retardation

factors from IPA Phase 1)

3LOGUNIFORM kdm (15) FLOWMOD U K [m /kg] Meijer (1990) (+ /- one order of magnitude ofd
2.0E-5 2.0E-3 (Topopah Spring) log mean of reported values-Wells

UE25a1, G3, and J13)

3LOGUNIFORM kdm (16) FLOWMOD U K [m /kg] Meijer (1990) (+ /- one order of magnitude ofd
0.002 0.2 (Calico Hills, vitric) the reported value-Well G3) l

3LOGUNIFORM kdm (17) FLOWMOD U K [m /kg] Meijer (1990)(+ /- one order of magnitude ofd
0.0001 0.01 (Calico Ilills, zeolitic) log mean of reported values-Wells

G1 and G2)

3CONSTANT kdm (18) FLOWMOD U K [m /kg] Assumed to be zerod
0.0 (Prow Pass)

3LOGUNIFORM kdm (19) FLOWMOD U K [m /kg] Same retardation factor as Calico !!2sd
8.0E-5 8.0E-3 (Upper Crater Flat) zeolitic (allowances made for density and

porosity)
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Appendix A

Type of Distibution Ialue
(or Range in 1alue) Parameter Name Module Parameter Desciption Basisfor ParameterAssignment

LOGUNIFORM kdm (20) FLOWMOD U IQ [m /kg] Meijer (1990) (+ /- one order of magnitude of3 i

0.0002 0.02 (llullfrog) log mean of reported values-Wells
G1, J13. and UE25a1)

3LOGUNIFORM kdm (21) FLOWMOD U ly [m /kg] Same retattiation factor as Calico Ilills
8.0E-5 8.0E-3 (Middle Crater Flat) zeolitic (allowances made for density and

porosity)

3LOGUNIFORM kdm (22) FLOWMOD Am IQ [m /kg] Meijer (1990)(+ /- one order of magnitude of
0.081 8.1 Obpopah Spring) log mean of reported values-Wells J13, G3,

and UE25al)

3LOGUNIFORM kdm (23) FLOWMOD Am IQ [m /kg] Assumed same IQ as Topopah Spring
0.081 8.1 (Calico liilis, vitric)

3LOGUNIFORM kdm (24) FLOWMOD Am IQ [m /kg] Meijer (1990) (+ /- one order of magnitude of
0.17 17.0 (Calico Ilills, zeolitic) the reported value-Well G2)

3LOGUNIFORM Edm (25) FLOWMOD Am IQ [m /kg] Meijer (1990) (+ /- one order of magnitude of
0.45 45.0 (Prow Ibss) log mean of reported values-Wells G1 and

UE25al)

3LOGUNIFORM kdm (26) FLOWMOD Am IQ [m /kg] Same retardation factor as Calico'llills
,

0.136 13.6 (Upper Crater Flat) zeolitic (allowances made for density and
,

porosity)

3LOGUN' FORM kdm (27) FLOWMOD Am IQ [m /kg] Meijer (1990) (+ /- one order of magnitude of
0.014 1.4 (llullfrog) log mean of reported values-Wells J13 and ;

UE25al)

3LOGUNIFORM kdm (28) FLOWMOD Am ly [m /kg] Same retardation factor as Calico Ilills
0.136 13.6 (Middle Crater Flat) zeolitic (allowances made for densW md

porosity)

3LOGUNIFORM Edm (29) FLOWMOD Np IQ [m /kg] Meijer (1990) (+ /- one order of magnitude of ,

0.00045 0.045 O'opopah Spring) log mean of reported values-Wells G3 and t

UE25al)

NUREG-1464 A-8
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Type of Distibution ialue
(orRange in talue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

3LOGUNIFORh1 kdm (30) FLOWh10D Np K [m /kg] Assumed same K as Topopah Springd d
0.00045 0.045 (Calico Ilills, vitric)

3Np K Im /kg] hicijer (1990) (+ /- one order of magnitude ofLOGUNIFORh1 kdm (31) FLOWh10D d
0.00027 0.027 (Calico liills, zeolitic) the reported value-Well G2)

Np K [m3/kg] hicijer (1990)(+ /- one order of magnitude ofLOGUNIFORh1 kdm (32) FLOWh10D d
0.00051 0.051 (Prow Ibss) log mean of reported values-Wells G1 and

UE25al)

3Np K [m /kg] Same retardation Iactor as Calico IlillsLOGUNIFORh1 kdm (33) FLOWh10D d
0.00022 0.022 (Upper Crater Flat) zeolitic (allowances made for density and

porosity)

3Np K [m /kg] Assumed same K as Prow IbssLOGUNIFORh1 kdm (34) FLOWh10D d d
0.00051 0.051 (Bullfrog)

3Np K [m /kg] Same retardation factor as Calico IlillsLOGUNIFORh1 kdm (35) FLOWh10D d
0.00022 0.022 (hfiddle Crater Flat) zeolitic (allowances made for density and

porosity)

3LOGUNIFORh1 kdm (8) FLOWh10D Pu Ka [m /kg] hicijer (1990)(+ /- one order of magnitude of
0.017 1.7 ('lopopah Spring) log mean of reported values-Wells G3, J13,

and UE25al)

3Pu K [m /kg] Assumed same Ka as Topopah SpringLOGUNIFORh1 kdm (9) FLOWh10D d
0.017 1.7 (Calico Ilills, vitric)

3Pu K [m /kg] hicijer (1990)(+ /- one order of magnitude ofLOGUNIFORh1 kdm (10) FLOWh10D d

0.0066 0.66 (Calico 1Iills, zeolitic) the reported value-Well G2)

3Pu K Im /kg] hicijer (1990) (+ /- one order of magnitude ofLOGUNIFORh1 kdm (11) FLOWh10D d

0.013 1.3 (Prow Ibss) log mean of reported values-Wells G1 and
UE25al)

3Pu K [m /kg] Same retardation factor as Calico IlillsLOGUNIFORh1 kdm (12) FLOWh10D d

0.0053 0.53 (Upper Crater Flat) zeolitic (allowances made for density and
porosity)
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7)pe ofDistibution iblue
(orRange in iblue) Parameter Name blodule Parameter Desciption Basisfor Parameter Assignment

3LOGUNIFORM kdm (13) FLOWMOD Pu Q [m /kg] Meijer (1990)(+ /- one order of magnitude of
0.0094 0.94 (Bullfrog) log mean of reported values-Wells J13 and

UE25al)
3LOGUNIFORM kdm (14) FLOWMOD Pu Q [m /kgl same retardatwa factor as Calico Hills

0.0053 0.53 (Middle Crater Flat) zeolitic (allowances made for density and
porosity)

3LOGUNIFORM kdm (36) FLOWMOD Th Q [m /kg] Codell et al. (1992)(+ /- one order of
0.0048 0.48 (Topopah Spring) magnitude of mean of log of retardation

factors from IPA Phase 1)

3LOGUNIFORM kdm (37) FLOWMOD Th K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.034 3.4 (Calico Hills, vitric) magnitude of the mean of log of retardation

factors from IPA Phase 1)

3LOGUNIFORM kdm (38) FLOWMOD R K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.017 1.7 (Calico Hills, zeolitic) magnitude of the mean of log of retardation

factors from IPA Phase 1)
3LOGUNIFORM kdm (39) FLOWMOD Th K [m /kg] Codell et al. (1992)(+ /- one order ofd

0.012 1.2 (Prow Pass) magnitude of the mean of log of retardation
factors from IPA Phase 1)

3LOGUNIFORM kdm (40) FLOWMOD Th K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.014 1.4 (Upper Crater Flat) magnitude of the mean of log of retardation

factors from IPA Phase 1)
3LOGUNIFORM kdm(41) FLOWMOD Th K [m /kg] Codell et al. (1992)(+ /- one order ofd

0.013 1.3 (Bullfrog) magnitude of the mean of log of retardation
factors from IPA Phase 1)

LOGUNIFORM kdm(42) FLOWMOD Th Ka [m /kg] Codell et al. (1992)(+ /- one order of
3

0.014 1.4 (Middle Crater Flat) magnitude of the mean oflog of retardation
factors from IPA Phase 1)

LOGUNIFORM kdm (43) FLOWMOD 3Ra K [m /kg] Meijer (1990)(+ /- one order ofd
0.15 15.0 (Topopah Spring) magnitude of the reported value-Well GI)
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7)pe ofDistibution ihiue
(or Range in ihiue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

3LOGUNIFORh1 kdm (44) FLOWh10D Ra K [m /kg] Assumed same K asTopopah Springd d
0.15 15.0 (Calico Ilills, vitric)

3LOGUNIFORht kdm (45) FLOWh10D Ra K [m /kg] Assumed same K as Topopah Springd d
0.15 15.0 (Calico Ilills, zeolitic)

3LOGUNIFORh1 kdm(46) FLOWhf0D Ra K [m /kg] Assumed same K as Dpopah Springd d
0.15 15.0 (Prow Pass)

3LOGUNIFORh1 kdm (47) FLOWh10D Ra K [m /kg] Same retardation factor as Calico Hillsd
0.12 12.0 (Upper Crater Flat) zeolitic (allowances made for density and

porosity)

3LOGUNIFORh1 kdm (48) FLOWhtOD Ra K [m /kg] h!eijer (1990)(+ /- one order of magnitude ofd
0.5 50.0 (Bullfrog) log mean of reported values-Well GI)

3Ra K [m /kg] Same retardation factor as Calico IlillsLOGUNIFORhi kdm (49) FLOWh10D d
0.12 12.0 (htiddle Crater Flat) zeolitic (allowances made for density and

porosity)

3Pb K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (50) FLOWh10D d
0.00068 0.068 (Topopah Spring) magnitude of the mean of log of

retardation factors from IPA Phase 1)
3Pb K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (51) FLOWh10D d

0.0049 0.49 (Calico Hills, vitric) magnitude of the mean of log of
retardation factors from IPA Phase 1)

3Pb K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (52) FLOWh10D d
0.0025 0.25 (Calico Hills, zeolitic) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3Pb K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kom (53) FLOWhiOD d
'

0.0017 0.17 (Prow Pass) magnitude of the mean oflog of
retardation factors from IPA Phase 1)

3Pb K [m /kg] Codell et al. (1992)(+ /- one order of ,LOGUNIFORh1 kdm (54) FLOWhfOD d
0.0020 0.20 (Upper Crater Flat) magnitude of the mean of log of !

!retardation factors from IPA Phase 1)
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Type ofDistibution iblue
, (or Range in 1alue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment
:

3LOGUNIFORM Ldm (55) FLOWMOD Pb K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.0018 0.18 (llullfrog) magnitude of the mean of log of

retardation factors from IPA Phase 1)
3LOGUNIFORM kdm (56) FLOWMOD Pb Ka [m /kg] Codell et al. (1992)(+ /- one order of

0.0020 0.20 (Middle Crater Flat) magnitude of the mean of log of
retardation factors from IPA Phase 1)

3LOGUNIFORM kdm (57) FLOWMOD Cs K [m /kg] Meijer (1990)(+ /- one order ofd
0.036 3.6 (Iopopah Spring) magnitude of log mean of reported values-

Wells G1, G3, and UE25al)

3LOGUNIFORM kdm (58) FLOWMOD Cs K [m /kg] Meijer (1990)(+ /- one order of magnitude ofd
0.024 2.4 (Calico Ilills, vitric) log mean of reported values in Tepopah

Spring unit-Well G3)

LOGUNIFORM kdm (59) FLOWMOD Cs Ka [mhkg] Meijer (1990)(+ /- one order of magnitude of
2.2 220. (Calico Ilills, zeolitic) log mean of reported values-Wells G1 and

G2)

LOGUNIFORM kdm (60) FLOWMOD 3Cs K [m /kg] Meijer (1990)(+ /- one order of magnitude ofd
0.22 22.0 (Prow Ibss) log mean of reported values-Wells G1, J13,

and UE25al)

LOGUNIFORM kdm (61) FLOWMOD 3Cs K [m /kg] Same retardation factor as Calico Ilillsd
1.76 176.0 (Upper Crater Flat) zeolitic (allowances made for density and

porosity)

LOGUNIFORM kdm (62) FLOWMOD Cs Ka [mhkg] Meijer(1990)(+ /- one order of magnitude of
0.32 32.0 (Bullfrog) log mean of reported values-Wells G1,313,

and UE25al)
LOGUNIFORM kdm (63) FLOWMOD 3Cs K [m /kg] Same retardation factor as Calico IIillsd
'i.76 176.0 (Middle Crater Flat) zeolitic (allowances made for density and

porosity)

CONSTANT kdm (64) FLOWMOD 3I K [m /kgj Assumed to be zerod
0.0 (ropopah Spring)

NUREG-1464 A-12
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3I K [m /kg] Assumed to be zeroCONSTANT kdm (65) FLOWMOD d

0.0 (Calico Ilills, vitric)

3I K [m /kg] Assumed to be zeroCONSTANT kdm (66) FLOWMOD d

0.0 (Calico Ilills, zeolitic)

3CONSTANT kdm(67) FLOWMOD I Ka [m /kg] Assumed to be zero
0.0 (Prow Pass)

IK [m3/kg] Assumed to be zeroCONSTANT kdm(68) FLOWMOD d
0.0 (Upper Crater Flat)

3I K [m /kg] Assumed to be zeroCONSTANT kdm (69) FLOWMOD d

0.0 (Bullfrog)

CONSTANT kdm (70) FLOWMOD I Kd [m /kgl Assumed to be zero3

0.0 (Middle Crater Flat)

Tc K [m /kg] Meijer (1990)(+ /- one order of magnitude of3LOGUNIFORM kdm (78) FLOWMOD d
1.0E-6 1.0E-4 (Topopah Spring) log mean of reported values-Wells G3 and

UE25al)

3Tc K [m /kg] Assumed to be zeroCONSTANT kdm (79) FLOWMOD d
0.0 (Calico Ilills, vitric)

3Tc K [m /kg] Assumed to be zeroCONSTANT kdm (80) FLOWMOD d
0.0 (Calico IIills, zeolitic)

3LOGUNIFORM kdm (SI) FLOWMOD Tc Ka [m /kg] Meijer (1990) (+ /- one order of magnitude of
1.7E-5 1.7E-3 (Prow Ibss) log mean of reported values-Well 313)

3Tc K [m /kg] Same retardation factor as Calico IlillsCONSTANT kdm (82) FLOWMOD d
0.0 (Upper Crater Flat) zeolitic

3LOGUNIFORM kdm (83) FLOWMOD Tc Ka [m /kg] Meijer (1990)(+ /- one order of magnitude of
,

0.00042 0.042 (13ullfrog) the reported value-Well UE25al)

3CONSTANT kdm (84) FLOWMOD Tc Ka [m /kg] Same retardation factor as Calico IIills
0.0 (Middle Crater Flat) zeolitic

A-13 NUREG-1464
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3Ni K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORM kdm (99) FLOWMOD d
0.00037 0.037 (Topopah Spring) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3Ni K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORM kdm (100) FLOWMOD d
0.0027 0.27 (Cahco Ilills, vitric) magnitude of the mean of log of

retardation factors from IPA Phase 1)
3LOGUNIFORM kdm (101) FLOWMOD Ni K [m /kg] Codell et al. (1992)(+ /- one order ofd

0.0014 0.14 (Calico Ilills, zeolitic) magnitude of the mean of log of
retardation factors from IPA Phase 1)

3LOGUNIFORM kdm (102) FLOWMOD Ni Ka [m /kg] Codell et al. (1992)(+ /- one order of
0.0009 0.09 (Prow Pass) magnitude of the mean of log of

retardation factors from IPA Phase 1)
3LOGUNIFORM kdm (103) FLOWMOD Ni K [m /kg] Codell et al. (1992) (+ /- one order ofd

0.0011 0.11 (Upper Crater Flat) magnitude of the mean of log of
retardation factors from IPA Pliase 1)

3LOGUNIFORM kdm (104) FLOWMOD Ni K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.001 0.1 (Bullfrog) magnitude of the mean of log of

retardation factors from IPA Phase 1)
3LOGUNIFORM kdm (105) FLOWMOD Ni K [m /kg] Codell et al. (1992)(+ /- one order ofd

0.0011 0.11 (Middle Crater Flat) magnitude of the mean of log of
retardation factors from IPA Phase 1)

3CONSTANT kdm (106) FLOWMOD C K [m /kg] Assumed to be zerod
0.0 (Topopah Spring)

3CONSTANT kdm (107) FLOWMOD C K [m /kg] Assumed to be zerod
0.0 (Calico liills, vitric)

CONSTANT kdm (108) FLOWMOD 3C K [m /kg] Assumed to be zerod
0.0 (Calico Ilills, zeolitic)

C K [m3/kg] Assumed to be zeroCONSTANT kdm (109) FLOWMOD d
0.0 (Prow Ibss)

NUREG-1464 A-14
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3C K [m /kg] Assumed to be zeroCONSTANT kdm (110) FLOWMOD d
0.0 (Upper Crater Flat)

3C K [m /kg] Assumed to be zeroCONSTANT kdm (111) FLOWMOD d

0.0 (Bullfrog)

3CONSTANT kdm (112) FLOWMOD C K [m /kg] Assumed to be zero id
0.0 (Middle Crater Flat)

3LOGUNIFORM kdm (113) FLOWMOD Se Kd [m /kg] Meijer (1990)(+ /- one order of magnitude of
0.00026 0.026 (Topopah Spring) log mean of reported values-Well G3)

3Se K [m /kg] Meijer (1990)(+ /- one order of magnitude ofLOGUNIFORM kdm (114) FLOWMOD d
0.0003 0.03 (Calico Hills, vitric) the reported value-Well G3)

3Se K [m /kg] Meijer (1990) (+ /- one order of magnitude ofLOGUN1 FORM kdm (115) FLOWMOD d
0.00045 0.045 (Calico Hills, zeolitic) log mean of reported values-Wells G1

and G2)

3LOGUNIFORM kdm (116) FLOWMOD Se Ka [m /kg] Meijer (1990) (+ /- one order of magnitude of
0.00025 0.025 (Prow Pass) the reported value-Well G1)

3Se K [m /kg] Same retardation factor as Calico HillsLOGUNIFORM kdm (117) FLOWMOD d
0.00036 0.036 (Upper Crater Flat) zeolitic (allowances made for density and

porosity)

3Se K [m /kg] Meijer (1990)(+ /- one order of magnitude ofLOGUNIFORM kdm (118) FLOWMOD d
0.0013 0.13 (Bullfrog) log mean of reported values-Well G1)

3LOGUNIFORM kdm (119) FLOWMOD Se Kd [m /kg] Same retardation factor as Calico Hills
0.00036 0.036 (Middle Crater Flat) zeolitic (allowances made for density and

porosity)

3Nb K [m /kg] Assumed to be zeroCONSTANT kdm (120) FLOWMOD d
0.0 (Topopah Spring)

3Nb K [m /kg] Assumed to be zeroCONSTANT kdm (121) FLOWMOD d
0.0 (Calico Hills, vitric)
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3CONSTANT kdm (122) FLOWh10D Nb K [m /kg] Assumed to be zerod
0.0 (Calico Ilills, zeolitic)

3CONSTANT kdm (123) FLOWh10D Nb K Im /kg] Assumed to be zerod
0.0 (Prow Pass)

3CONSTANT kdm (124) FLOWhf0D Nb K [m /kg] Assumed to be zerod
0.0 (Upper Crater Flat)

3CONSTANT kdm (125) FLOWh10D Nb K [m /kg] Assumed to be zerod
0.0 (Bullfrog)

3CONSTANT kdm (126) FLOWh10D Nb K [m /kg] Assumed to be zerod
0.0 (hfiddle Crater Flat)

3LOGUNIFORh1 kdm pl) FLOWh10D Sn K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.0134 1.34 O' popah Spring) magnitude of the mean of log ofo

retardation factors from IPA Phase 1)
3LOGUNIFORh1 kdm 02) FLOWh10D Sn K [m /kg] Codell et al. (1992)(+ /- one order ofd

0.097 9.7 (Calico Ilills, vitric) magnitude of the mean of log of
retardation factors from IPA Phase 1)

3LOGUNIFORh1 kdm 03) FLOWh10D Sn Ka [m /kg] Codell et al. (1992)(+ /- one order of
0.049 4.9 (Calico IIills, zeolitic) magnitude of the mean of log of

retardation factors from IPA Phase 1)
'

3LOGUNIFORh! kdm G4) FLOWh10D Sn K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.034 3.4 (Prow Pass) magnitude of the mean oflog of

retardation factors from IPA Phase 1)

LOGUNIFORh1 kdm (75) FLOWhf0D 3Sn K [m /kg] Codell et al. (1992)(+ /- one order ofd
0.039 3.9 (Upper Crater Flat) magnitude of the mean oflog of

retardation factors from IPA Phase 1)

LOGUNIFORh1 kdm (76) FLOWh10D Sn Ka [m /kg] Codell et al. (1992)(+ /- one order of
3

0.035 3.5 (llullfrog) magnitude of the mean oflog of
retardation factors from IPA Phase 1)

NUREG-1464 A-16
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3LOGUNIFORh1 kdm (77) FLOWh10D Sn Ka [m /kg] Codell et al. (1992) (+ /- one on.ier of
0.039 3.9 (hfiddle Crater Flat) magnitude of the mean oflog of

retardation factors from IPA Phase 1)

Zr K [m3/kg] Codell et al (1992)(+ /- one order of ;LOGUNIFORh1 kdm (85) FLOWh10D d
0.00048 0.048 (Iopopah Spring) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3
'

Zr K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (86) FLOWh10D d
O.0034 0.34 (Calico iIills, vitric) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3Zr K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (87) FLOWh10D d
0.0017 0.17 (Calico Ilills, zcolitic) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3Zr K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (88) FLOWh10D d
0.0012 0.12 (Prow Pass) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3Zr K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (89) FLOWh10D d
0.0014 0.14 (Upper C&er Flat) magnitude of the mean oflog of

retardation factors from IPA Phase 1) j

3Zr K [m /kg] Codell et al. (1992)(+ /- one order ofLOGUNIFORh1 kdm (90) FLOWh10D d
0.0013 0.13 (Bullfrog) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3LOGUNIFORh1 kdm (91) FLOWh10D Zr Ka Im /kg] Codell et al. (1992)(+ /- one order of
0.0014 0.14 (hfiddle Crater Flat) magnitude of the mean of log of

retardation factors from IPA Phase 1)

3Sr K [m /kg] hicijer (1990)(+ /- one order of magnitudeLOGUNIFORh1 kdm (92) FLOWh10D d
0.008 0.8 (Topopah Spring) of log mean of reported values-Wells G1,

G3, and UE25al)

3Sr K [m /kg] hicijer (1990) (+ /- one order of magnitudeLOGUNIFORh1 kdm (93) FLOWh10D d
0.0034 0.34 (Calico Ilills, vitric) of log mean of reported values in Topopah

Spring unit-Well G3)
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3LOGUNIFORM kdm (94) FLOWh10D Sr K [m /kg] hicijer (1990) (+ /- one order of magnitude ofd
0.89 89.0 (Calico IIills, zeolitic) log mean of reported values-Wells G1

and G2)

3LOGUNIFORM kdm (95) FLOWMOD Sr K [m /kg] Meijer (1990)(+ /- one order of magnitude ofd
0.045 4.5 (Prow Pass) log mean of reported values-Wells Gl.

J13. and UE25al)
3LOGUNIFORM kdm (96) FLOWMOD Sr K [m /kg] Same retardation factor as Calico IIillsd

0.71 71.0 (Upper Crater Flat) zeolitic (allowances made for density and
porosity)

3LOGUNIFORM kdm (97) FLOWMOD Sr K [m /kg] Meijer (1990) (+ /- one order of magnitude ofd
0.028 2.8 (Bullfrog) log mean of reported values-Wells G1,J13,

and UE25al)
3LOGUNIFORM kdm (98) FLOWMOD Sr K [m /kg] Same retardation factor as Calico IIillsd

0.71 71.0 (Middle Crater Flat) zeolitic (allowances made for density and
porosity)

UNIFORM areno FLOWMOD area of discharge [m ] Production zone thicknesses from field2

3.75E4 3.75E5 determinations (see ~Ihble 4-9)

UNIFORM ecorr(1) SOTEC baseline corrosion potential [m/V] Estimate based on Macdonald and
100. 150. Urquidi-Maedonald (1990)

UNIFORM ecorr(2) SOTEC factor for temperature effect [ ] Estimate based on Macdonald and
-2. -0.5 Urquidi-Macdonald (1990)

UNIFORM ccorr(3) SOTEC factor for temperature effect on Estimate based on Macdonald
-3.40 -3. ambient potential [ ] Urquidi--Macdonald (1990)

|

UNIFORM ecorr(4) SOTEC factor for radiolysis effect [ ] Estimate based on Macdonald
100. 300. Urquidi-Macdonald (1990)

UNIFORM ecorr(5) SOTEC decay rate for ge nma emitters Upper limit based on 137Cs
0.001 0.023 [yr -1]

NUREG-1464 A-18
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UNIFORM ecorr(6) SOTEC crevice corrossion potential [mV] Estimate based on Watson and Postlethwaite
1000. 1500. (1990)

UNIFORM ecorr(7) SOTEC pitting corrossion potential [mV] Estimate based on IIenshall (1991)1000. 1500.

LOGUNIFORM ccorr(8) SOTEC rate for localized corrosion [m/yr] Assumed
1.E-5 0.001

CONSTANT carbon (l) SOTEC thickness of zirconium oxide [m] Estimate based on Smith and 13aldwin (1989)1.E-7

CONSTANT carbon (2) SOTEC initial radius of UO grain [m] Estimate based on Einziger and Buchanan2
1.E-5

(1988)

CONSTANT carbon (3) SOTEC O concentration outside of particle Atmospheric concentration salue2
1.786E-2 [kg-mole /m ]3

CONSTANT carbon (4) SOTEC 3density of UO [Kg-mole /m ] Assumed2
37.

CONSTANT carbon (5) SOTEC reference diffusion, inner layer Fitted value from empirical model presented
5.256E-8 [m /yr] in Section 5.6.32

CONSTANT carbon (6) SOTEC reference diffusion, outer layer Fitted value from empirical model presented
3.942E-7 [m /yr] in Section 5.6.32

CONSTANT carbon (7) SOTEC activation energy [Kcal/g-mole] Fitted value from empirical model presented
32. in Section 5.6.3

CONSTANT carbon (8) SOTEC reference temperature [ K] Assumed
473.

CONSTANT carbon (9) SOTEC moles of UOy.per mole of O [ ] Based on stoichiometry assuming U 0s2 3
3. product

CONSTANT carbon (10) SOTEC radius of UO fragment [m] See Einziger and Buchanan (19S8)2
0.001
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CONSTANT carbon (11) SOTEC thickness of cladding [m] See Smith and Baldwin (1989)

6.1E-4

CONSTANT carbon (12) SOTEC curies 14C/kg in UO [Ci/kg] See Park (1992)2

7.2E-4

CONSTANT carbon (13) SOTEC curies 14C/kg in cladding [Ci/kg] See Ibrk (1992)
4.89E-4

CONSTANT carbon (14) SOTEC curies 14C/kg in ZrO [Ci/kg] See Ibrk (1992)2

2.48E-5

CONSTANT carbon (15) SOTEC curies 14C/kg in grain and gap See Park (1992)
6.2E-6 (Ci/kg]

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORh1 forwar(1) SOTEC 2

1.0E-5 1.0E-3 (repository sub-area No.1)

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORhi forwar(2) SOTEC 2

1.0E-5 1.0E-3 (repository sub-area No. 2)

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORh1 forwar(3) SOTEC 2

1.0E-5 1.0E-3 (repository sub-area No. 3)

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORh1 forwar(4) SOTEC 2

1.0E-5 1.0E-3 (repository sub-area No. 4)

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORh1 forwar(5) SOTEC 2

1.0E-5 1.0E-3 (repository sub-area No. 5)

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORh1 forwar(6) SOTEC 2
1.0E-5 1.0E-3 (repository sub-area No. 6)

UO alteration rate [1/yr] Estimate based on Grambow (1989)LOGUNIFORh1 forwar(7) SOTEC 2
1.0E-5 1.0E-3 (repository sub-area No. 7)

UNIFORAI warea(1) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ](repository sub-area No.1)
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UNIFORh1 warea(2) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ] (repository sub-area No. 2)

UNIFORh1 warea(3) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ] (repository sub-area No. 3)

UNIFORh1 warea(4) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ] (repository sub-area No. 4)

UNIFORM warca(5) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ] (repository sub-area No. 5)

UNIFORh1 warea(6) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ] (repository su1> area No. 6)

UNIFORM warea(7) SOTEC fraction of waste packages contacted Assumed
0.0 1.0 [ ] (repository sub-area No. 7)

UNIFORM rpor(1,1) SOTEC porosity in near field [ ] Assumed (based on crushed tuff)
0.08 0.2 (repository sub-area No.1)

UNIFORM rpor(2,1) SOTEC porosity in near field [ ] Assumed (based on crushed tuff)
0 08 0.2 (repository sub-area No. 2)

UNIFORM rpor(3,1) SOTEC porosity in near ficId [ ] Assumed (based on crushed tuff)
0.0S 0.2 (repository sub-area No. 3)

UNIFORM rpor(4,1) SOTEC porosity in near field [ ] Assumed (based on crushed iJf
0.08 0.2 (repository sub-area No. 4) ,

UNIFORM rpor(5,1) SOTEC porosity in near field [ ] Assumed (based on crushed tuff)
0.08 0.2 (repository sub-area No. 5)

UNIFORM rpor(6,1) SOTEC porosity in near field [ ] Assumed (based on crushed tuff)
0.08 0.2 (repository sub-area No. 6)

UNIFORM rpor(7,1) SOTEC porosity in nea- field [ ] Assumed (based on crushed tuff)
0.08 0.2 (repository sub-area No. 7)
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LOGUNIFORh1 rdiff(1,1) SOTEC diffusion coefficient in near field Assumed

5.7E-6 5.7E-3 [m2/yr] (layer No.1)

LOGUNIFORh1 rdiff(1.2) SOHC diffusion coefficient in near field Assumed
25.7E-6 5.7E-3 [m /yr] (layer No. 2)

LOGUNIFORh1 rdiff(1,3) SOTEC diffusion coefficient in near field Assumed
25.7E-6 5.7E--4 [m /yr](layer No. 3)

LOGUNIFORh1 rdiff(1,4) SOTEC diffusion coefficient in near field Assumed -

25.7E-6 5.7E-4 [m /yr](layer No. 4) i

UNIFORh1 volmax(1) SOTEC max. vol. of water in waste package Upper limit based on volume of Site
3 '

0.0 1.2 [m ](repository sub-area No.1) Characterization Plan (SCP)
containers and fuel (see DOE,19882)

| UNIFORh1 volmax(2) SOTEC max. vol. of water in waste package Upper limit based on volume of SCP
3! 0.0 1.2 [m ](repository sub-area No. 2) containers and fuel (see DOE,198Sa)

l
UNIFORh1 volmax(3) SOTEC max. vol. of water in waste package Upper limit based on volume of SCP

30.0 1.2 [m ] (repository sub-area No. 3) containers and fuel (see DOE,198Sa)

UNIFORh1 volmax(4) SOTEC max. vol. of water in waste package Upper limit based on volume of SCP
30.0 1.2 [m ] (repository sub. area No. 4) containers and fuel (see DOE,1988a) ,

UNIFORh1 volmax(5) SOTEC max. vol. of water in waste package Upper limit based on volume of SCP
30.0 1.2 [m ] (repository sub-area No. 5) containers and fuel (see DOE,198Sa)

UNIFORh1 volmax(6) SOTEC max. vol. of water in waste package Upper limit based on volume of SCP ,

30.0 1.2 [m ] (repositog sub-area No. 6) containers and fuel (see DOE,1988a)

UNIFORh1 volmax(7) SOTEC max. vol. of water in waste package Upper limit based on volume of SCP
30.0 1.2 [m ] (repositoy sub-area No. 7) containers and fuel (see DOE.198Sa)

LOGNORhiAL rde(l) SOTEC Cm retardation coefficient [ ] Assumed (based on crushed tuff)
2.3 131.2

LOGNORh1AL rde(3) SOTEC U retardation coefficient [ ] Assumed (based on crushed tuff)
1.003 1.325

NUREG-1464 A-22
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Appendix A

lype qfDistibution Ialue
(or Range in Ialue) Parameter Name Module Parameter Destiption Basisfor Parameter Assignment

LOGNORh1AL rde(4) SOEC Am retardation coefficient [ ] Assumed (based on crushed tuff)
2.79 165.4

LOGNO".h1AL rde(5) SOTEC Np retardation coefficient [ ] Assumed (based on crushed tuff)
1.008 1.81

LOGNORh1AL rde(2) SOTEC Pu retardation coefficient [ ] Assumed (based on crushed tuff)
1.3 33.6

LOGNORh1AL rde(6) SOTEC Th retardation coefficient [ ] Assumed (based on crushed tuff)
1.76 77.5

LOGNORh1AL rde(7) SOTEC Ra retardation coefficient [ ] Assumed (based on crushed tuff)
3.44 245.2

LOGNORh1AL rde(8) SOTEC Pb retardation coefficient [ ] Assumed (based on crushed tuff)
1.39 40.07

LOGNORh1AL rde(9) SOTEC Cs retardation coefficient [ ] Assumed (based on crushed tuff)
1.68 69.4

CONSTANT rde(10) SOTEC 1 retardation coefficient [ ] Assumed (based on crushed tuff)
1.0

LOGNORh1AL rde(12) SOTEC Tb retardation coefficient [ ] Assumed (based or. crushed tuff)
1.0002 1.016

LOGNORh1AL rde(15) SOTEC Ni retardation coefficient [ ] Assu ned (based on crushed tuff)
1.08 8.81

CONSTANT rde(16) SOTEC C retardation coefficient [ ] Assumed (based on crushed tuff)
1.0

LOGNORh1AL rde(17) SOTEC Se retardation coefficient [ ] Assumed (based on crushed tuff)
1.007 1.65

CONSTANT rde(18) SOTEC Nb retardation coefficient [ ] Assumed (based on crushed tuff)
1.0

A-23 NUREG-1464
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1)pe of Distibution ihiue
(or Range in iblue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

CONSTANT rde(II) SOTEC Sn retardation coefficient [ ] Assumed (based on crushed : iff)1.23

CONSTANT rde(13) SOTEC Zr retardation coefficient [ ] Assumed (based on crushed tuff)1.39

CONSTANT rde(14) SOTEC Sr retardation coefficient [ ] Assumed (based on crushed tuff)1.19

LOGUNIFORh1 sol (l) SOTEC Cm solubility [kg/m ] Assumed3

2.56E-7 5.E-4

LOGUNIFORN1 sol (3) SOTEC U solubility [kg/m ] Assumed3

4.E-8 3.E-5

LOGUNIFORN1 sol (4) SOTEC Am solubility [kg/m ] Assumed3

1.E-6 3.E-4

LOGUNIFORN1 sol (5) SOTEC Np solubility [kg/m ] Assumed3

1.4 E-4 0.0237

LOGUNIFOlthi sol (2) SOTEC Pu solubility [kg/m ] Assumed3

2.E-7 5.E-4

LOGUNIFORht sol (6) SOTEC Th solubility [kg/m ] Assumed3

2.E-12 1.E-4

LOGUNIFORN1 sol (7) SOTEC Ra solubility [kg/m ] Assumed3

9.E-6 9.E-5

LOGUNIFORh1 sol (8) SOTEC I"o solubility [kg/m ] Assumed3

2.1E-6 6.3E-4

CONSTANT sol (9) SOTEC Cs solubility [kg/m ] Assumed3

1.0

CONSTANT sol (10) SOTEC I solubility [kg/m ] Assumed3

1.0

NUREG-1464 A-24
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Appendix A

Type of Distibution 1 blue
(or Range in iblue) Parameter Name Module Parameter Desciption Basisfo.- Parameter Assignment

3CONSTANT sol (12) SOTEC Tc solubility [kg/m ] Assumed
1.0

3LOGUNIFORh1 sol (15) SOT'- - Ni solubility [kg/m ) Assumed
2.8E-7 1.7E-3

3CONSTANT sol (16) SOTEC C solubility [kg/m ] Assumed
1.0

3CONSTANT sol (17) SOTEC Se solubility [kg/m ] Assumed
1.0

3CONSTANT sol (18) SOTEC Nb solubility [kg/m ] Assumed
1.0

3CONSTANT sol (11) SOTEC Sn solubility [kg/m ] Assumed
5.E-9

3CONSTANT sol (13) SOTEC Zr solubility [kg/m ] Assumed
4.E-9

3CONSTANT sol (14) SOTEC Sr solubility [kg/m ) Assumed
8.E-2

2UNIFORh1 funnel (l) SOTEC fluid capture area of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository .ub-area No.1) sectional area of SCP emplacement hole

(see DOE.198Sb)

2UNIFORh1 funnel (2) SOTEC fluid capture area of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository sub-area No. 2) sectional area of SCP emplacement hole

(see DOE,1988b)

2UNIFORh1 funnel (3) SOTEC fluid capture area of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository sub-area No. 3) sectional area of SCP emplacement hole

(see DOE,1988b)

2UNIFORh1 funnel (4) SOTEC fluid capture area of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository sub-area No. 4) sectional area of SCP emplacement hole

(see DOE,1988b)

A-25 NUREG-1464
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Type of Distibution iklue
(or Range in Ihiue) Parameter Name Module Parameter Desciption Basisfor Parameter AssignmerJ

2UNIFORh1 funncI(5) SOTEC fluid capture area of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository sub-area No. 5) sectional area of SCP emplacement hole

(see DOE,19SSb)

2UNIFORh1 funnel (6) SOTEC fluid capture area of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository sub-area No. 6) sectional area of SCP emplacement hole

(see DOE,198Sb)

2UNIFORh1 funnel (7) SOTEC fluid capture arca of canister [m ] Upper limit based on twice the cross-
0.0 0.4 (repository sub-area No. 7) sectional area of SCP emplacement hole

(see DOE,198Sb)

UNIFORh1 time VOLCANO time of occurrence of volcanic Assumed random over performance period
0.0 10000. event [yr] (assumed constant probability)

UNIFORh1 ul VOLCANO probabilities of intrusive magmatism Assumed
0.0 1.0 (dike: 0.0-0.9) and extrusive

magmatism (cone: 0.9-1.0)[ ]

UNIFORh1 u2 VOLCANO location scaling factor Assumed random over the simulation area
0.0 1.0 (dike Xo/ cone Xcenter)I ]

UNIFORh1 u3 VOLCANO location scaling factor Assumed random over the simulation area
0.0 1.0 (dike Yo/ cone Ycenter) { }

UNIFORAI u4 VOLCANO dike area scaling factor [ ] Assumed (see Section 6.53.2)
0.0 1.0

UNIFORh1 u5 VOLCANO scaling factor for dike length [ ] Assumed (see Section 6.53.2)
0.0 1.0

UNIFORh1 u6 VOLCANO scaling factor for dike angle [ ] Assumed (see Section 6.53.2)
0.0 1.0

UNIFORh1 u7 VOLCANO scaling factor for radius of magma Assumed (see Section 6.53.2)
0.0 1.0 conduit of cone [ ](minimum

of 25 meters and maximum
of 100 meters)

NUREG-1464 A-26
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75pe ofDistibution ialue
(orRange in Falue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

NORhfAL nbore DRILLO total number of borcholes drilled [ ] Poisson distribution centered around the
4 27 number of drilling events calculated from

U.S. Emironmental Protection Agency
Appendix B guidance (see EPA,1993;
58 FR 7936)

UNIFORh! radius DRILLO radius of borehole [m] Assumed based on current exploratory
0.02 0.1 drilling practice

UNIFORM hit (1 through 27) DRILLO indicator for borehole No. I through See Section 6.3.4
0.0 1.0 No. 27 interception of a waste

package [ ] (A minimum of 4 and
a maximum of 27 hit indicators are
used. A hit indicator is sampled
separately for cach borehole. He
number of borchoics is determined
by the sampled parameter nbore
which ranges from 4 to 27.)

UNIFORh1 Td(1 through 27) DRILLO time at which drilling occurs for Time of drilling randomly occurs after
100.0 9900.0 borcholes No. I through No. 27 institutional control (100 years) and before

[yr](A minimum of 4 and a end of performance period (9900 years used
'

maximum of 27 hit indicators are as an upper limit to allow at least one time
used. A hit indicator is sampled step over the 10,000 year performance period)
separately for cach borehole. De
number of borcholes is determined
by the sampled parameter nbore
which ranges from 4 to 27.)

UNIFORh1 Regn(1 through 27) DRILLO repository region locator for Sampled value is compared to fraction of ,

0.0 1.0 boreholes No. I through No. 27 total area of each region to kxate the
[ ] (A minimum of 4 and a maxi- borehole in one of the 7 repository sub-arcas:
mum of 27 region locators are sub-area 1 = 0.00 to 0.06; *

used. A region locator is sampled sub-area 2 = 0.06 to 0.33;
separately for each borchole. The sub-area 3 = 0.33 to 0.55;
number of boreholes is deter- sub-area 4 = 0.55 to 0.68;
mined by the sampled parameter sub-area 5 - 0.68 to 0.73;
nbore which ranges from 4 sub-area 6 = 0.73 to 0.%; and
to 27.) sub-area 7 = 0.% to 1.00.

A-27 NUREG-1464
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Appendix A

Type of Distibution iMue
(orRange in iMue) Parameter Name Module Parameter Desciption Basisfor Parameter Assignment

UNIFORM U SEISMO comparitive number to determine See Section 6A.4
0.0 1.0 whether a representative (they all fail

or none fail) waste package is failed or
not [ ](if"U"is less than the failure
probability, the representative waste
package is assumed to be failed.and
thus all the packages are failed)

|

|
|

4
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APPENDIX B
HYDROLOGIC AND RADIONUCLIDE TRANSPORT DATA FOR THE ,

'

GROUND-WATER PATHWAY

B-1 Introduction of unsaturated tuff being examined. One obvious
conclusion is that more information is available

Parametric values for use in hydrologic flow and on, and more studies have concentrated on, the
radionuclide transport models were based, when repository unit (Tbpopah Spring), than on other
possible, on mformation published for the Yucca units present at Yucca Mountain.
Mountain site. Hydrologic information was based
primarily on Peters et al. (1984) and Klavetter and Tables B-2 through B-5 present the information
Peters (1986), whereas retardation information from Meijer (1990) used to develop the K valuesd

was based on Meijer (1990) and Thomas (1987). for individual hydrogeologic units present at
The following tables present the information used Yucca Mountain (abbreviations used in Tables
from these sources and the resulting ranges and B-2 and B-3 and throughout the remainder of
distributions used in the current analysis: this appendix are as follows: the prefix JA

indicates drill hole J-13; the prefix YM indicates
drill hole UE25a-1; and the other abbreviations in
the table are unambiguously labeled). A number

Eble Igormation
of assumptions were used to derive the K values;d

therefore, a more detailed discussion of the ,
B-1 Hydrologic information reported interpretation and of the use of the data is givenfrom experimental and modeling here. (The applicability of the K approach is notdstudies.

discussed here. See Section 4.4.2 for more infor-

B-2- B-5 Sorption information from batch mation on the applicability of the K approach.)d

experiments on crushed tuff. As discussed in Section 4.2.4, the retardation

B-6 Parametric values and ranges used coefficients for each hydrogeologic unit are

to represent the ground-water calculated using the following equation:

pathway.

B-7 Values for sorption coefficients R - 1.0 + CU -") x K, , (B-1)
f #

(K s).d

where:

retardation factor;B-2 Table Information Rf
=

distribution coefficient;Ad =

Table B-1 presents the hydrologic information 0 moisture content;=

grain , density; andfrom Peters et al. (1984) and Klavetter and Peters p =

(1986), as well as parametric values used in porosity,n =

modeling studies since the publication of the
Peters report and information from the U.S. The values for these parameters are specific to the

Department of Energy (DOE) Site Character- five hydrogeologic units: Topopah Spring Member
ization Plan (SCP)(DOE,1988). To assist the of the Paintbrush lbff (Tpt); Calico Hills non-
correlation to the Yucca Mountain site, the bore- welded vitric (CHnv); Calico Hills nonwelded

hole at the site associated with the information zeolitic (CHnz); Prow Pass Member of the Crater
taken from Peters et al. is identified. Although the Flat Thff(Tcp); and Bullfrog Member of the
values reported from the various studies should Crater Flat Tuff (Tcb). Experimental values (see

only be interpreted based on the purpose for Tables B-2 through B-5) were used to determine
which the modeling was conducted, the values are mean Ka values for a specific hydrogeologic unit,

presented to provide additional insights on while, for certain elements and hydrogeologic

differing interpretations of hydrologic properties units without data, Kg values were assigned, i

B-1 NUREG-1464
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h Table B-I liydrologic Properties for flydrogeologic Units at the Yucca Mountain Site Reported in Modeling Studies and ],

@ Experimental Studies (Where appropriate, borehole identification labels are provided after the reference.) g
L to
g TIVA CANYON (Welded, Devitrified)

Matrix Properties:

Saturated
Grain Density Residual Conductisity Alpha

3
Reference (kgim ) Porosity Saturation (mlyr) (1Im) Beta

Peters et al. (1984)
[USW G4] 2490 0.08 0.002 3.1E-4 8.2E-3 1.56

Peters et al. (1984)
[USW GU3] 2480 - 2490 0.09 - 0.15 0.014 - 0.160 2.2E-5 - 8.5E-5 3.9E-3 - 2.3E-2 1.51 - 2.13

Klavetter and
Peters (1986) 2490 0.08 0.002 3.1E-4 8.2E-3 1.56

Dudicy et al. (1988) 2490 0.08 0.002 3.1E-4 8.2E-3 1.56en
$>

Fracture Properties:

Fracture Fracture Fracture Bulk
Aperture

Densig)
Residual Conductisity Conductisity Alpha

Reference (microns) (ilm' Porosity Saturation (mlyr) (mlyr) (1/m) Beta

Klavetter and
Peters (1986) 6.7 20 1.4E-4 0.M 1.2E3 0.17 1.28 4.23

Dudley et al.
(1988) 6.7 20 1.4E-4 0.M 1.2E3 0.17 1.28 4.23

. - - _ _ _ _ - _ _ _ _ .
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Table B-1 (continued)

PAINTBRUSH (Non-welded, Vitric)

Matrix Properties:

Saturated
Grain Density Residual Conductisity Alpha |

3
Reference (kg/m ) Porosity Saturation (mlyr) (1/m) Beta

I
-

Peters et al. (1984)
[USW G4] 2450 0.65 0.105 75.6 1.6E-2 10.6

Peters et al. (1984)
[USW GU3] :. - -74 0.40 - 0.59 0.084 - 0.114 11.0 - 50.4 1.1E-2 - 1.5E-2 2.53 - 8.88

Klavetter and
Peters (1986) 2350 0.40 0.100 12.3 1.5E-2 6.87

Dudley et al. (1988) 2350 0.40 0.100 12.3 1.5E-2 6.87 i

Y" PAINTBRUSH (Non. welded, Vitric)

Fracture Properties:

Fracture Fracture Fracture Bulk
Residual Conductisity Conductisity AlphaApenure

Densip)(1/m Ibrosity Saturation (mlyr) (mlyr) (1/m) BetaReference (microns)

Klavetter and
Peters (1986) 27.0 1 2.7E-5 0.04 1.9E4 0.50 1.28 4.23)

Dudley et al.
(1988) 27.0 1 2.7E-5 0.04 1.9E4 0.50 1.28 4.23

2:
C
% h
m p
C :n

$-
f =

_
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se Table B-1 (continued) }rrs
O 9-
.L TOPOPAH SPRING (Welded, Devitrified) $

t f
Matrix Properties:

Saturated
Grain Density Residual Conductivity Alpha

3
Reference (kg/m ) Ibrosity Saturation (mlyr) (ilm) Beta

Peters et al. (1984)
[USW G4] 2470 - 2580 0.06 - 0.16 0.M8 - 0.120 4.1E-5 - 1.2E-3 2.6E-3 - 1.2E-2 1.56 - 2.12

Peters et al. (1984)
[USW GU3) 2540 0.08 0.008 4.7E-5 1.2E-2 1.49

Klavetter and
Peters (1986) 2580 0.11 0.080 6.0E-4 5.7E-3 1.80

Thang and Pruess (1987) 2580 0.11 0.080 6.0E-4 5.7E-3 1.80

{ Dudley et al. (1988) 2580 0.11 0.080 6.0E-4 5.7E-3 1.80

Pruess et al. (1990) 2550 0.10 9.6E-4 1.0E-2 7.0E-3 1.80
i Nitao and

Buscheck (1991) - 0.20 0.080 6.0E-4 - -

Barnard and
Dockery (1991) 2500 - 2570 0.06 - 0.12 0.0 - 0.15 1.6E-4 - 63E-4 4.0E-3 - 0.01 1.49 - 2.00

DOE (1988; Thble 3-27)

Lab data - 0.04- 033 - 1.1E-4 - 0.2 - -

Field data - - - 260. - -

. . _ . . , . _ _ , . _ _ _ _ _ . - - _ ._- . _ . - _ _ . . _ _ _ _ _ _ - - - - _
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Table B-1 (continued)

TOPOPAH SPRING (Welded, Devitrified)

Fracture Properties:

Fracture Fracture Fracture Bulk

Deruip)
Residual Conducthity Conducthity AlphaAperture

Reference (microns) (ilm Porosity Saturation (mlyr) (mlyr) (ilm) Beta

Peters et al (1984)
[USW G4] 6. - 67. - - - 1.1E3 - 1.2E5

Klavetter and i

Peters (1986) 43 -5.1 8 - 40 4.1E-5 - 1.8E-4 0.04 5.0E2 - 6.9E2 0.02 - 0.10 1.28 4.23 ',
Thang and

'

Pruess (1987) - - 1.8E-3 0.04 - 5.5 -- 4.23

Dudley et al
(1988) 43 -5.1 8 - 40 4.1E-5 - 1.8E-4 0.04 5.0E2 - 6.9E2 0.02 - 0.10 1.28 4.23 1

tje Pruess et al. -

u (1990) 64.15 4.5 2.9E-4 - 1.1E5 30.9 - -

Nitao and '

Buscheck (1991) 90. 22 - 0.04 2.6E5 - - -

Barnard and 1

Dockety (1991) 6. - 20. 5 - 10 3.0E-5 0.04 13E3 - 13E4 3.8E-2 - 2.5 1.28 4.23 '

Z
C

e 1
- ,
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c Table B-1 (continued) }:c
m $O
L CALICO HILLS (Non-Welded, Vitric) to

e
Matris Properties:

Saturated
Grain Density Resiaual Conductivity Alpha,

Reference (kg/m ) Porosity Saturation (mlyr) (ilm) Beta3

.

Peters et al. (1984)
[USW GU3] 2350 - 2370 0.43 - 0.46 0.020 - 0.M8 .82 - 9.1 1.0E-2 - 4.4E2 1.50 - 4.20

Klavetter and
Pcters (1986) 2370 0.46 0.M1 8.5 1.6E-2 3.87

Dudicy et al. (1988) 2370 0.46 0.M1 85 1.6E-2 3.87

CALICO HILLS (Non-Welded, Vitric)
Cn

t. M
Fracture Properties:

Fracture Fracture Fracture Bulk
Aperture Density Residual Conductivity Conductivity Alpha

Reference (microns) (ilm ) Ebrosity Saturation (mlyr) (mlyr) (lim) Beta3

Peters et al. (1984)
--- -- - 1.4E4 - - -

[USW G4] 22

Klavetter and
Peters (1986) 15.5 3 4.6E-5 0.M 6.3E3 0.29 1.28 4.23

I

Dudie[)et al.(198 15.5 3 4.6E-5 0.04 6.3E3 0.29 1.28 4.23

. __
.. .. ._.

._ . .

.. .. .. .. .



_ . _ . _ _ _ - _ _ _ _ _ _ _ _ ._ .. _ . . _ . _ . _ ... _ .. _ . _ . _. .._ __ ..

'Itble B-1 (continued)

CALICO HILLS (Non-Welded, Zeolitic)
i

Matrix Properties:

Saturated
Grain Density Residual Conductivity Alpha3

Reference (kg/m ) Porosity Saturation (mlyr) (1/m) Beta

Peters et al. (1984)
[USW G4] 2230 - 2380 0.22 - 030 0.037 - 0.215 7.6E-7 - 5.0E-3 6.0E-4 - 6.0E3 1.46 -332

Klavetter and
Peters (1986) 2230 0.28 0.110 63E-4 3.1E-3 1.60

Dudley et al. (1988) 2230 0.28 0.110 63E-4 3.1E-3 1.60

Barnard (1991) 2280 - 2320 0.23 - 036 0.0 - 0.15 2.2E-4 - 63E-4 2.0E-3 - 5.0E-3 1.37 - 1.65
DOE (1988; Table 3-27)

L Lab data - 0.20 - 034 - 1.5E-3 - 0.11 - -

Field data - - - 180. - -

,

!

CALICO IIILLS (Non-Welded, Zeolitic)
|
$Fracture Properties:

!
Fracture Fracture Fracture Bulk i

Aperture Density Residual Conductisity Conductisity Alpha '

Reference (microns) (1/m ) Porosity Saturation (mlyr) (mlyr) (1/m) Beta
3

Peters et al. (1984) |
[USW G4] 6 - 31 - - - 9.8E2 - 2.5E4

[
Klavetter and

Peters (1986) 15.5 3 4.6E-5 0.04 63E3 0.29 1.28 4.23
Z Dudley et al. (1988) 15.5 3 4.6E-5 0.04 63E3 0.29 1.28 4.23C -

Oc Ilarnard and
g Dockery (1991) 6.0 3 1.8E-5 0.04 9.4E2 0.02 1.28 4.23 ;

- t e
f =

i

l
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h Table B-1 (continued) }
rrs o.
O si'

k PROW PASS (Welded, Devitrified) C

2
Matrix Properties:

Saturated
Grain Density Residual Conductisity Alpha

3
Reference (kg/m ) Ibrosity Saturation (mlyr) (ilm) Beta

Peters et al. (1984)
[USW G4] 2590 0.24 0.066 5.0E-2 - 4.4E-1 1.4E-2 2.64

Peters et al. (1984)
[USW GU3] 2570 - 2580 032-039 0.018 - 0.066 4.1E-2 - 2.2E-1 1.4E-2 - 3.1E-2 2.% - 3.44 :

'

Klamtter and
Peters (1986) 2590 0.24 0.066 0.14 1.4E-2 2.64

Dudley et al. (1988) 2590 0.24 0.066 0.14 1.4E-2 2.64g
b Barnard and

*

Dockery (1991) 2590 0.25 0.05 0.% - 1.6 1.0E-2 2.7

i DOE (1988; Table 3-27)

Lab data - 0.10 - 030 - 2.2E-4 - 036 - -

;

Field data - - - 36.0 - 53E2 - -

Fracture Properties: ;

Fracture Fracture Fracture Bulk >

Residual Conductivity Conductisity Alpha
Densig) Porosity Saturation (mlyr) (mlyr) (1/m) Beta

Aperture ,

(limReference (microns),

i

Klavetter and
Pcters (1986) 4.16 3 1JE-5 0.04 4.4E2 0.02 1.28 4.23

Dudley et al. (1988) 4.16 3 1.3E-5 0.04 4.4E2 5.7E-3 1.28 4.23
,

Barnard and :

Dockery (1991) 20. 3 6.0E-5 0.04 IJE4 0.8 1.28 4.23 !

'
- _ _ . _ _ _ _ ._ - - _ _ -_ _ __ _ _ . _ - - _ - _ _ - - - - - - - - --
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Table B-1 (continued)

Matrix Properties:

Saturated
Grain Density Residual Conductivity Alpha

3
Reference (kg/m ) Ibrosity Saturation (mly) (ilm) Beta

UPPER CRATER FLAT (Non-Welded, Zeolitic) ;

1

Peters et al. (1984)
[USW G4] 2240 - 2290 0.19 - 0.29 0.135 - 0322 63E-4 - 1.4E-2 3.2E-3 - 4.5E-3 1.87 - 2.02

l
|

BULLFROG (Welded, Devitrified)

Peters (1984) [USW G4] 2620 -2630 0.24 - 0.27 0.056 -0.061 7.2E-2 - 2.0E-1 1.1E-2 - 2.9E-2 2.26 - 4.15

DOE (1988; Table 3-27)

[ Lab data - 0.17 - 034 - 1.1E-2 - 036 - -

Field data - - - 2.2 - 8.4E2 - -

TRAM (Non-Welded)

DOE (1988;1hble 3-27)

Lab data - O. I8 - 0.26 - 1.5E-3 - 0.15 - --

Field data - - - 2.5E-3 - 2.9E2 - -

l

Z
C
|c >

'
w

f =

!
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Ne
h Average Sorption Ratios (Distribution Coefficients) from Batch Sorption Experiments on Crushed *1bff for Strontium, 3
x Table B-3

$ Cesium, Barium, Radium, Cerium, and Europium (after Meyer,1990) (The sorption ratio in parentheses represents the
E,
W

standard deviation of the mean.) tee

E '

Sorption Ratios (mlig)

Unit Sample Sr Cs Ba Ra Ce Eu

ha Canyon JA-8 606 270 (5) 2700 (400) 435 (15) 2100 (300)

(Tpc) YM-5 251 280 (80) 5800 (800) 1100 (200) 450,000 (240,000) 2,300,000 (40,000)

W h Canyon G2-547 547 265 (10) 13.300 (1500) 3490 (30) 340 (30)

(Tpp) G2-723 723 290 (40) 4100 (600) 3500 (400) > 10,000

GU3-433 433 45 (9) 630 (20) 810 (100) 100 (14)

Topopah Spring Yht-22 848 53 (4) 290 (30) 900 (30) 1270 (40) 1390 (110)

(Tpt) GU3-1203 1203 42 (1) 350 (30) 640 (40) 190 (2)

G1-1292 1292 200 (6) 430 (28) 2100 (300) 1500 (100) 66 (8) 140 (14)

GU3-1301 1301 28 (4) 160 (40) 570 (60) 45 (12)
YM-30 1264 260 (80) 855 (5) 3400 (1500) 230,000 (100,000) 160,000 (50,000)

g
L JA-18 1420 17,000 (3000) 16,000 (1000) 38,000 (18,000) 2800 (1400) 1400 (200)
o

Calico 1Iills, Gl-1436 1436 36,000 (3000) 7800 (500) 150,000 (24,000) 59,000 (7000) 30,000 (2000) >

tuffaccous beds G2-1952 1952 2200 (400) 63,300 (1100) 25,000 (4000) 89 (14)

(Tht)

Prow hss Gl-1854 1854 60,000 (14,000) 13,000 (2000) 45,000 (7000) 15,000

(Itp) YM-45 1930 195 (14) 520 (90) 1200 (100) 730 (100) 1600 (200)
Gl-1883 1883 22 (0.2) 187 (3) 183 (12) 1420 (20)
YM-46 2002 190 (60) 840 (6) 14,000 (6000) 310,000 (110,000) 307,000 (110,000)

G1-1982 1982 55 (4) 1120 (110) 700 (50) 560 (40) 970 (150)
YM-48 2114 2100 (400) 9000 (4000) 18,000 (6000) 1400 (500) 2200 (500)
YM-49 2221 3200 (300) 36,000 (3000) 42,000 (8000) 550 (100) 1200 (100)
JA-26 1995 95 (35) 1500 (600) 800 (300)

<

'
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Table B-3 (continued)

Sorption Ratios (milg)
Depth

Unit Sample (ft) Sr Cs Ba Ra Ce Eu

bedded tuff YM-38 1504 17,000 (2000) 13,000 (2000) 100,000 (10,000) 760 (140) 1600 (200)
(bt) YM-42 1824 3900 (600) 17,000 (1000) 94,000 (14,000) 49,900 (7000) 52,000 (4000)

11ullfrog JA-28 2001 94 (20) 1640 (210) 820 (50) 2100(1000)
(Itb) GI-2233 2233 48.000 (3000) 13,500 (800) 250,000 (30,000) 1400 (300) 900 (200)

GI-2289 2289 7300 (500) 37,000 (13,000) 66,000 (9000) 46,000 (20,000) 797 (10)
YM-54 2491 62 (12) ISO (40) 400 (150) 150 (40) 470 (40)
G1-2333 2333 180 (20) 1400 (130) 1500 (200) 2300 (400)
G1-2363 2363 M (3) 470 (40) 235 (9) 540 (60) 730 (50)
G1-2410 2410 169 (1) 12'O (50) 1780 440 (80)
JA-32 2533 57 (3) 123 (4) 380 (30) 82 (14) 90 (20)

'

G1-2476 2476 41 (1) 700 (40) 385 (11) 3200 (100)

Tram G1-2698 2698 42,000 (3000) 7700 (400) 63,000 (5000) 240 (30) 200 (30)g
L (Tct) G1-2840 2840 860 (1) 2200 (200) 2070 (70) 4900 (400)

G1-2854 2854 94 (1) 1080 (120) 1000 (50) 1300 (200)
~

G1-2401 2901 68 (1) 1290 (110) 1600 (200) 42,000 (3000) 160,000 (50,000)
G1-3116 3116 2400 (17) 6600 (500) 12,000 (4000) 100 (10) 760 (60)
JA-37 3497 287 (l4) 610 (40) 760 (150) 6000 (800)

older tuffs G1-3658 3658 13,000 (0) 4950 (50) 13,500 (500) 1000 (200) 530 (40)
(Il)
bedded tuff G2-3933 3923 240 (60) 2500 (1n00) 1700 (500) 1500 (700)
(Iba)

Z
C

N
9 il

2-
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dZ
h Table B-3 (continued) 3
m c.

? Sorption Ratios (milg)
' E Depth

S Unit Sample (ft) Sr Cs Ba Ra Ce Eu
t

bedded tuff YM-38 1504 17,000 (2000) 13,000 (2000) 100,000 (10,000) 760 (140) 1600 (200)

| (bt) YM-42 1824 3900 (600) 17,000 (1000) 94,000 (14,000) 49,900 (7000) 52,000 (4000)

f Bullfrog JA-28 2001 94 (20) 1640 (210) 820 (50) 2100(1000)

(Tcb) G1-2733 2233 48,000 (3000) 13,500 (800) 250,000 (30,000) 1400 (300) 900 (200)'

G1-2289 2289 7300 (500) 37,000 (13,000) 66,000 (9000) 46,000 (20,000) 797 (10),

| YM-54 2491 62 (12) 180 (40) 400 (150) 150 (40) 470 (40)
| G1-2333 2333 180 (20) 1400 (130) 1500 (200) 2300 (400)

GI-2363 2363 64 (3) 470 (40) 235 (9) 540 (60) 730 (50),

GI-2410 2410 169 (1) 1250 (50) 1780 440 (80)
'

| JA-32 2533 57 (3) 123 (4) 380 (30) 82 (14) 90 (20)

|,
G1-2476 2476 41 (1) 700 (40) 385 (11) 3200 (100)

| Tram Gl-2698 2698 42,000 (3000) 7700 (400) 63,000 (5000) 240 (30) 200 (30)e
,L (Tct) G1-2840 2840 860 (1) 2200 (200) 2070 (70) 4900 (400)
" G1-2854 2854 94 (1) 1080 (120) 1000 (50) 1300 (200)

Gl-2901 2901 68 (1) 1290 (110) 1600 (200) 42,000 (3000) 160,000 (50,000)
G1-3116 3116 2400 (17) 6600 (500) 12,000 (4000) 100 (10) 760 (60)
JA-37 3497 287 (14) 610 (40) 760 (150) 6000 (800)

older tuffs G1-3658 3658 13,000 (0) 4950 (50) 13,500 (500) 1000 (200) 530 (40)
(TI)

! bedded tuff G2-3933 3923 240 (60) 2500 (1000) 1700 (500) 1500 (700)
Oba)

!

. , . -,
_ _ - - _ _ _ _ _ _ _ _
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Table B-4 Average (De) Sorption Ratios (Distribution Coefficients) from Batch Sorption Experiments on Crushed 'Ihff for
Strontium, Cesium, Barium, Radium, Cerium, and Europium (after Meyer,1990) (Ihe sorption ratio in parentheses
represents the standard deviation of the mean.)

(De) Sorption Ratios (milg)

Unit Sarrple Sr Cs Ba Ce Eu

Tava Canyon JA-8 606 311 (3) 4600 (400) 480 (50) 10,000 (3000)
(Tpc) YM-5 251 320 (30) 8900 (600) 1200 (120) 31,000 (30,000) 36,000 (14,000)

Pah Canyon G2-547 547 210 (10) 8700 (550) 2900 (200) 1700 (600)
(Tpp) G2-723 723 330 (4) 4300 (4) 4200 (10) > 10,000

GU3-433 433 40 (10) 520 (20) 460 (20) 140 (10)

'Ibpopah Spring YM-22 848 59 (2) 365 (7) 830 (100) 6500 (800) 3500 (200)
(Tpt) GU3-1203 1203 47 (1) 340 (10) 720 (30) 650 (50)

Gl-1292 1292 120 (5) 510 (20) 1500 (100) 600 (200) 600 (70)
GU3-1301 1301 80 (20) 185 (20) 675 (60) 100 (20)

tp YM-30 1264 210 (30) 1500 (100) 3100 (600) 170,000 (15,000) 11,000 (700)

y JA-18 1420 15.000 (2000) 17,500 r700) 280,000 (50.000) 1600 (500) 2400 (300)

Calico iIills, Gl-1436 1436 87,000 (12,000) 24,000 (2000) 340.000 (90,000) 6700 (600) 5300 (600) -

tuffaccous beds G2-1952 1952 4200 (200) 46,000 (1400) 40,000 (1000) 1600 (200)
(Iht) YM-38 1540 22,000 13,000 260,000 2600 7300 i

YM-42 1842 4100 (1000) 21,000 (2000) 90,000 44,000 (5000) 68,000 (3000)
,

!

older tuffs Gl-3658 3658 12.000 (3000) 12,000 (2000) 10.000 (4000) 9000 (4000) 9000 (3000)
(II) !

Prow 1%ss Gl-1854 1854 72,000 (13,000) 14,000 (2000) 150,000 (40,000) 4800 (700)
(Itp) YM-45 1930 210 (20) 620 (110) 1310 (60) 5800 (600) 7300 (900)

G1-1883 1883 59 (1) 430 (4) 440 (10) 2200 (100) 1350 (50)
YM-46 2002 260 (20) 1800 (300) 210,000 (3000) 300,000 (50,000) 31,000 (2000)
Gl-1982 1982 322 (8) 2300 (200) 2780 (120) 7000 (800) 6370 (130)

Z YM48 2114 2700 (200) 27,000 (4000) 34,000 (7000) 128,000 (300) 8100 (1200)
'

Q YM-49 2221 4400 (100) 39,000 (1000) 65,000 (7000) 1040 (40) 2100 (500) y
m JA-26 1995 39 (3) 1580 (90) 450 (13) 2900 (200) y

!.
- w .
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Z d
h Table B-4 (continued) 3
m c.

f (De) Sorption Ratios (mHg)
Depthu

2 Unit Sam;.'e (ft) Sr Cs Ba Ce Eu

Bullfrog JA-28 2001 114 (3) 2400 (100) 1160 (20) 12,300 (500)

(Ttb) G1-2233 2233 90.000 (40,000) 23,000 (6000) 240,000 (80,000) 20,000 (13,900) 5000 (2000)
YM-54 2491 97 (9) 310 (20) 660 (20) 1000 (200) 1840 (110)
Gl-2333 2333 140 (13) 1230 (100) 1460 (130) 9900 (1200)
Gl-2363 2363 150 (6) 1200 (30) 820 (20) 130,000 (6000) 6100 (200)
GI-2410 2410 140 (14) 1120 (100) 1760 (150) 6000 (3000)
JA-32 2533 53 (3) 175 (11) 490 (40) 530 (120) 850 (130)
GI-2476 2476 200 (40) 1520 (0)

'Itam G1-2698 2698 210,000 (50,000) 17,000 (1100) 190,000 (80,000) 2000 (400)
Ot;, G1-2840 2840 1540 (4) 2300 (130) 2500 (200) 9000 (1100)

G1-2854 2854 % (1) 1160 (20) 1330 (0) 5000 (200)
G1-2901 2901 67 (1) 1380 (30) 1980 (30) 39,000 (1000) 210.000 (50,000)

? Gl-3116 3116 24,000 (13,000) 11,000 (3000) 160,000 (80,000) 3000 (1000) 8000 (3000)
g JA-37 3497 312 (9) 850 (50) 920 (40) 11,000 (2000)

bedded toff G2-3933 3933 140 (20) 1400 (350) 1100 (200) 3000 (1100)
Oba)
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Lble B-5 Average (De) Sorption Ratios (Distribution Coefficients) from Batch Sorption Experiments on Crushed 'Ibff for
Americium, Plutonium, Uranium, Technetium, and Neptunium (after Meijer,1990) (Ihe sorption ratio in parentheses
represents the standard deviation of the mean.)

(De) Sorption Ratios (mlig)
Depth

Unit Sample (ft) Am Pu U Tc Np

Pah Canyon G2-547 547 17,000 (1400) 1200 (170)
6(Tpp) G2-723 723 2.8x10 (26,000) > 4700

G U3-433 433 9300 (1780) 920 (40)

Topopah Spring YM-22 M8 2500 (400) 1330 (140) 5 (2) 1.2 (0.3) 33 (5)
(Tpt) GU3-1203 1203 1300 (200) 920 (15)

GI-1292 1292 0
GU3-1301 1301 2500 (600) 1300 (460)
JA-18 1420 1100 (300) 350 (140) 9.4 (1.4)

Calico Ilills, G2-1952 1952 5800 (1100) 350 (45) 15 (2)
en tuffaccous beds YM-38 1540 7100 (1200) 1600 (300) 4.8 (1.0) 24 (2)

h Ght)

Prow Ibss G1-1883 1883 7200 (900) 890 (60) 36 (10)
Otp) GI-1982 1982 4.1

YM-48 2114 1.6 (0.2)
YM-49 2221 3400 (400) 720 (90) 2.0 (0.3) 12 (4)

11ullfrog G1-2233 2233 8 (2)
O'h) YM-54 2491 550 (80) 720 (40) 12 (8)c

JA-32 2533 2200 (600) 8 (2)
G1-2476 2476 1.5 (0.2)

Tbm G1 3116 3116 1.7 (0.3) |

Ott) JA-37 3497 32,000 (10,000) 1400 (300) 9.9 (0.4) 170 (50)

bedded tuff G2-3933 3933 12,000 (410) 530 (130) 0

h Oba)
x *
B 1
L e
f =
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Appendix B

|
based on chemical similarity to other measure- procedure and information used to derive the i

mean K values is presented below;ments. When K values could still not bed d
assigned, IQ values were taken from the Iterative
Performance Assessment (IPA) Phase I report Am The Kg in the 1bpopah Spring unit (Tpt)is
(see Codell et al.,1992; p. 56). In the sensitivity a lon average of the values from experi-
analysis (desenbed in Chapter 8), the IPA Phase 2 medts using crushed tuff recovered from
effort assumed that the distribution of ly, values drill holes J-13, G-3, and UE25a-1. The Ka
was tog-umform. For such a distnbution, the in the Calico Hills nonwelded vitric unit
sampim, g procedure used required setting the

(CHnv)is estimated to be the same as theupper and lower bounds of the parameter range. Topopah Spring. Glassy units should have
The upper and lower bounds of the distribution low sorption capability. The sin 3 e value1
were crudely estimated to be plus or mmus one reported from the experiment using crushed
order of magmtude about the mean (the support tuff from drill hole G-2 is assumed to
for this assignment was denved from DOE's 1988 represent the mean value of the K in thedSCP, where the range of K values for Sr and Cs

Calico Hills nonwelded zeolitic unit (CHnz).d
varies over two ordens of magnitude for different For the Prow Pass unit (Tcp), the IQ is
locations m drill hole G1). A mean K value was

,

d again the log average of the values from
derived from the Mey,er (1990) and Thomas (1987) wells G1 and UE25a-1. The K in the Bull-ddata by averaging the logs of the reported frog unit (Tcb) is the log average of the
expenmental values. The mean K values, thus values from experiments using crushed tuffd
calculated, are as follows for the followm, g hydro- recovered from drill holes J-13 and
geologic umts:

U E25a-1.

The K in the Topopah Spring unit is the3 fu d& (m /kg)
log average of the values from experiments

Element Tpt CHnr CHnz Tcp Tcb using crushed tuff recovered from drill
holes UE25a-1, G-3, and J-13. The K ind

Am .810 .810 1.7 4.5 .140 the Calico Hills nonwelded vitric is esti-
mated to be the same as the Topopah

Pu .170 .170 .066 .130 .094 Spring unit. The single value reported from
U .(XX)2 .020 .001 0.0 .002 the experiment using crushed tuff from drill

hole G-2 is assumed to represent the mean
Se .0026 .003 .(XM5 .0025 .013 value of the K for the Calico Hills non-d

'R: .000013 0.0 0.0 .(XX)17 .(XM2 welded zeolitic unit. The Prow Pass unit Kd
is the log average of the values from experi-

Np -(XM5 0045 .0027 0051 0051 ments usm, g crushed tuff recovered from
Sr .08 .034 8.9 .450 .280 drill holes G-1 and UE25a-1. The Bullfrog

is the hg average o@e values fmmun
Cs .36 .24 22.0 2.2 3.2 experiments usmg crushed tuff recovered
Ba 1.2 .6 61.0 3.9 1.1 from drill holes J-13 and UE25a-1.

Ra 1.5 1.5 1.5 1.5 5.0
U e n op Pah Spring unit is theTh 470 340

log average of the values from expen,ments
Sn .230 .660 using crushed tuff recovered from drill

holes UE25a-1, G-3, and J-13. The single
value reported from the experiment used
crushed tuff recovered from drill hole G-3

The experimental K values taken from Meijer is assumed to represent the K in the Calicod d
(1990) and Thomas (19S7) were determined using Hills nonwelded vitric unit. Figures B-1
crushed tuff from various drill holes and water, through B-4 from the SCP (see DOE,1988),
from Well J-13, which was " spiked" with a illustrate where the zeolitic beds are located.
particular radionuclide. A brief description of the The K value in the Calico Hills nonweldedd

NUREG-1464 B-16

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ - _ _ _ _ _ _ - - _ _ _ ._ _ _ _ _ _ _ _ _ . _ . - - - _
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Appendix 11

zcolitic unit is a log average of the values welded zeolitic unit is assumed to represent
from experiments using crushed tuff the mean. For the Prow Pass unit, the K isd

recovered from drill holes G-1 and G-2. the log average of the values from experi-
He K in the Prow Pass unit is assumed to ments using crushed tuff recovered fromd
be zero, even though no data are available. drill holes G1 and UE25a-1. The K in thed
The K in the Bullfrog unit is the log aver- Bullfrog unit is arsumed to the same as thed
age of the values from experiments using value in the Prow Pass unit.
crushed tuff recovered from drill holes G-1,

The K in the Topopah Spring unit is a log jJ-13, and UE25a-1. Sr d
average of the values from experiments us- |

ne K in the Topopah Spring unit is the ing crushed tuff recovered from drill holes
Se d G-3, G-1, and UE25a-1. The K in the |dlog average of the values from experiments Cahco Hills nonwelded vitric umt is basedusing crushed tuff recovered from drill hole n the log average of the values from well

,

G-3. He single value reported from the
G-3 for the Topopah Spring unP. De Kd. |

,

experiment used crushed tuff recovered value m the Cahco Hills nonwekled zeoliticfrom drill hole G-3 is asst.med to represent
the mean value of the K in the Calico Hills

umt is the log average of the values from
,

,

d i

nonwelded vitric unit. He Kg value in the experiments using crushed tuff recovered
fr m drill holes G-1 and G-2. For the Prow

Calico Hills nonwelded zeolitic unit is the Pass umt, the K is the log average of the |daverage of the value* from experiments us. values from experiments using crushed tuff .

ing crushed tuff recovered from drill holes recovered from drill holes G1, J-13, and
G-1 and G-2. The single value reported UE25a-1. For the Bullfrog unit, the K isdfrom the experiment used crushed tuff the log average of the values from experi-
recovered from drill hole G-1 is assumed to ments usmg crushed tuff recovered from
represent the K in the Prow Pass unit. The drill holes G1, J-13, and UE25a-1.d
K in the Bullfrog unit is the log average ofd
the values from experiments using crushed O The Ka in the Topopah Spring unit is a log
tuff recovered from drill hole G-1. average of the values from experiments

using crushed tuff recovered from drill
Re K in the Topopah Spring um.t is the holes G-3, G-1, and UE25a-1. The K inR d d
log average of the values from experiments the Calico Hills nonwelded vitric unit is i
using crushed tuff recovered from drill based on the log average of the values from
holes UE25a-1 and G-3. In the absence of experiments using crushed tuff recovered
mformation, the Kas in the Cah,co Hills from drill hole G-3 for the Topopah Spring
umts are assumed to be zero. The K , the unit. The K value in the Calico Hillsdm d
Prow Pass umt is the log average of the nonwelded zeolitic unit is the leg average of
values from experiments using crushed tuff the values from experiments using crushed

,

recovered from drill hole J-13. The smgle tuff recovered from drill holes G-1 and
value from the experiment used crushed tuff G-2. For the Prow Pass unit, the Ka is the
recovered from drill hole UE25a-1 is log average of the values from experiments

.

assumed to represent the mean of the ly, using crushed tuff recovered from drillin

the Bullfrog unit. holes G1, J-13, and UE25a-1. For the
Bullfrog unit, the Ka is the log average of

The K in the Topopah Spring unit is a log the values from experiments using crushedNp d
average of the values from experiments tuff recovered from drill holes G1, J-13, and
using crushed tuff recovered from drill UE25a-1.
holes G-3 and UE25a-1. The K in thed

The K in the Topopah Spring unit is a logCalico Hills nonwelded vitric unit is esti- Ba d
mated to be the same as the Topopah average of the values from experiments
Spring unit. The single value reported from using crushed tuff recovered from drill
the experiment using crushed tuff from drill holes G-3, G-1, and UE25a-1. The K ind

hole G-2 is assumed to represent the mean the Calico Hills nonwelded vitric unit is

value of the Ka in the Calico Hills non- based on the log average of the values from
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experiments using crtished tuff recovered B-3 References
from drill hole G-3, for the Topopah Spring Barnard, R.W. and H.A. Dockery (eds.), "Techni-umt. The K value m the Calico Hillsd
nonweided zeolitic unit is the log average of cal Summary of the Performance Assessment

Calculational Exerc,ses for 1990 (PACE-90)-i
the values from experiments using crushed Volume 1: Nommal Configuration' Hydrogeologictuff recovered from drill holes G-1 and Parameters and Calculational Results, SandiaG-2. For the Prow Pass unit, the K is thed Nat.onal Laboratories, SAND 90-2726, June 1992.
log average of the ve. lues from experiments
using crushed tuff recovered from drill [ Prepared for the U.S. Department of Energy.]

holes G1, J-13, and UE25a-1. For the Bentley, C.B., J.H. Robison, and R.W. Spenglen,
Bullfrog umt, the K 8s the log average of "Geohydrologic Data for Test Well USW H-5,d.
the values from experiments usmg crushed Yucca Mountain Area, Nye County, Nevada."
tuff recovered from drill holes G1, J-13, and U.S. Geological Survey, Open File Report 83-853,
UE25a-1. 1983.

Bish, D.L., and D.T Vaniman, " Mineralogic
Ra ,The s.mgle value from the experiment used Summary of Yucca Mountain, Nevada," Los

crushed tuff recovered from drill hole G-1 Alamos, New Mexico, Los Alamos National
is assumed to represent the mean of the Kd Laboratory, LA-10543-MS, October 1985.
for the 1bpopah Sprm, g umt. The K s ford
the Calico Hills and Prow Pass units are Codell, R.B., et al., " Initial Demonstration of the
assumed to be the same as the value used NRC's Capability to Conduct a Performance
for the Topopah Spring unit. The K for the Assessment for a High-Level Waste Repository,"d
Bullfrog unit is the log average of the values U.S. Nuclear Regulatory Commission, NUREG-
from experiments using crushed tuff 1327, May 1992.
recovered from drill hole G-1.

Craig, R.W., et al., "Geohydrologic Data for Test
Well USW H-6, Yucca Mountain Area, Nye

The K values are taken from Thomas County, Nevada," U.S. Geological Survey,'Open7h d
(1987) from experiments using crushed tuff File Report 83-856,1983.
recovered from drill hole G-1.

Dudley, A.L., et al. "7btal System Performance
Assessment Code (TOSPAC), Volume 1: Physical

The K values are taken from ThomasSn d
, and Mathematical Bases," Albuquerque, New

(1987) from experiments using crushed tuff Mexico, Sandia National Laboratories, SAND 85-
recovered from drill hole G-L 0002, December 1988.

. . Klavetter, E.A. and R.R. Peters, " Fluid Flow in a
The K in the fractures is assumed to be zero,d Fractured Rock Mass," Albuquerque, New
because of the conceptualization that fluv will be Mexico, Sandia National Laboratories, SAND 85-
fast relative to the rates of the sorption reactions. 0855, March 1986.
This is the same approach as proposed in DOE's
1988 SCP. Meijer, A.," Yucca Mountain Project Far-Field

Sorption Studies and Data Needs," les Alamos,

Table B-6 presents the distributions and the New Mexico Los Alamos National Laboratory,.

ranges used for representmg the hydrologic LA-11671-MS, March 1990. lPrepared for the U.S
Department of Energy.]

parameters of the ground-water pathway. Table
B-7 presents the K values used for each of the Nitao, J.J. and T.A. Buscheck, " Infiltration of ad
elements and hydrogeologic units used in the Liquid Front in an Unsaturated, Fractured Porous
analysis. Sectial 4.2.3 and Appendix A provide Media." Water Resources Research, 27(8):2099-
additional information on the approaches and

2112 (1991].
sources of information used to derive the various
hydrologic and transport parameters used in the Peters, R.R., et al., " Fracture and Matrix Hydro-
IPA Phase 2 analysis. logic Characteristics of Tuffaceous Materials from
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Yucca Mountain, Nye County, Nevada," Albu- Thomas, K., " Summary of Sorption Measure-
querque, New Mexico, Sandia National ments Performed with Yucca Mountain, Nevada,
Laboratories, SAND 84-1471, December 1984. Tuff Samples and Water from Well J-13," Los

Alamos, New Mexico, Im Alamos National
'

Pruess, K., J.S.Y. Wang, and Y.W. Tsang, "On
Thermohydrologic Conditic,as Near High-Level Tsang, Y.W. and K. Pruess, "A Study of Thermally
Nuclear Wastes Emplaced in Partially Saturated Induced Convection Near a High-Level Nuclear
Fractured 'Ibff 1. Simulation Studies With Explicit Waste Repository in Partially Saturated Fractured
Consideration of Fracture Effects," Water Tbff," Water Resources Research, 23(10):1958-1966
Resources Research, 26(6):1235-1248 [1990]. [1987].

U.S. Department of Energy," Site Characteriza-
Scott, R.B. and J. Ikmk, " Preliminary Geologic tion Plan Overview, Yucca Mountain Site, Nevada
Map of Yucca Mountain, Nye County, Nevada, Research and Development Area Nevada " Office
with Geologic Sections," U.S. Geological Survey, of Civilian Radioactive Waste Management,
Open File Report 84-494,1984. DOE /RW-0198, December 1988.
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Appendix B

Table B-6 HydrogeNogic parameteric values and ranges used for the ground-water pathway

Distribution Range Description

Pbrosity of Matrix

uniform .06 .16 Topopah Spring, welded
uniform .33 .56 Calico Hills, non-welded vitric
uniform .20 .33 Calico Hills, non-welded zeolitic
uniform .24 .40 Prow Pass, welded

uniform .18 .30 Upper and Middle Crater Flat, non-welded
uniform .19 .32 Bullfrog, welded

2Saturated Conductivity (mmlyr) and 1%rmeability (m ] of Matrix

lognormal 0.11 - 36. [3.6E-19 - 1.2E-18] Topopah Spring, welded
lognormal 1.2E2 - 6.1E3 [3.9E-15 - 2.0E-14] Calico Hills, non-welded vitric
lognormal 0.0M .20 [1.3E-20 - 6.7E-19] Calico Hills, non-welded zeolitic
lognormal 58. - 300. [1.9E-16 - 9.6E-16] Prow Pass, welded

lognormal 1.6 - 4.6 [5.1E-18 - 1.5E-17] Upper Crater Flat, non-welded
lognormal 110. - 140. [3.5E-16 - 4.4E-16] Bullfrog, welded
lognormal 1.3 - 4.8 [4.1E-18 - 1.6E-17] Middle Crater Flat, non-welded

van Genuchten Alpha Parameter,for Matric (Ilm)

constant .006 Topopah Spring, welded,

constant .016 Calico Hills, non-welded vitric-

constant .003 Calico Hills, non-welded zeolitic
constant .014 Prow Pass, welded

: constant .0N Upper and Middle Crater Flat, non-welded
constant .02 Bullfrog, welded

van Genuchten Beta Parameter,for Matrix

uniform 1.4 - 2.2 Topopah Spring, welded>

,

uniform 1.5 - 4.9 Calico Hills, non-welded vitric
uniform 1.2-3.3 Calico Hills, non-welded zeolitic
uniform 2.0 - 3.4 Prow Pass, welded
uniform 1.5-24 Upper and Middle Crater Flat, non-welded
uniform 2.3 - 4.2 Bullfrog, welded

Grain Densityfor Matrix (kg/m )3

constant 2580 Topopah Spring, welded
constant 2370 Calico Hills, non-welded vitric
constant 2230 Calico Hills, non-welded zeolitic
constant 2590 Prow Pass, welded
constant 2270 Upper and Middle Crater Flat, non-welded
constant 2630 Bullfrog, welded

NUREG-1464 B-24
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Table B-6 (continued)

Distribution Range Description

florosity q(&acture

constant 4.1E-5 'Ibpopah Spring, welded
constant 4.6E-5 Calico Hills, non-welded vitric

constant 4.6E-5 Calico Hills, non-welded zeolitic
constant 13E-5 Prow Pass, welded

c9nstant 4.6E-5 Upper and Middle Crater Flat, non-welded
constant 13E-5 Bullfrog, welded

lSaturated Conductivity (mmlyr) and krmeability [m ] of Ractures

lognormal 34. - 59. [1.1E-16 - 1.9E-16] Topopah Spring, welded
lognormal 170. - 370. [5.6E-16 - 1.2E-15] Calico Hills, non welded vitric

lognormal 190. - 310. [6.2E-16 - 9.9E-16] Calico Hills, non-welded zeolitic I

lognormal 12. - 25. [3.9E-17 - 8.1E-17] Prow Pass, welded |

lfognormal 210. - 300. [6.7E-16 - 9.8E-16] Upper and Middle Crater Flat, non-welded
2lognormal 15. - 20. [4.9E-17 - 6.4E-17] Bullfrog, welded

van Genuchten Alpha P\nrameter,for Racture (ilm)

constant 13 Topopah Spring, welded
constant 13 Calico Hills, non-welded vitric

constant 13 Calico Hills, non-welded zeolitic

constant 13 Prow Pass, welded

constant 13 Upper and Middle Crater Flat, non-welded
constant 13 Bullfrog, welded

van Genuchten Beta flerameter,for Hacture

uniform 3.2-53 'Ibpopah Spring, welded

: uniform 3.2-53 Calico Hills, non-welded vitric

! uniform 3.2-53 Calico Hills, non-welded zeolitic
i uniform 3.2-53 Prow Pass, welded

uniform 3.2-53 Upper and Middle Crater Flat, non-welded'

uniform 3.2- 53 Bullfrog, welded"

; hdiltration Rate (mmlyr)

loguniform 0.1-5.0 base case

; loguniform 5.0 - 10. pluvial case

Dispersivity (m)

normal 3 - 30. dispersivity for all units

2Discharge Area (m )

uniform 3.75E4 - 3.75ES discharge area for all regions

8 Values are representative of Calico 11 ills.
2Wlues are representative of Prow Pass.

,

J
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Matrix K Values (in cubic meters per kilogram) for Selected Radionuclides for the Hydrogeologic Units of Interest 7|c Table B-7 d

$ (Suggested ranges are assumed to +/- one order of magnitude, a loguniform distribution is assumed for all. Where E., |
no values are present, a K of zero is assumed. Values in parentheses are derived from Codell et al.,1992.) yd

Hydrogeologic Unit

Calico Hills
Topopah Upper and Middle

Element Spring sitiric eolitic Prow Pass Crater Flati Bullfrog

Cm (0.45) (3.28) (1.66) (1.16) (132) (1.20)
Pu 0.17 0.17 0.066 0.13 0.053 0.094
U 0.0002 0.02 0.001 0.0008 0.002
Am 0.81 0.81 1.7 4.5 136 0.14
Np 0.0045 0.0 N 5 0.0027 0.0051 0.0022 0.0051
Th (0.N8) (034) (0.17) (0.12) (0.14) (0.13)
Ra 1.5 1.5 1.5 1.5 1.2 5.0
Pb (0.0068) (0.049) (0.025) (0.017) (0.020) (0.018)

g Cs 036 0.24 22.0 2.2 17.6 3.2
I

Sn (0.134) (0.97) (0.49) (0.34) (039) (035)
T?: 0.00001 0.00017 0.0042 |

Zr (0.0W8) (0.034) (0.017) (0.012) (0.014) (0.013)
Sr 0.08 0.034 8.9 0.45 7.1 0.28
Ni (0.0037) (0.027) (0.014) (0.009) (0.011) (0.010)
C

Sc 0.0026 0.003 0.0 N 5 0.0025 0.0036 0.013
ht

' Values determined are based on Calicx) liills zeolitic values, and allowances are made for differences in pomsity and density. |
.
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APPENDIX C
EVALUATION OF SNL TECHNOLOGY: TESTING OF THE DCM3D

COMPUTER CODE

. C-1 TASK OBJECTIVE in the literature related to this concept. As out-
lined in Gureghian and Sagar (1991), the major

The objective of this auxiliary analysis is to difficulty in applying the dual-porosity concept is
,

! evaluate the performance assessment technology the estimation of the fluid transfer term that
] developed by Sandia National Laboratories (SNL) couples the equations describing flow in the two

for the U.S. Nuclear Regulatory Commission media (matrix and fracture). This difficulty is also;

(NRC). SNL was the prime NRC contractor for encountered in other approaches. For example,
performance assessment from the mid-seventies when fractures are treated as networks, the
to 1990, when this technology was transferred to practical determination of hydraulic properties of<

the Center for Nuclear Waste Regulatory Analyses such networks is a major unsolved problem.,

(CNWRA). The SNL-developed computer code Nevertheless, the differences between the pre-<

DCAf3D, a three-dimensional (3-D) dual-porosity dicted flow fields need to be determined, using
saturated-unsaturated flow code,is of special the dual-porosity concept and other approaches.
interest for potential application to an unsatu- The last problem, taken from the International

; rated site like Yucca Mountain. This code was Code Intercomparison study (known as
evaluated at CNWRA and at NRC, to determine HYDROCOIN)is an effort to evaluate such

<

how well it would perform as a flow simulator for differences. Data for the first three test problems'

i use in assessing the performance of the total have been taken from Magnuson et al. (1990).
system.

C-3 TEST PROBLEM NO.1:
COMPARISON WITil Tile STAFF'SC-2 IN TRODUCTION OWN ANALYTICAL SOLUTION'

I The DCAf3D code evaluation work began with a Comparison with an analytic solution for one-
review of literature on modehng of partially dimensional unsaturated flow in a horizontal soil,

saturated flow (reported in the CNWRA's First column has been discussed by Updegraff et al.
Annual Research Report (see Gureghian and (1991), n the User's Afanual of DCAf3D. Here the

; Sagar,1991)). A more comprehensive review on staff has added a comparison with a quasi-
unsaturated flow has also been performed by analytic solution representing flow in a vertical;

Ababou (1991). In Gureghian and Sagar (1991), column, so that the effects of gravity on flow can,

prehmm, ary tests consistmg primarily of those be simulated. For a single-porosity homogeneous
problems provided by the author of the DCAf3D medium, the quasi-analytic solution was obtained

.

'

computer code were reported. In this second and by Philip (1957). This solution is available as a4

concluding part of tlye evaluation, problems not FORTRAN code-INFIL (see El-Kadi,1987).
,

mcluded m, the code s User's Afanual(see Up- The object of solving this problem was to assess
degraff et al.,1991) have been solved. The the accuracy of DCAf3D in determining the
document by Updegraff et al. also d,scusses the position of the wetting front in a soil undergoirgi

dual porosity formulation implemented in vertical moisture infiltration.
DCAf3D m sufficient detail; therefore, code theory
is not discussed any further here. C-3.1 Problem Description4

All four test problems described below were In the test problem, the vertical soil column had a
extracted from the literature. Because modeling of height of 15 centimeters. The finite difference grid
flow through partially saturated fractured rock is was uniform, with a grid spacing of 0.075

>

of recent origin, most of the literature considers centimeters; thus the domain had 200 grid points.
flow in unfractured soils. In addition, the concept The soil was Yolo light clay, with hydraulic
cf dual porosity in modeling flow through frac- properties given by Haverkamp et al. (1977)-
tured rock has rarely been applied to unsaturated Equation (C-1) and Equation (C-2), belo v. The'

regimes; it is even more difficult to find problems curve-fitting parameters in Equation (C-1) were

C-1 NUREG-1464
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a = 739.0 and # = 4.0, and those in Equation INFIL code had some numerical approximations
(C-2) were A = 124.6 and B = 1.77. The satu- (e.g., summation of series) of its own. Overall, the
rated hydraulic conductivity was taken to have a DCM3D was able to simulate the problem of
constant value of 0.04428 centimeters / hour. The one-dimensional vertical infiltration reasonably
saturated volumetric moisture content (or well.
porosity) was 0.495, and the residual moisture
content was 0.124. The relationship of moisture- To solve this problem, DCM3D used 1.24 CPU
content relationship to pressure-head is given by: minutes on a %d 8700 computer.

#' ')
0(p) - " + U" N + 0, , (C-1) C-4 TEST PROBLEM NO. 2 (BENCH-

MARK): TWO-DIMENSIONAL (2-D)
FLOW ON A SATURATED-

and the relationship of hydraulic conductivity to UNSATURATED REGION
pressure-head is given by:

This problem deals with 2-D movement of m+-
ure in a vertical cross-section of an unconfines^

K(W) - K, A + |P I, . (C-2) aquifer, where the zone above the water table is
under unsaturated-state conditions. Both the
storativity and the hydraulic conductivity may be

where: discontinuous (have a finite jump) at the water
table. For example, the storage in the unsaturated

0 = volumetric moisture content: zone is caused by change in moisture content

O. = saturated volumetric moisture caused by proximity to the water table and
content (porosity): drainage (or filling) of pores; in the saturated

o = residual moisture content: zone, storage is pnmanly caused by compress-
,

r

K = unsaturated hydraulic ibilities of the water and the medium. The
conductivity (centimeters / hour); objective of this test problem was to investigate

K, = saturated hydraulic conductivity the capability of DCM3D to deal with such
.

(centimeters / hour); changes in properties. The problem was solved in
P = pressure head (centimeters); and a transient mode for a long time to approximate
a, #, A, B = curve fitting parameters. steady-state conditions.

The characteristic curves described in Equation ' C-4.1 Problem Description
(C-1) and Equation (C-2) are not part of the
nCM3D code. These were coded for this test. The physical domain was modeled as a 150-

meters-wide by 35-meters-deep, vertical cross-
Initially the domain had a uniform pressure-head section, as shown in Figure C-2, For the
distribution of - 601.8 centimeters, which numerical solution,30 evenly spaced nodes were

i

corresponded to a moisture con:ent of 0.238. The placed in the x-direction. In the y-direction, a
pressure-head boundary condition at the bottom node spacing of 2 meters was used, fromy = 0 to
surface corresponded to the value of the initial y = 18 meters. They-direction model spacing was
condition. The pressure-head boundary condition reduced to 1 meter after that. This led to 26 nodes
at the top surface was set to -1 centimeters which in they-direction for a total of 780 nodes. Ini-
corresponded to essentially full saturation. tially, the water-table gradient was assumed to be

constant and equal to 2/150. his slope was repre-
C-3.2 Comparison of Results sented in the simulation by imposing hydrostatic

fixed. head boundary conditions in the saturated
DCM3D results were compared with the quasi- parts of the two vertical boundaries. The water
analytic solution of Philip (1957) generated by the table itself was not an external boundary in this
INFIL code in Figure C-1. He comparison problem; that is, the water table was obtained as a
showed reasonable agreement between the two part of the solution, except at the two external
solutions. Regarding the minor discrepancies, the boundaries where it was fixed.

NUREG-1464 C-2
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The hydraulic properties of the soil were those C-4.2 Comparison of Results
given by Huyakorn et al. (1989). The saturated
porosity was 0.25 and the saturated hydraulic

The PORFLO-3 results for this problem were

conductivity was 750 meters / year. taken from the report by Magnuson et al. (1990)
where these results were compared with those
from FEAfWA7ER (Yeh and Ward,1979). In

The relationship of saturation to pressure-head is
Figure C-3, steady-state pressure-head contours

given by: from DCAf3D are plotted. FORFLO-3 contours
are not shown, as these are exactly the same as
those for DCAf3D, as shown in Figure C-3.(C-3)

S - 0.25 + 1 + (0.2P)2 Moisture-content profiles at a section 27.5 meters,

from the left boundary for DCM3D, and 30
meters for PORFLO-3, are compared in Figure

and the relationship of relative hydraulic- C-4. The difference m, k) cations of these sections
conductivity to pressure head is given by: is because of the two grid types used in the codes.

DCAf3D places the grid nodes in the middle of a

K, = [1 + (0.2P)2r* , (C-4) cell, whereas FORFLO-3 places the cell boundary
in the middle of the grid nodes. Despite this
difference, the moisture contents compare

where: favorably.

degree of saturation; 'Ib solve this problem, DCAf3D used 3.1 CPUS =

K, = relative hydraulic-conductivity; and minutes on a VAX 8700 computer.
pressure head.9 =

At the top boundary, infiltration was assumed to C-5 TEST PROBLEM NO. 3 (BENCH-
occur at a constant rate of 1 meter / year. The MARK): SIMULATION OF JORNADA
bottom boundary was assigned a no-flow bound- TRENCH EXPERIMENT
ary condition, as were the lateral boundaries of
the model above the water table. Pressure heads The Jornada trench experiment is k)cated

were prescribed on both upstream and down- northeast of Las Cruces, New Mexico, on the New

stream parts of the saturated portion of the Mexico State University College Ranch. Funded
aquifer. When using DCAf3D, either the thermo- by NRC, this experiment is expressly designed for
dynamic pressure or the pressure head can be collected data that can be used in model valida-
used (but not the total hydraulic head) as the tion. In the following example, simulation results
dependent variable. This means that the lateral are not compared with the measured data, but,
boundaries in the saturated region have to be rather with simulations by another code. Hence,
assigned pressure heads that vary with elevation. even though the experimental conditions are used

as the input data, this test is termed a benchmark

The initial conditions prescribed were inconsistent (rather than a validation) exercise. A more
with the boundary conditions. The initial condi- detailed description of this experiment was
tions were assigned as though there were a water provided in the CNWRKs Quarterly Research
table at a height of 18 meters. Pressure heads Report (see Sagar and Wittmeyer,1991).
were assigned below 18 meters, according to the
depth; and above 18 meters, a pressure head of The Jornada test problem is conceptualized as a
-10 meters was assumed. However, because the vertical 2-D, multi-zone, unsaturated flow
problem had to be solved to a steady-state, the problem. Soil-hydraulic properties used in this
initial conditions were not so important. test are based o'n those measured at the experi-

mental site. This particular problem involves
This problem was solved by DCAf3D and transient infiltration of water into an extremely
PORFLO-3, Version 1.0 (Runchal and Sagar, dry, heterogeneous soil. Because of the initial dry
1989; and Sagar and Runchal,1990), and results conditions, the problem is highly nonlinear, and
are compared below. therefore is a good test for DCAf3D.

NUREG-1464 C-4
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C-5.1 Problem Description bottom boundary was arbitrarily assumed to have
zero flux. Again, it would probably be more accu-. .

De computational domam. of this problem was rate to either extend the domain to the water
divided into four zones, as shown in Figure C-5. table, where a zero pressure-boundary condition
A portion of the uppermost zone with a 225- can be assumed, or to impose a unit gradient
centimeter width, measured from the top left (condition of gravity drainage). Using the first

,

hand corner of the domam of interest, was option would increase the domain size and con-
subjected to a water-infiltration rate of 2 sequently the computation time, whereas the,

centimeters / day (Figure C-5). The rest of the top second option is not available in DCM3D.
surface was assumed to be impemous and was Initially, the pressure head was assumed to be
modeled as a no-flow boundary. In the experi- uniform throughout the entire domain at -734
ment, the lateral boundary conditions were diffi- centimeters.
cult to define, because the moisture content along
the vertical boundaries would probably vary with
time. For this test, the lateral boundaries were The physical domain modeled was 800 centi-
assumed to have zero flux crossing them. Such an meters by 650 centimeters. There were 56 nodes in
assumption may cause errors (compared with the thex-direction, and 47 nodes in they-direction
actually measured field conditions) unless the (total of 2632 nodes). From x = 0 centimeters tox
lateral boundaries are k)cated at a great distance = 350 centimeters, andy = 350 centimeters toy
from the domain of interest. This problem with = 650 centimeters, grid spacing was 10 centi-
the lateral boundaries was not investigated fur- meters. From x = 350 centimeters tox = 800
ther, because the interest here was to compare centimeters, and fromy = 0 centimeters toy =
DCM3D results to results from another code. The 350 centimeters, grid spacing was 25 centimeters.

INFILTRATIONRATE = (2 cmiday)

- 225 cm - -

650 - ,9yg ,

600 ~
ZONE 2 60 cm

n

500 - IHIGH
100 cmK ZONE

400 - I-
"

'
: -- ICM
100 cm' 200 cm I

560 cm~

ZONE 3
400 cm

200 -

100 -

0-
' "

| I I I I I I I I
O 100 200 300 400 500 600 700 800

2 CM

X

Figure C-5 Definition sketch for the Jornada Trench experiment (Test Problem No. 3)
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1

The relationship of moisture content to pressure- C-5.2 Comparison of Results
head and the relationship of relative-permeability
to moisture content are described by the van Again, DCM3D results were compared to
Genuchten (1980) equations as follows: PORFLO-3 results taken from the report by'

Magnuson et al. (1990) in which PORFLO-3
results were compared with the results from

( ) ,,, FLASH (Baca and Magnuson,1992). Earlier,1

8 ~ (#'' #') + 8' ' (C-5) Smyth et al. (1989) used the same data for a test
k + (a v y I of TRACER 3D, a code developed at Los Alamos

1
,

.

Laboratories by 'llavis (1984).

and
The simulations were run in 30-day durations.
The saturations at 30 days after the start of the

. ,

g, - [ j . 1 (0,)I
'" , , moisture infiltration are shown in Figure C-6. The

(C-6) previous comparison of PORFLO-3, FLASH, and
:) TRACER 3D results are shown in Figure C-7. All

, ,

four codes showed a pronounced effect of the4

! The variables are defined as follows: high permeability zone on moisture distribution.
For this complex problem, results of all the codes

volumetric moisture content; differed somewhat from each other. Figure C-70 =

residual moisture content; indicates large differences between results (e.g. in0, =

saturated moisture content; advance of the wetting front) from TRACER 3D0, =

and the other codes. The DCM3D results werepressure head;9 =

van Genuchten parameter; reasonably close to those from PORFLO-3 andi n =

FLASH.van Genuchten parameterm =,

(1 - 1/n);=

parameter; and DCM3D used 237 minutes of CPU time on aa =.

K, = relative hydraulic-conductivity. VAX 8700, while FORFLO-3 used 5.95 minutes of
INEL Cray CPU time. For the same problem, the

; The values of the input parameters for the four CPU times for TRACR3D and FLASH were
layers are given in Table C-1. The solver used was reported to be 5.79 Hanford CRAY minutes and

i the LSODES, contained in ODEPACK(Hind- 16.8 INEL CRAY minutes, respectively. Unfortu-
marsh,1983). A relative convergence criterion 01 nately, because of different computing environ-
1.0 x 10-5 and an absolute convergence criterion ments, these execution times were not directly

of 1.0 x 10-2 were imposed. comparable.
4

|
4

| Table C-I Van Genuchten Soil Parameters

i

i Zone O 0, a (cm-1) n Kss

i

,

1 0.368 0.1020 0.0334 1.982 790.9
,

2 0.351 0.0985 0.0363 1.632 469.9

!

3 0.325 0.0859 0.0345 1.573 415.0

4 0.325 0.0859 0.0345 1.573 4150.0

C-7 NUREG-1464
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ITable C-2 Coordinates of the Numbered Points in Figure C-7-

(from Prindle and flopkins,1990)

Coordinates (m) Coordinates (m)

Point x z Point x y |
i

1 0.0 635.5 13 1000.0 224.0

2 0.0 608.7 14 1000.0 219.5

3 0.0 570.6 15 1000.0 130.3
4

4 0.0 440.5 16 1000.0 0.0

5 0.0 329.1 17 1000.5 530.4

6 0.0 324.6 18 1000.5 503.6

7 0.0 235.4 19 1000.5 465.5

8 0.0 0.0 20 1000.5 335.4

9 1000.0 530.4 21 1000.5 224.0-

10 1000.0 503.6 22 1000.5 219.5
4

11 1000.0 465.5 23 1000.5 130.3 4

12 1000.0 465.5 24 1000.5 0.0

C-G TEST PROBLEM NO. 4: 2-D FLOW test case was used here to examine the differences
'

THROUGH FRACTURED ROCK in the two conceptualizations, as well as to com-
pare the DCM3D results with the HYDROCOINi

The distinguishing feature of the DCM3D com- results, to provide a measure of verification for
puter code is that it employs a dual-porosity DCM3D.
conceptualization of the fractured porous
medium, instead of an equivalent porous (single- C-6.1 Problem Description

.

porosity) medium or a fracture-network concept-
ualization. In the more common equivalent A complete description of the test case is pro-'

porous-medium approach, the characteristic vided in Prindle and Hopkins (1990). Only the;

curves for the rock matrix and the fractures are information pertinent to the current simulations is
combined to form a composite characteristic provided here. The 2-D cross-section was com-
curve. The composite curve assumes a rapid (with prised of five layers, with a uniform dip of 6
respect to the time scale of the flow being simu- degrees at unit interfaces (Figure C-8). Addi-+

lated) equilibration between the pressures of the tionally, a repository location and a fault zone
i fracture and matrix continua; and thus, the were defined for the test case Material properties
,

; equilibration of pressure between the two for the various layers were reproduced from the
continua is affected. Prindle and Hopkins report, in Table C-3.

An important question is how different are the The current simulations used modification 1, from

predicted flow fields for these two different con- the Prindle and Hopkins (1990) study. Modifica-
ceptualizations. A convenient test case to explore tion 1 changed the original model description by'

this question was taken from the HYDROCOIN not explicitly considering the fault zone and by
study. The test case was based on a flow field modifying the rock properties, according to Table
associated with unsaturated-fractured tuff C-4. This modification was selected primarily
(Prindle and Hopkins,1990). The HYDROCOIN because the beta parameter used for the van

C-9 NUREG-1464
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Figure C-8 Two-dimensional base-case stratigraphy (from Prindle and flopkins,1990)
(See Table C-2 for coordinates of the numbered locations.)

NUREG-1464 C-10



_ _ - _
- _ _ . .. _ _ _ . -. . - --

Appendix C,

|

^

Table C-3 Base Case Material Properties Used for the liydrologic Units, as Depicted by Letters in
: Figure C-7 (from Prindle and flopkins,1990)

Matrix Properties
._

Hydraulic Conductivity Residual van Genuchten P amelenM
Unit Porosity (misec) Saturation Alpha (ilm) Beta

A 0.08 9.7 x 10-12 0.002 .00821 1.558
(.05 to .15) (1 x 10-13 to 5 x 10-10) (O. to .18) (.003 to .024) (1.3 to 2.4)

'

i

: B 0.40 3.9 x 10-7 0.100 .0015 6.872
(.20 to .70) (1 x 10-9 to 5 x 10-6) (O. to .15) (.001 to .031) (1.2 to 15.)

;

C 0.11 1.9 x 10-11 0.080 .00567 1.798
(.05 to .20) (1 x 10-13 to 5 x 10-10) (O. to .23) (.001 to .020) (1.2 to 2.5)

'

D 0.11 1.9 x 10-11 0.080 .00567 1.798
(.05 to .20) (1 x 10-13 to 5 x 10-9) (O. to .32) (.001 to .020) (1.2 to 2.5),

Ev 0.46 2.7 x 10-7 0.041 .0016 3.872
'

| (.30 to .55) (1 x 10-13 to 5 x 10-6) (O. to .25) (.005 to .06) (1.3 to 7.0)
.

Ez 0.26 2.0 x 10-11 0.110 .00308 1.602

| (.20 to .45) (1x10-14 to 5 x 10-10) (O. to .30) (.001 to .03) (1.2 to 3.5)

Individual Fracture Properties

Aperture Hydraulic Conductivity Density
3Unit (Microns) (m/sec) (No.lm ) Porosity,

A 6.74 3.8 x 10-5 20 1.4 x 10-4'

(5 x 10-7 to 5 x 10-3) (1 x 10-5 to .001)
'

B 27.0 6.1 x 10-4 1 2.7 x 10-5
4 to 5 x 10-2) (2 x 10-6 to 2 x 10 )

,

4(5 x 10
\>

C 5.13 2.2 x 10-5 8 4.1 x 10-5
(5 x 10-7 to 1 x 10-3) (2 x 10-6 to 1 x 10-3)

D 4.55 1.7 x 10-5 40 1.8 x 10-4
(1x10-7 to 1 x 10-3) (1 x 10-5 to 5 x 10-3)

Ev 15.5 2.0 x 10-4 3 4.6 x 10-5
(2 x 10-6 to 2 x 10-2) (5x10 to 5 x 10-4)4

,

Ez 15 5 2.0 x 10-4 3 4.6 x 10-5
4 to 2 x 10-2) (5 x 10 to 5 x 10 )4 4i (2 x 10

C-11 NUREG-14M
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1

Table C-3 (continued)- ,

Bulk Fracture Properties

'

Bulk Hydraulic Conductivity Residual van Genschten Phrameters
; Unit Porosity (misec) Saturation Alpha (llm) Beta

4 5.3 x 10-9 0.0395 1.285 4.23A 1.4 x 10
4

(1 x 10-5 to .001) (5 x 10-12 to 5 x 10 ) (O. to .15) (.2 to 6.0) (1.2 to 7.0)

B 2.7 x 10-5 1.6 x 10-8 0.0395 1.285 4.23'

4 to 2 x 10-4) (1 x 10-11 to 1 x 10-5) (O. to .15) (.2 to 6.0) (1.2 to 7.0)(2 x 10
'

C 4.1 x 10-5 9.0 x 10-10 0.0395 1.285 4.23
44 to 1 x 10-3) (1 x 10-12 to 1 x 10 ) (O. to .15) (.2 to 6.0) (1.2 to 7.0): (2 x 10

D 1.8 x 104 3.1 x 10-9 0.0395 1.285 4.23'

4
{ (1 x 10-5 to 5 x 10-3) (1 x 10-12 to 1 x 10 ) (O. to .15) (.2 to 6.0) (1.2 to 7.0)

Ev 4.6 x 10-5 9.2 x 10-9 0.0395 1.285 4.23

4 to 5 x 10-4) (1 x 10-11 to 1 x 10-5) (O. to .15) (.2 to 6.0) (1.2 to 7.0); (5 x 10

Ez 4.6 x 10-5 9.2 x 10-9 0.0395 1.285 4.23

(5 x 10 to 5 x 10-4) (1 x 10-11 to 1 x 10-5) (O. to .15) (.2 to 6.0) (1.2 to 7.0)4

I

|
4

:
,

a

: Table C-4 Material Properties Used in Modification
(from Prindle and Ilopkins,1990)

; Property UnitB Unit C Unit D
t

K,n.6 1.0 x 10-7 8.0 x 10-11 8.0 x 10-11

a,n 0.010 0.015 0.015
3

j /1,n 2.2 1.6 1.6

4 Kfb 3.6 x 104 2.0 x 10_9 3.1 x 10-9

nf 9.0 x 104 9.0 x 10-5 1.8 x 10-4

;
1

l

J

NUREG-1464 C-12
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Ocnuchten equation was significantly lower (2.2 / length parameter for gradient between=

compared with 6.8) than the original value and fracture and matrix.
was anticipated to lead to much shorter simula-
tion times. An attempt to determine the transfer factor in

Equation (C-7), based on measurable quantities
The finite difference grid for DCAf3D was set up related to the fractures and matrix, was done by I
to provide the finest discretization in the vertical assuming that fractures were regularly spaced and

P anar and adopting a fracture-coating term. Theldirection for the upper units ('lhble C-5) and a
constant spacing in the horizontal direction. fracture-coating term is used to represent a
Rather than " stair-stepping" grid bk)cks at unit decrease (values less than 1) in transfer of water,
interfaces, the cross-sectional tilt was obtained by resulting from a coating on the surface of the
tilting gravity and increasing the depth to the fracture, or an increase in transfer of water

water table by 100 meters (the depth to the water because of micro-fractures.
table was increased to decrease the affect of
tilting the water-table boundary condition on the This conceptualization is represented by the
computational area of interest). following equation:

The tilting of gravity was considered to represent A, - 4 C n (kT) (C-8)2
,

the problem description reasonably well, with the
exception being near the side and bottom bound-
aries. Near the side boundaries, rather than a where:
vertical boundary, the tilting of gravity causes the
boundary to also appear slightly tilted. Near the Ar transfer factor, assuming regular-=

bottom boundary, a significant flow is induced spaced planar fractures;
because of the tilting of gravity, which results in a C fracture-coating term;=

gradient of 0.1. Despite these inaccuracies, the number fractures per unit area; andn =

conceptualization was considered reasonable for kr = saturated permeability of the matrix.
examining flow diversion in the upper units (top
50 meters) and the spatial distribution of flow at Equation C-8, the parametric values presented in'

the repository level (400 meters below the Table C-3, and a coating factor of 0.5 were used
surface). to determine the transfer terms (see Table C-6).

One additional parameter (the transfer term One objective of this analysis was to compare the
between matrix and fracture) was needed to results, assuming a composite curve, with those
perform the DCAf3D simulations. The transfer obtained by assuming a dual-continuum ap-
term or factor, together with the gradient between proach. It was considered advantageous to imple-
the fracture and matrix controls the rate at which ment a composite curve approach within DCAf3D,
the fracture and matrix continua equilibrate. In so as to use one input file for both conceptualiza-
the DCAf3D User's Afanual(Updegraff et al., tions. Modifications to DCAf3D were made such
1991), this parameter is defined by the following that it would accept the composite characteristic
equation: curve as input.

a _ 4 *iE, (C-7) C-6.2 Comparison of Results

Performance measures used for this analysis were:
(1) particle paths starting along the upper bound-w,here,

. ary; and (2) the spatial distribution of water flux
at the repository level. The HYDROCOIN results

A transfer factor; are taken from Prindle and Hopkins (1990) and=

matrix saturated permeability; are presented in Figures C-9 and C-10. Thesek7 =

fracture specific surface area per unit simulation results were obtained with theA, =

volume; and computer program called NORIA (Bixler,1985).

C-13 NUREG-1464
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Table C-5 DCM3D Vertical Discretization Information
(Horizontal discretization is a constant spacing
of 50 meters for 1000 meters.)

Finite Diference Block
Row Indices nickness (m) Depth (m) Unit

1 - 35 10.0 705 - 400 Ez

'1 36 - 55 10.0 400 - 200 D

56 - 60 10.0 200 - 150 C

61 - 63 8.0 150 - 126 C

64 - 65 6.0 126 - 114 C

66 - 67 4.0 114 - 106 C

j 68 - 70 2.0 106 - 100 C

71 - 100 1.0 100 - 70 C

101 - 140 1.0 70 - 30 B

141 - 170 1.0 30 - 0 A

,

1

i

Table C-6 Wansfer Factors Used for the Units
! Identined in Figure C-7 and Using

a.
Equation (C-8)

Unit hansfer Factor

A 7.92 x 10-16-

B 2.04 x 10-14
. C 1.04 x 10-15

D 2.61 x 10-14,

Ez 3.67 x 10-17

;

I

t
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Although CPU times for individual runs were not DCAf3D results were generally in good agreement
provided, Prindle and flopkins reported that the with the NORIA results. However, the dual-
94 simulations required a combined 1300 hours of continuum versus the composite-curve approach
CPU time on a Cray X/MP 416. needs to be examined further, to provide better

insights into the differences in the models.
Increased infiltration, anisotropic fracture

ne DCAf3D results using the composite curve for properties, transient boundary conditions, and
representing the fracture / matrix contmua are ranges of fracture-transfer terms should be used

,

presented in Figures C-11 and C-12. Ignoring in future work. The current simulations, however,
some rmnor discrepancies due to boundary- do provide a reasonable starting point for a
condition differences, the results compare quite departure into these more difficult simulations.

,

well with the NORIA results. His is not sur-
prising because both programs utilize a composite
curve conceptualization.

C-7 SUMMARY AND CONCLUSIONS
This simulation required approximately 50 min-
utes of CPU time on an IBM 3090 (for compara- Four test problems of increasing complexity were-

tive purposes, the IBM is estimated to be 5 to 10 solved, using the DCAf3D computer code. In
times slower than the Cray computer). general, the code produced reasonable results for

all of the four problems, indicating that the basic
equations are correctly implemented in the

,The DCAf3D results using the dual-continuum computer code.
approach are presented in Figures C-13, C-14,
and C-15. As with the composite-curve results,
the dual-continuum results compare reasonably flowever, basic questions regarding the applica-
well ,vith the NORIA results. Although a some- bility of the dual-porosity approach for simulating
what sigmficant discrepancy does exist near ti e partially saturated flow in fractured rock are not!
bottom boundary,it can be attributed to the tilted resolved by the testing discussed in this report.
bottom boundary and the fact that the simulation The main advantage of the dual-porosity
had not reached a steady state. DCAf3D does not approach is in its simplicity, obtained by lumping

i have a steady-state option, and the user is re- the fractures as a continuum superimposed over a
! quired to select a time sufficient to reach tins

, matrix continuum. Thus, the geometric details of
pomt. For this simulation, a point in the middle of the fracture network need not be considered.
the domam raiher than at the bottom boundary Presumably, such an approach is capable of con-
was used to determme steady-state conditions. sidering non-equilibrium pressure distribution

between the fracture and rock continua. Concept-
The fracture particle paths did not vary signifi. ually, such a pressure non-equilibrium could
cantly from the matrix paths in the dual, occur when the Dow field changes, for example
continuum approach because of the isotropic during transient Dow conditions, or at the inter-
conditions assumed for both matrix and fractures, face between units with different fracture and
the assumed connectivity of the fracture network, matrix properties. This conceptual simplicity,
and the application of steady-state boundary however, introduces a parameter that represents,
conditions. Future work will consider anisotropic in a lumped fashion, the fluid interchange
fracture conditions, high flux rates, and transient between the fracture and rock continua. The tech-

I boundary conditions that could result in larger nical basis for this parameter (the transfer factor)
fracture flow (the current flux of 0.1 millimeters / and its relationship to measurable media proper-
year resulted in fracture flow at the repository ties need to be examined further. It should also be
level approximately 10 orders of magnitude lower clear that the dual porosity approach does not
than the matrix flow). provide information on pressure distribution at

the scale, for instance, of the fracture width.
Again, this is because the fracture continuum has

His simulation required approximately 8 hours of no definite h> cation, but is continuously super-
| CPU time on the IBM 3090. imposed over the rock continua.
|

|
-
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isimulation, using the dual-porosity model (flux = 0.1 mm/yr)

.

Similar problems are also attendant to other are dealt with as dual-porosity or composite i

approaches to modeling partially saturated flow in curves. I

fractured porous media. Use of a composite
iAs new users of the DCM3D code, the IPA Phase !characteristic curve has the same disadvantage as

i the dual-porosity approach, in not distinguishing 2 staff had difficulty in setting up the test prob-
the distinct location and geometry of the frac- lems. Some of the problems and recommenda- ''

; tures. In addition, this approach requires the tions are as follows:
assumption that locally (within a computational

There is a need for experimental investiga-cell) the pressures in the fracture and the rock are *

instantaneously in equilibrium. However, compu. tions of fracture-matrix interaction, to
tationally, the composite-curve approach is Provide insight into applicability of the dual-
simpler and less time-consuming than the dual- porosity concept and the composite-curve
porosity approach, because only a single govern. approach.
ing equation needs to be solved. The fracture-

The idea of using an approach that combines Ienetwork type of modeling requires not only
detailed definition of the fracture topology, but features of the dual-porosity and fracture-
also definition ofits characteristic curves. network approaches should be investigated.
Derefore, not only are the data needs multiplied,

The input structure, in general, is cumber-
. .,

ebut the computation times become large. It may some: no comments are allowed, and thebe that a mixed approach is appropriate, where
the large faults that could control the flow system analyst has to input a great deal of

to a significant spatial scale (of the order of ei3e ,uino,, of this report often ran into irouble while setti,

hundreds of meters) are represented as separate the test roblems previously discussed. When called upon, r. .

entities in the model, whereas the small fractures fr"|c;doo,@#ggh;n7,'N,'.$h{p,V3 ,c[n [E ed.i en te '

g,
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inconsequential quantities. The input can El-Kadi, A.I, INFIL, Indianapolis, Indiana,
certainly be improved to compress the input Holcomb Research Institute / International
files and make these more readable. Groundwater Modeling Center, June 1987.

[ Computer program]
The options for the medium characteristico
curves are too limited; at least one option Gureghian, A.B. and B. Sagar, " Evaluation of !

allowing the input of a characteristic curve in DCM3D-A Dual Continuum,3-D Groundwater
a table format should be added. Flow Code for Unsaturated, Fractured, Porous

Media," in Patrick, W.C. (ed.), " Report on
Research Activities for Ca!endar Year 1990," U.S.Only rectangular coordinates are allowed; ito

should be a relatively minor matter to add Nuclear Regulatory Commission, NUREG/CR-
,

the cylindrical coordinates. 5817 (vol.1), December 1991. [ Prepared by the
Center for Nuclear Waste Regulatory Analyses.)

Steady-state option is not available, and this Haverkamp, R., M. Vanclin, J. Touma, P. J.o
problem cannot be easily fixed. Wierenga, and G. Vachaud. "A Comparison of

Numerical Simulation Models for One-
o It would be worthwhile to examine what Dimensional Infiltration," Soil Science Society of

modifications are required to implement a Americu lournal, 41:285-294 [1977].
steady-state option and to make the input
more user-friendly. Hindmarsh, A.C., "ODEPAK: A Systematized

Collection of ODE Solvers," in Stepleman, R.S., et
o The manner in which the gravity is intro- al. (eds.), Scientific Computing, Amsterdam,

duced in the model is confusing. North Holland Publishing Co., pp. 55-64,1983.

o The switch from thermodynamic pressure to Huyakorn, P.S., J.B. Kool, and J.B. Robertson,
pressure head is not straightforward; it "VAM2D-Variably Saturated Analysis Modelin
essentially requires fooling the code, and total Two Dimensions," U.S. Nuclear Regulatory
hydraulic head can not be used as a Commission, NUREG/CR-5352, May 1989.
dependent variable, at all. [ Prepared by Hydro Geologic, Inc.]

Magnuson, S.O., R.G. Baca, and A. Jeff Sondrup,
C-8 REFERENCES " Independent Verification and Benchmark Testing

of the PORFLO-3 Computer Code (Version 1.0),"
Ababou, R., " Approaches to Large Scale Un- Idaho Falls, Idaho, Idaho National Engineering
saturated Flow in Heterogeneous, Stratified .tnd Laboratory, EGG-BG-9175, August 1990.
Fractured Geologic Media," U.S. Nuclear [ Prepared by EG&G, Inc., for the U.S.
Regulatory Commission, NUREG/CR-5743, Department of Energy.]
August 1991. [ Prepared by the Center for Nuclear
Waste Regulatory Analyses.] Philip, J.R " Numerical Solution of Equations of

the Diffusion Type with Diffusivity Concentration-
Baca, R.G. and S.O. Magnuson, " FLASH-A Dependent II," Australian Journal of Physics,
Finite Element Computer Code for Variably 10:29-42 [1957).Saturated Flow," Idaho Falls, Idaho, Idaho
National Engineering Laboratory, EGG-GEO- Prindle, R.W. and P. Hopkins, "On Conditions
10274, August 1992. [ Prepared by EG&G, Inc., for and Parameters important to Model Sensitivity
the U.S. Department of Energy.] for Unsaturated Flow Through Layered Fractured

Tough; Results of Analyses for HYDROCOIN
Bixler, N.E. "NORIA-A Finite Element Com- Level 3, Case 2," Sandia National Laboratories,
puter Program for Analyzing Water, Vapor, and SAND 89-0652, July 1990.
Energy Transport in Porous Media,"
Albuquerque, New Mexico, Sandia National Runchal, A.K. and B. Sagar, "PORFLO-3: A
Laboratory, SAND 84-2057, August 1985. Mathematical Model for Fluid Flow, Heat and
[ Prepared for the U.S. Department of Energy.] Mass Transport in Variably Saturated Geologic
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Media-User's Manual (Version 1.0)," Richland, Washington, Pacific Northwest Laboratory, July
Washington, Westinghouse Hanford Company, 1989
WHC-EP4)041, July 1989.

Travis, B.J., " TRACER 3D: A Model of Flow and
Transport in Porous-Fractured Media," Los

Sa8ar, B. and A.K. Ruachal, "PORFLO-3: A Alamos, New Mexico Los Alamos National
Mathematical Model for Fluid Flow, Heat and Laboratories, LA-9667-MS, May 1984. [ Prepared
Mass Transport in Variably Saturated Geologi9 for the U.S. Department of Energy.]
Media-Theory and Numerical Methods (Version

,

1.0)," Richland, Washington, Westinghouse Updegraff, C.D., C.E. Lee, and D.E Gallegos,
Hanford Company, WHC-EP4X)42, March 1990. "DCM3D: A Dual-Continuum, Three-

Dimensional, Ground-Water Flow Code for

Sagar, B. and G. Wittmeyer, " Phase 2 Interval Unsaturated, Fractured, Porous Media," U.S.

Project: Las Cruces Trench Solute Transport Nuclear Regulatory Commission, NUREG/CR--

Modeling study, Plot 2, Experiment A,"in Patrick, 5536, February 1991.

W.C. (ed.), Report on the Research Activitiesfor the .

Quarterlanuary 1 Through March 31,1991, San Van Genuchten, M.T, "A Closed-Form Equation

Antonio, Texas, Center for Nuclear Waste f r Predicting the Hydraulic Conductivity of
Unsaturated Soils, ' Soil Science, 44:892-898

Regulatory Analyses, CNWRA 914)10, November ,

1991. [1980]. ,

1
!Yeh, G.T. and D.S. Ward, "FEMWATER: A

Smyth, J.D., S.B. Yabusaki, and G.W. Gee, Finite-Element Model of Water Flow through
,
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APPENDIX D
K APPROXIMATION TESTINGd

D-1 INTRODUCTION ground water containing a radionuclide is brought
.

into contact with solids expected to occur along
The most widely accepted conceptualizat. ion for the flowpath to the accessible environment. The
the release of radionuclides from,a geologic radionuclide partitions itself between solid and
repository for high level radioactive waste (HLW) liquid phases. After the experiment, the concen-
to the accessible environment involves ground trations of radionuclide on the solid and in the
water that flows through the repository, mteracts liquid are measured. When sorption / desorption
with the radioactive waste, and carries the are the processes controlling radionuclide/ solid
resulting dissolved and/or suspended contami- interactions, the ratio of radionuclide concen-
nants to the accessible environment (10 CFR tration on the solid to that in the liquid is called
60.2). In traveling along the path from the re- the sorption coefficient, or Ka, and normally has
pository to the accessible environment, these units of milliliters per gram. The relationship of
radionuclides can interact with solids. These . Ka to retardation is:

,

mtcractions can include precipitation /dissoluuon
!and sorption / desorption. This auxiliary analysis g

R-1+ef (D-1)will focus on sorption / desorption reactions. When f

associated with the solid as results from sorption
reactions, the radionuclide is immobile. The
length of time the radionuclide is associated with where e is the bulk density,0 is the porosity, and

R is the retardation factor, which is defined as
,

the immobile solid phase versus the time the /

radionuclide spends in the flowing ground water the ratio of the vek) city of the groundwater to that

affects the rate of radionuclide migration. The of the radionuclide. Freeze and Cherry (1979,

more time spent on the solid, the more retarded is p. 4M) state that Equation (D-1) is valid when:

the movement of the radionuclide relative to the The sorption reaction is fast and reversible;
. . .

e
ground water flow rate. The retardation of-

andradionuclides by interactions with the geologic
medium can limit the amount of radionuclides The sorption isotherm is linear,

. . .

e
reaching the accessible environment in 10,000
years, as required by the Nuclear Regulatory A sorption isotherm is the k)cus of points describ-
Commission s regulation. ing the concentration of radionuclide on the solid

as a function of its concentration in the liquid.
Retardation is a process ascribed to dynamic When the isotherm is linear, Ka is constant (i.e.,

,

systems. Chromatographic theory, however, states independent of radionuclide concentration in the
, ,

that, given certain assumptions, parameters
measured in static systems can be used to calcu- hquid.)

late retardation in dynamic systems. Traditionally,
static, batch experiments are performed in which D-2 BACKGROUND / DEFINITION OF

ISSUES
' Currently, a revised set of standards specific to the Yucca Mountain

site is bemg developd in accordance with the p ovisions of the The total-system performance assessment (TPA)
$wTo2 4M)Y "* StobeI5'IN,'direltsh*n$#"7 computer code of the present NRC performanceI *

pr

mulgate a rule m@ifying to Crn Part 60 of its regulations. soassessment effort uses the kg approach m esti-
sNa e'tNtandaNp'r'o'iecN'oY$c"p'ubE20Ere$a$ft$ the mating retardation of radionuclides. The sources* * * ' *"

of the values of K used in the TPA computeraccessible environment from radioactive materials stored or dis- d

End re Nme"ItioIr"de'bThe N'aI code are Meijer (1990) and Thomas (1987). These"
m of ie e s.

io EPA. on issues relating to tfe environmental stand rds gmern- Kas are based on batch sorption tests, supported
" ' d '

" NtaNr'asYthNu'D73iliIsit7"wiiln in some Cases by corresponding flow-thiough5 e an ially
different from those currently contained in 40 CFR Part 191. column experiments performed by investigators

'i7M',$,"*,M'i [", $)h "' ' "'
mes s t es im Ic from the Los Alamos National Laboratory.There

gerformance of the repository system. batch sorption tests use site-specific ground water

D-1 NUREG-1464
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to which radionuclides have been added, and establish the actual mechanism responsible for
crushed solids expected to occur along the the sorption. In this auxiliary analysis, however,
flowpath from the repository to the accessible the sorption mechanism is already known. Simu-
environment. lation of a ficw-through experiment produces

elution curves that are retarded relative to the
In a system as complex as Yucca Mountain, it flow of water. Thus, retardation factors can be
remains to be demonstrated that simplifications determined. Finally, K values and sorptiond
such as the K approach in estimating retardation isotherms can be generated by characterizing thed
are valid. This auxiliary analysis tests the partitioning of the sorbing species for all points
requirement that the sorption isotherm needs to along the column at all times.
be linear to make Equatmn (D-1) valid. The
method involves modeling sorption reactions in a The mass-action equation corresponding to
one-dimensional flowing system. Two specific Equation (D-2) is:
sorption reactions are ion exchange and surface
complexation. This modeling exercise simulates [KXHNa + |
ion exchange involving sodium and potassium. A. (D-M" [g+HNaX ,

The reaction considered is:

where K is the equilibrium constant for the
K+ + NaX - KX + Na+ (D-2) reaction and brackets represent activities. For this,

reaction, K is 5 (an arbitrary value in the database
used by PHREEGM). For this study, accuratewhere X is the sorbing site on the solid. Tlu.s

simple system was chosen as a first attempt to values for thermodynamic constants for specific

mvestigate the effects of mn exchange on solute reactions are not required, as only general

migration. Lacking thermodynamic data on relationships among parameters and their effects
,

site-specific components, this simple system can on solute migration are investigated. In compari-, ,

be viewed as an analog for the radionuclide-tuff son, the exchange constant for the K+ - Na+

reactions at Yucca Mountam. The computer code on-exchange reaction involving clinoptilolite is

capable of simulatmg these processes is 17.2 (Pabalan, 1991).11 the reverse of Equation,

PHREEGM, for use in mixmg cell flowtube (D-2) is considered,

simulations described by Appelo and Willemsen
(1987). This code, an adaptation of PHREEGE Nd' + KX 5 K* + N"X ' (D-4)
(Parkhurst et al.,1990) can simulate speciation
and mass-transfer processes, including prccipita- where the equilibrium constant is 1/5.
tion, and dissolution, plus it can simu! ate ion
exchange reactions, one-dimensional flow and Vermeulen et al. (1987) subdivide sorption reac-
transport, diffusion, and dispersion in a porous tions into various types. depending on the shape
media. The reaction written above describes the of the isotherm. Isotherms that are convex up are
situation where a solution containiag potassium termed favorable (e.g., Figure D-la) and those
flows through a porous medium initially loaded that are concave up are termed unfavorable (e.g.,
with sodium. The potassium dissolved in the Figure D-lb). The terrns favorable and unfavor-
aqueous phase displaces sodium on the solid and able refer to the ability of a chromatographic
this solute-solid interaction retards the movement
of potassium down the column relative to that of process to separate species that are variably

sorbed. A favorable sorption reaction would result
water. One could also imagine that the potassium in elution curves with constant-shaped fronts.
represents a radionuclide and X represents These are also termed self-sharpening fronts. Ansorbing site on the tuff. unfavorable sorption reaction would result in

elution curves with changing or spreading fronts.
Investigators involved in the Yucca Mountain geo- For an ion-exchange process, if the equilibrium
chemical program perform batch sorption tests to constant is greater than 1, sorption processes
determine an isotherm. If the isotherm is linear, a favorable for chromatographic separation are
retardation factor is calculated. Sometimes, addi- present. If the equilibrium constant is less than 1,
tional characterization may be performed to unfavorable conditions are present.

NUREG-1464 D-2
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Figure D-1 Nonlinear isotherms ((la) Favorable isotherm;(1b) Unfavorable isotherm.)

Some of the sorption isotherms using site-specific are modeled. The significance of these types of
materials from Yucca Mountain are nonlinear elutions to performance assessment can then be
(DOE,1988; pp. 4-81-4-82). These isotherms better appreciated.
have been fitted using a Freundlich formulation:

N" #"#C, - K C; (D-5),

Conceptually, the column is divided into cells.
where C, and C are concentrations on the solid initially, the chemical constituents in each cell arei
and in the liquid, respectively, and K and n are reacted to equilibrium. The possible reactions
empirical constants. When n is greater than 1, the include precipitation, dissolution, speciation, and
isotherm is concave up, and when it is lest than 1, ion exchange. Mixing is then simulated between
it is convex up. For plutonium, n is 0.84 to 0.88, adjacent cells. The mixing can be caused by both
when YM-22 (welded tuff)is the solid substrate dispersion and diffusion. Ilowever, in the present
and 0.% to 1.0, when YM-49 (partially zeolitized study, it was decided arbitrarily that only disper-
and vitric sample)is the solid. For strontium, sion be included in the simulation. Following
cesium, barium, and europium, n ranges from 0.71 mixing, the solutions in each cell are moved to the
to 0.92, when the solid substrate is YM-22 (DOE, next cell downstream and re-equilibrated. The
1988: p. 4-82). The isotherm for these elements is solution added to the column is called the flushing
linear when the solid is zeolitized. solution. Its composition remains constant

throughout the simulation. Before adding the
By simulating flow-through experiments involving flushing solution, the compositions of both liquid
ion exchange represented by Equations (D-2) and and solid in the column are defined. De param-
(D-4), both favorable and unfavorable clutions eters that are varied in this study are the relative

D-3 NUREG-1464
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concentrations of competing species, and con- of spreading is considered. All the simulations in
centration of the sorbing site or complex, X . this study have the same dispersivity.

He capability of a solid to sorb is commonly . . .

described in terms of cation-exchange capacity. The first simulation invoh'es the elut. ion of potas-
He code, however, uses the concentration of the sium through a column mitially saturated with
sorbing site, X-(in milliequivalents per liter- sodium. The imtial concentrations are 1 meq/L of

,

meq/L), which is related to the cation exchange X and 1 meg /L of Na+ on the solid, and 1
capacity by the relation: meq/L of Na m the hquid in the column. A

nonsorbm, g am,on, NO , balances the charge m,3

the liquid initially filling the column. The flushing

M"*44) ~ CEC x 1000 solution contains 1 meq/L K+ charge balanced by
g (D-6) a nonsorbing anion. The column contains 20 cells.-

#*i Figure D-2 illustrates the concentration of K+ in
the liquid phase along the column, for different

. . amounts of flushing solution added. The flushingwhere CEC is the cation exchange capacity in
. solution is added to the column at cell 1 andmeg per 100 grams soil,0 is the porosity, and e is leaves the column after cell 20. The numbersthe bulk density of the soil in kilograms per liter. associated with each concentration curve refer to

,

the cell volumes of flushing solution added to the
Porosity is an input in the simulation and must column, labelled " shifts" in the figure. Note that
remain constant along the length of the column, to the flushing solution concentration curve or front
maintain ;he constancy of masses of solution corresponding to various shifts is of constant
moving from cell to cell. The simulations involve shape. The rounding of the front is due to disper-
only saturated hydrologic conditions. Porosity in sion modeled in this simulation. Each cell isthese simulations has been set at 03, which lies 1. centimeter long and has an associated dispersiv-within the range of porosities found at Yucca ity of 2 millimeters (thus f = 0.2). Apparently,
Mountain (see DOE,1988; p. 3-192). this amount of dispersion does not affect the

shape of the front as it migrates down the
In the PHREEGM code, mixing between adjacent 20-centimeter column (i.e., the front does not
cells is calculated using the relation: spread with distance traveled). By defining only

the porosity of the cells, only relative volumes of
liquid to solid are fixed. Thus, actual amounts of

f , DIsiti) + DISiti + 1) 4 x g x DELTA 7' flushing solution are not determined.
L(i) + L(i + 1) (L(i) + L(i + 1))2

,

Figure D-2 can be used to determine the retard-
(D-7) ation factor for this simulation. One method for

determining the retardation factor is to integrate
wherefis the mixing factor, DISP is the dispersiv- under the concentration-cell number curve for a
ity in meters, L is the length of the cell in meters,i given number of shifts. He integration produces
represents the cell number, DM is the diffusivity the total mass of K+ in the a
in square meters /second, DEL 7;4T is the time for dividing the total mass of K+queous phase. Byadded to the
diffusion in seconds. The mixing factor is the column for a given number of shifts by the total
percentage of a cell's dissolved contents that is mass of K+ in the aqueous phase, the retardation
transferred to an adjacent cell. Both upstream factor is obtained. This operation is comparable
and downstream adjacent cells are involved in the to converting the spreading front of the elution
mixing process. The code restrictsf < 033 so that curve into a square front. For symmetrical fronts,
at least one-third of the original contents of a cell another method for determining the retardation
remain after a mixing simulation. All the factors factor is to measure the distance K+ travels down
on the right side of Equation (D-7) are inputs to the column at the half height of its initial concen-
the code. For this study, no diffusion is simulated, tration. His point represents the center of mass
so the second term on the right side of Equation of the migrating front. Note that at 20 shifts, the
(D-7)is zero, and only the dispersion component half height of the K+ concentration (0.5 meq/L)is

NUREG-1464 D-4
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Figure D-2 Flushing solution concentration versus cell number, flushing solution

solute preferentially sorbed, equal starting concentrations of flushing
solution solute, competing cation and sorbing site

in cell 10. Thus, at this point the water has correspond to the lower K value and vice versa.d
traveled all the way through the column, but K+ This observation provides an explanation for
has traveled only half the distance. Consequently, constant shape of the elution curve. Low con-
the retardation factor, R , is 2. From Equation centrations lead high concentrations down thef
(D-1),if e is assumed to be 2.5, the K is 0.12. column. However, low concentrations correspondd

to high K values and so are slowed more thand
Each cell can be considered as a separate batch the high concentrations. The result is a front that
sorption test. He code calculates the partitioning maintains its steep concentration gradient.
of the ions between solid and liquid. Dus, it is
possible to determine a K for K+ for each cell The fact that this simulation produced a range ofd
and each shift. Figure D-3 is a plot of Ka versus Ko values for particular cells raises an important
cell number for various shifts. The Ka values issue, namely, what K value should be assignedd
range from 0.6 to 0.12 and are not constant for a to each cell? It is clear in this simulation that the
particular cell (space), but change with the appropriate K for use in Equation (D-1) tod
number of shifts (time). For example, cell 6 has a determine retardation corresponds to the one
K of 0.6 at 4 shifts and 0.12 at 15 shifts. It should measured at the highest flushing solution concen-d
be noted that K+ has reached cell 6 after only tration. But, what if, as in the case of many of the
four shifts because of the dispersion where 20 radionuclides studied in the Yucca Mountain
percent of the dissolved contents of each cellis Project, only K values as a function of radio-d
moved downstream per shift. Combined with nuclide concentration are determined for rock-
information from Figure D-2,it is apparent that water systems representing various loca' ions in
higher concentrations of K+ in a particular cell the repository block? Must not the radionuclide
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___-



Appendix D

0.7

0.6 -

e.--

/. /..s
- -------------~~~-----------

o

.'
*

:

| /0.5 -

o :

Is | : Shift 4
6 f Shift 6 - - - - -,

,E_, 0.4 -

| : Shift 15 - -
] | | Shift 20 ---~~

| |
0.3 - | *

Ia

/,

e :
| |

0.2 -

,i /
*

a' ;
' ' ' ' ' ' ' ' ' I I I ' ' ' ' 'O
1 2 3 4 5 6 7 8 9 1011121314151617181920

Cell Number
Figure D-3 K versus cell number for flow through ion exchange simulation illustratedd

in Figure D-2

concentration at each kication also be known in can be generated. Figure D-4 is such a plot. This
order to assign the appropriate K value? The isotherm is convex up, and thus produces a frontd
approach to modelling radionuclide migration in of constant shape, which is consistent with the
the Yucca Mountain Project is to assume that Ka description of Vermuelen et al. (1987). The points
values are a function only of space and not time on Figure D-4 could be fitted to a curve such as
(Meijer,1992). With this approach, a K value is the Freundlich formulation (Equation (D-5)), butd
chosen that is conservative relative to all Kd it is not necessary for this study.
values, no matter what radionuclide concentration
is present. However, it must be noted that Equa-
tion (D-5). describing the relation of radionuclide Figure D-5 illustrates the effect of doubling the
concentration on the solid to that in the liquid, concentration of K+ in the flushing solution while
has no formulation to limit the radionuclide keeping all other parameters the same as in the
concentration in the liquid. This limit must be first simulation. Here, for 20 shifts, or cell
supplied by additional information, such as volumes added, the front measured at half con-

r

solubilities. centration, falls between cell 12 and 13. This is
comparable to a Ka of 0.07. Figure D-6 shows Ka

From Figure D-2,it is evident that the concen- values versus cell number for this simulated
trations of K+ in a particular cell can vary from 0 clution. Unlike in Figure D-2, where the K valuesdto 1 meq/L depending on the number of shifts monotonically change from one extreme to the
and the position of the cell. By plotting the con- other for a given shift, these curves develop a
centration of K+ on the solid in milliequivalents bulge with more shifts. The bulge can be
per gram versus the concentration in the liquid explained by rearranging Equation (D-3) to
for all cells and all shifts, the sorption isotherm express K as:d

NUREG-1464 D-6
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Figure D-6 K versus cell number for flow th"ough ion exchange simulation illustratedd
in Figure D-5

through a column initially saturated with
IKAl - K, - K x M, (D-8) Potaspm. y an equMqm constant M M,
[K+] [Na+] this simulation should result m the unfavorable

condition of non-constant-shaped fronts. Figure
D-8 illustrates the elution of 1 meq/L of Na + in

where activities approximate concentrations. Since the flushing solution through a column having 1the equilibrium constant is fixed, the variation in meq/L for both KX on the solid and K+ in
K is caused by a variation in the concentrations solution. The curves representing various shiftsd
of the sodium species. Figure D-7 shows the definitely are not of constant shape. The retarda-
displacement of sodium on the solid by potassium tion factor calculated for shift 16 is approximately
in the flushing solution. As a result of the higher 1.6. Unlike the favorable condition (Figure D-2)
K+ concentration. more Na+ is displaced to the where, with a retardation factor of 2, no flushing
liquid in each cell downstream than was originally solution solute was exiting the column even after
present (1 meg /L in liquid and 1 meq/L on solid). 24 shifts, here significant flushing solution solute
A wave of Na develops with its crest increasing passes through the column at 20 shifts. Dispersiv-
with the number of cell volumes added to the ity for both favorable and unfavorable simulations
column. Thus, although the [NaX] varies smoothly is the same (2 millimeters). This simulationfrom 0 to 1 meq/L down the column, the [Na+] demonstrates that, in addition to the retardation
goes through a maximum. This variation causes
the bulge in the K values. factor, the shape of the curve is also important.

d Hus, with regard to Yucca Mountain, for a given
retardation factor, the amount of rac'ionuclide

The ion-exchange reaction represented by Equa- reaching the accessible environment depends on
tion (D-4) involves the migration of sodium whether the ion exchange is favorable or not.
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Figure D-9 shows K versus cell number for this containing 1 meq/L K+. The spreading of thed
simulation. Again the Ka values are not constant flushing solution front is evident in Figure D-14.
for a given cell. This graph does not have the Each cell has a range of K values, depending ond
same shape as Figure D-3, where the K values the number of shifts or cell volumes that haved
ranged between two extremes, with a retardation been added to the column (Figure D-15). The
factor appropriately calculated from one of the Kd sodium isotherm is nonlinear and concave up
extremes. Here, the retardation factor corre- (Figure D-16).
sponds to an intermediate K value. Figure D-10d
is the sodium isotherm for this simulation. The
curve is concave up, consistent with the unfavor- For the simulations involving YM-22, the concen-

able condition as described by Vermuelen et al. trations of sorbing ions are in trace amounts

(1987)
relative to the sorbing site concentration. Ilow-
ever, the concentrations of the competing ions are
initially equivalent. The simulation of clution of

The previous simulations involved 1 meq/L X . potassium in trace concentrations relative to the
This amount of sorbing site is relatively small. For concentration of the competing ion is depicted in
comparison YM-22, a tuff sample from Yucca Figure D-17. Again, the shape of the flushing
Mountam that has been used m many sorption solution front maintains a steep concentration
experiments has a exchange capacity equivalent to gradient, but is not of constant shape. Dispersion167 rneq/L X . Elution simulations similar to the has spread the front slightly, as it moves down the,

prevmus ones were performed with this higher column. A retardation factor of 5.88 is determinedsorbmg site concentration.1igure D-11 shows the (100 shifts /17 cells), from which a K of 0.59 isdclution of 1 meq/L of K + through a column calculated. Figure D-18 illustrates that a single Kaimtially loaded with 167 meg /L NaX on the solid value is associated with every cell. The corre-, ,

in contact with hquid contaimng 1 meq/L Na+.
As before, the flushmg solution front maintains a sponding isotherm is linear (Figure D-19).

steep concentration gradient. Ilowever, the
migration of K+ is greatly retarded. Note that it It should be noted that the spreading of the front
takes 800 shifts to move t'he half-height of the in Figure D-17, with only 100 shifts, is greater
flushing solution to cell 5. The retardation factor than the spreading of the front in Figure D-11,
is calculated to be approximately 133 corre. with 800 shifts. 'Ilis is demonstrated by compar-
sponding to a Ka of 16. Figure D-12 is the Ka ing the number of cells that correspond to the
versus cell number plot showing the variation in minimum and maximum flushing solution
Ka for each cell at different shifts. The corre. concentration. In Figure D-17, for 60 shifts, the
sponding isotherm in Figure D-13 is nonlinear spread is 18 cells (cell 20 contains the minimum
and convex up. concentration of K+ and cell 2 contains the

maximum); in Figure D-11, for 800 shifts, the
Although, in Figure D-11 the front maintains a spread is 7 cells (cell 10 contains the minimum
steep concentration gradient, it is evident that the concentration of K+ and cell 3 contains the maxi-
front is not constant in shape. Apparently, the mum). The difference in the degree of spreading
dispersion, which tends to spread the front, is between these two simulations must be caused by
competing against the favorable sorption the differences in the shapes of the corresponding
(nonlinear convex up isotherm) which tends to isotherms. Whereas the convex-up isotherm leads
sharpen the front. Since each shift involves the to greater retardation of the solute at lower
transfer of 20 percent of the constituents of the concentrations, and thus a sharpening of the front
aqueous phase of one cell with an adjacent cell and a tendency to compensate for dispersion, the
downstream, as calculated from Equation (D-7), linear isotherm lacks this characteristic.
with 800 shifts, dispersion becomes important in
moNLing the flushing solution solute. The clution of sodium, which previously yielded a

front that spread significantly, now is tested at
Next, the clution of Na+ through a column trace amounts relative to the competing K+ con-
packed with YM-22 is simulated where 1 meq/L centration. Figure D-20 shows the migration of
of Na+ is added to a column initially loaded with Na+ through a column initially loaded with K+.
167 meg /L KX on the solid in contact with liquid Note that the spreading of the front is much
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Figure D-9 K versus cell number for flow through ion exchange simulation illustratedd
in Figure D-8
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Figure D-17 Flushing solution concentration versus cell nuinber, flushing solution solute
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Figure D-19 Sorption isotherm calculated from flow through ion exchange simulation
illustrated in Figure D-17 showing linear behavior
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reduced (compare with Figure D-14). 'lhe re- species, the competing ion could be a major,

tardation factor is 1.18 (20 shifts /17 cells). The minor, or trace constituent. Furthermore, at the
comparable Q is 0.021. Figure D-21 illustrates low temperatures at Yucca Mountain, certain ion
that each cell has a constarit Q value. Finally, the exchange reactions may be kinetically inhibited,
isotherm is linear, as shown in Figure D-22. The thus allowing less thermodynamically favorable
spreading is caused by dispersion. reactions to control tae system. The questions

concerning competing ions will have to be
addressed by experimentation.

D-3 CONCLUSIONS AND
RECOMMENDATIONS The simulations done in this auxiliary analysis

involved the binary system Na-K. Consequently,
The requirement that the sorption isotherm be changes in one component could affect the other,
linear so that Equation (D-1)is valid results in as shown when the,two components were in com-
constant Q values for each cell. However, the P"'".ble concentrations. When the one componentflushing-solution solute front is spread if dis- w s m trace amounts relative to the other, its
persion occurs and thus is not of constant shape. addition to the system did not affect the other.
A linear isotherm results from the condition in Tius resulted m a h,near isotherm, and constant

,

which the flushing solution solute is in trace Q v lues along the wlumn. However, Rearkn
amounts relative to the competing ions. Linear

(1981) has shown that variations in the concentra-
isotherms do not result from the condition where tions of a major component can affect the par-
the flushing-soiution solute concentration is in titiening (lQ) of a trace component. Thus, in a

,

trace amounts, relative to the sorbing site but
sp, tem s mmplex as T ucca Mountain, it is cru-

comparable to the concentration of the competing cial that DOE demonstrate that the (competing
son (s). When the isotherm is nonlinear and convex constituent) chemistry of the farfield is relatively
. . .

up, representing a favorable condition, the }M constant over the lifetime of the repository. Other-
value associated with the highest expected concen- wise, the application of the }Q approach would
tration of,the flushmg-solution solute can be used not be technically defensible.
to determine the retardation factor from Equation
(D-1). This method is not possible when the There are a number of aspects to modeling

,

isotherm is concave up. radionuclide transport that can be tested using
PHREEGM. In future phases of the IPA effort,

Although dispersion tends to spread the flushing the modeling should concern the effect of charge
solution front, ion exchange, where the corre- of the competing ions on migration, changes in

,

sponding nonlinear sorption isotherm is convex water saturation, and solid substrate hetero-
up, tends to maintain a steep concentration geneity. It is recommended that the database,
gradient. On the other hand, ion exchange, where PHREEDA, used by this code, be expanded to
the correspondm, g nonlinear sorption isotherm is include radionuclide information.
concave up, works m concert with dispersion to
spread the front. D-4 REFERENCES
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APPENDIX E
REGIONAL FLOW ANALYSIS

E-1 INTRODUCTION accurate field data are used in the simulations. |
Final analyses should also verify the accuracy of ;

Assessing the overall long-term performance of existing data taken from other published sources.
the proposed high-level radioactive waste (HLW) In addition, evapotranspiration and modifications
geologic repository at Yucca Mountain requires in surface runoff were not considered in this
predictions of the impact of postulated disruptive modeling effort.
events occurring over the 10,000-year period of
regulatory interest. Such predictions will usually The simulation results pertain to a two-
be made through the use of computer modeling dimensional (2-D) regional (about 250- by 250-
techniques. One area that has received much kilometers) and subregional (50- by 50-kilometers)
recent attention is the likelihood, in the future, of areas, and saturated ground-water flow analysis
significant rises in the water table beneath Yucca beneath Yucca Mountain and the surrounding
Mountain, because of possible events such as area. For this application, FORFLOW(Runchal
seismic activity, increased precipitation over the and Sagar,1989; and Sagar and Runchal,1990),
region, volcanic intrusions, or changes to existing an integrated finite difference code, was modified
hydrogeologic barriers. Such events could lead to, (Version 1.11) to incorporate the free surface
for instance, a significant change in the ground- (water table) in a ground-water flow model. The
water travel time through the unsaturated zone model was set up in the x-y (horizontal) plane, and
beneath the repository horizon, because of allowed for specification of recharge and dis-
alterations in the unsaturated pathway. charge areas. An approximate model of the

regional ground-water flow system around Yucca
As one of the auxiliary analyses in Iterative Mountain was first developed for the FORFLOW
Performance Assessment (IPA) Phase 2, it was code. Once this was completed, various conditions
decided to simulate the flow field in the saturated were postulated, such as increasing the recharge
unconfined region that contains Yucca Mountain, to simulate future climatic changes that might '

The specific objective of this analysis is to study take place in the geohydrologic basin containing
the fluctuations in the water table in response to Yucca Mountain.
postulated changes in recharge rates and other
modifications in geohydrologic structures. The E-2 RELEVANT LITERATUREsimulations were conducted both on a regional
scale as well as a smaller scale, (i.e., the scale of A brief summary of relevant literature pertinent
Yucca Mountain). The regional-scale analysis to saturated zone modeling that was reviewed for
provided the boundary conditions for the simula- this study follows. For this study, a comprehensive
tions of the saturated zone in the subregional literature review of all hydrologic studies in the
model. A full discussion of this analysis and Yucca Mountain area was not conducted. A more
results is given in a recent report by Ahola and detailed discussion of previous studies of the
Sagar (1992). saturated-zone hydrology is given by Ahola and

Sagar (1992), and can also be found in the U.S.
Because of the limited objective of the analysis Department of Energy's Site Characterization

,

presented in this report, no attempt was made to Plan (SCP) (see " Hydrology" (Chapter 3) in DOE, |
estimate the probability of occurrence of such 1988). The purpose of this review was mainly to |
events mentioned ab(we. Only data that were determine what other modeling studies were con-
readily available from other published reports ducted to simulate the regional saturated hydrol-
were used. Also, some parameter values were ogy, and to use the results and data (i.e., hydraulic
taken from other published reports (e.g., Rice, conductivities and boundary conditions) from i

1984; Waddell,1982; and Czarnecki,1985) without such studies for the PORFLOWanalysis. These ;

verifying their accuracy. Consequently, the previous studies were more comprehensive in that |
analysis results should be considered as very their models were calibrated on measured heads.
preliminary and likely to change when more For this study, no model calibration was done;

E-1 NUREG-1464
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rather, parameter values from previous studies area at Yucca Mountain for a simulation involving
were adopted. a 100 percent increase in precipitation compared

with current conditions. The average increase in
Waddell (1982) conducted flow modeling on a recharge for the case of this 100 percent increase
regional basis for the Nevada Test Site and in annual precipitation was set at 15 times the
vicinity. The main goals of his investigation were: modern-day recharge rate in all areas of his

model. This water table rise was caused primarily
o Tb estimate fluxes for use in predictions of by the increase in recharge, applied to Fortymile

transport of radionuclides; and Wash to the east of Yucca Mountain, by a factor,

of 15 times the baseline rate of 0.41 meters / year.'

o Tb study the effects of uncertainty in model For a factor of 10 increase in flur into the model,

parameters on these estimates. Czarnecki shows an increase in hydraulic head
near Yucca Mountain of approximately 100

Waddell (1982) used a horizontal 2-D finite-
meters. Flooding on the primary repository area'

element model consisting of 685 nodes. The model would require a water table rise of at least 300
4

meters.encompassed an area measuring approximately
175- by 175 kilometers, the boundaries of which j

were taken mainly along topographic highs to the Rice (1984) also developed a 2-D regional hydro. !

, north and east, and topographic lows to the logic model for the saturated flow system sur-
,

southwest. For model calibration, a numerical rounding Yucca Mountain. A finite-difference'

parameter-estimation technique was used in grid consisting of 5600 nodes in thex-y plane was

which parameters such as transmissivities, used for the simulations. The flow system was

ground-water sources, and sinks were derived modeled under confined conditions, and only
horizontal flow was allowed. Model calibrationthroughout the modeled area such that the

weighted sum of the squared residuals (observed was accomplished by adjusting the transmissi-
1 head minus simulated head)was minimized. An

vities, within reasonable limits, to minimize the
j iteration scheme was used to minimize the difference between the hydraulic heads simulated
i weighted sum of squared residuals by successive by the model and hydraulic heads measured at

well hications. Results of simulated headsapproximation to model parameters. It was>

generally found that absolute values of residuals compared well with U.S. Geological Survey-'

were less than 30 meters. interpreted head distribution, based on well
1 observations.

Czarnecki and Waddell(1984) developed a smaller
subregional horizontal finite-element model of the E-3 DESCRIPTION OF ANAIXSES:

: ground-water flow system in the vicinity of Yucca CONCEPTUAL MODELS AND DATA
i Mountain also using parameter estimation tech-
| niques. This model was formulated as a portion of The conceptual models for these analyses

the regional model conducted by Waddell (1982). consisted of both a regional model(approximately !

Some of the boundaries for this subregional 250- by 250-kilometers), and a subregional model
model were taken along ground-water barriers (50- by 50-kilometers), set up in the x-y (horizon- 4

from the larger regional model. The remaining tal) plane, as shown in Figure E-1. Provision was '
,

'

boundaries had either specified pressure heads or made to allow for specification of recharge and
: fluxes, which were calculated from the regional discharge areas in the model. The primary

model. The purpose of this subregional model recharge was assumed to occur on outcrops at
study was to gain a better understanding of the higher elevations, as shown in Figure E-1. Cur-
ground-water flow system beneath the Yucca rent estimates of recharge in these areas range
Mountain area. Czarnecki (1985) used this same from approximately 7 to 200 millimeters / year,
2-D finite-element subregional model to assess the depending primarily on the land surface elevation, ,

potential effects of changes in future climatic as given by Rice (1984). Although Figure E-1 !
conditions on the ground-water system in the shows only the general areas where recharge was
vicinity of Yucca Mountain. He found that the applied, the specific values of recharge increased
simulated position of the water table rose as with elevation, with the highest values occurring in
much as 130 meters near the primary repository regions of snow accumulation.
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Discharge areas included Alkali Flats and the Table E-1 Hydraulic Conductivities for the
Furnace Creek Ranch, which were modeled as Model
fixed head boundaries. Mathematical boundary
conditions for the regional model consisted of Hydraulic Conductirity
both fixed pressures and no-flow boundaries; Zone Number (m/sec)
these boundary conditions were chosen to be
consistent with the physical boundaries (Figure 1 5.80E-08
E-1). The regional and subregional models
consisted of 13,161 and 18,225 finite difference 2 6.34E-07

computational cells, respectively. Each grid cell in 3 3.49E-06
the regional model was 2.5 kilometers on a side,
encompassing an area of 6.25 square kilometers. 4 8.69E-06
The grid cells for the subregional model ranged
from 100 meters on a side near the center to 2.5 5 3.47E-05

kilometers on a side near the outer edges. De 6 1.00E-04
boundary c<mditions for this model consisted only
of fixed pressures that were obtained from the 7 6.00E-04
simulation results of the larger regional model.

8 3.50E-03The hydrological data for the simulations were
obtained from the review of previously published
studies (Rice,1984; Waddell,1982; Waddell et al.,
1984; Czarnecki and Waddell,1984; and !

Czarnecki,1985).
E-4 ANALYSES RESULTS

E-4.1 Regional Model ResultsRe entire modeled region was divided into zones
having one of eight possible values for the hy- For the regional analysis, a steady-state solution
draulic conductivity as shown in Figure E-2 and to the flow system was first obtained to represent
listed in 1hble E-1. These hydraulic conductivities the present-day conditions under normal precipi-
varied over several orders of magnitude, and were tation and ground-water recharge. Figure E-3
estimated from transmissivity data published by shows a portion of the simulated regional water
Rice (1984). The model contains a low permea- table in the area of interest under assumed
bility zone north and northeast of Yucca Moun- modern-day recharge. Yucca Mountain is indi-
tain indicated in Figure E-2 by Zones 1 and 2 cated by the small rectangular box in this figure
(i.e., hatched regions in the area of Yucca Moun- and represents approximately two grid nodes in
tain and Yucca Flats) for simulating the present- the regional model (250- by 250-kilometers)
day high hydraulic gradient at that h> cation. The because of the 2.5 kilometer grid node spacing.
actual cause of the steep gradient is not yet fully Thus, on the Yucca Mountain scale, the regional
known. model is quite coarse. Based on the simulation,

one can see the steep hydraulic gradient to the
north and northeast of Yucca Mountain, which is

To conduct the study, FORFLOWwas modified comparable to results obtained in previous
(Version 1.11) to incorporate the free surface studies. It should be noted, however, that no
(water table) in a ground-water flow model. The calibration of this model was conducted for this
free-surface boundary condition and approxima- study. The results are based on the use of data
tions (e.g., Dupuit) used in the modifications to published from previously calibrated models.
PORFLOW are described in Bear (1988). Ahola Since the results appeared consistent with pre-
and Sagar (1992) provide a detailed discussion of vious studies and our objective was to focus more
the specific modifications to PORFLOW. In on relative changes in the water table rather than
essence, the model allowed 2-D flow in the hori- on the absolute water table elevation itself, ' hey
zontal plane, with the height of the water table were deemed acceptable for use as a base case or
adjusted such that the water pressure along this initial state for analyzing the effects of various
boundary is just equal to zero. postulated disruptive conditions.
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| One possible condition that could occur over the toward Yucca Mountain. Although the exact
10,000-year isolation period for a repository at cause is not well understood, it is thought that'

Yucca Mountain would be increased precipitation these large gradients may be because a low-;

and ground-water recharge throughout the region. permeability geologic unit has been juxtaposi-
Such ground-water recharge is thought to be tioned against a high-permeability unit, or per- i,

i greatest in the higher elevations where there is haps that large lateral tectonic stresses within this !

! more precipitation and outcropping of the base- region have closed existing north-south trending -

1 ment rock. Figure E-4 shows a relationship fractures. This condition was simulated in the
'

between increased recharge and water table rise regional model by increasing, to various degrees,
; at nodal points in the vicinity of Yucca Mountain the permeabilities through the previous low

: and 5 kilometers to the east, at Fortymile Wash. permeability regions just to the north (Zone 1)
; The numbers representing increase m recharge, as and northeast (Zone 2) of Yucca Mountain, as
; shown on the x-axis, are multipliers of the baseline shown in Figure E-2. The relationship between
i (present-day) flux. The recharge is applied over the increase in permeability through these two
i those shaded regions indicated in Figure E-1. The zones and the subsequent rise in the water table ,

'

results show a more or less linear relationship at nodal points near Yucca Mountain and Forty-
i between the two parameters. In general, from the mile Wash is shown in Figure E-5. The numbers
'

transient analysis, a larger increase in recharge along the x-axis represent multipliers of the
resulted in a k nger period of time in which the assumed present-day permeabilities in the two;

! ground-water flow field reached steady state. For zones directly north and northeast of the Yucca
instance, the simulated water table configuration Mountain repository site. Figure E-5 shows that a

.! took approximately 400 years to equilibrate, when fairly substantial rise in the water table can be
! the recharge was increased 10 times, and 700 expected for even a factor of 10 increase in the
: years to equilibrate when the recharge was in- permeability of these two zones. If the permeabil-
; creased 20 times. Czarnecki (1985) states that a ity of these two zones is increased to a value rep-
i 100 percent increase in annual precipitation over resentative of the hydraulic conductivity of Zone
i the region would correspond to an increase in Number 7 (Table E-1), which is approximately

ground-water recharge of approximately 15 times 1000 times greater, the modeling results show a
the present-day recharge rate. From Figure E-4, water table rise in the area of Fortymile Wash of:

| this would correspond to a water table rise at approximately 200 meters, in this case, the steep
Yucca Mountain of approximately 65 meters. It is gradient north and northeast of Yucca Mountain

,

i likely that a 100 percent increase in annual pre- no longer exists.
I cipitation would be a conservative upper bound,
| based on geologic evidence at the site of past
4 climatic conditions. Czarnecki found that, in E-4.2 Subregional Model Results

addition, increasing the recharge into Fortymile;

Msh above a small annual baseline recharge had To study the impact of volcanic dike intrusions
! a sigmficant effect on the water table rise near occurring directly beneath Yucca Mountain in

Yucca Mountam, pnmanly because of its close more detail, an analysis was conducted using a, ..

proxmuty. It is conceivable that mereased precipi- smaller-scale subregional model. These dikes were
tation m the higher elevat,ons would cause greater assumed to be approximately 4 kilometers ini

j runoff into Fortynule Wash, for example, and length and to extend vertically through the satur-
,

q consequently greater recharge. The results shown ated zone. For these simulations, the regional
m Figure E-4, however, assume no recharge m, to model was too coarse. The kication of the

,

Fortymile Wash. subregional model is depicted by the dashed
,

rectangular region in Figure E-1. The finite-j

i difference grid encompassed an area of 50- by 50-
As another potentially disruptive condition, it was kilometers. The grid cells were 100 meters on a

. postulated that future tectonic activity throughout side near the center of the mesh, where the vol.

{ the Basin and Range region could result in slip or canic dikes were assumed to be k>cated. At the
; opening of fractures through the areas north and outer boundaries of the model, the largest grid

northeast of Yucca Mountain, where large hy- cells were 2.5 kilometers on a side, which

j draulic gradients exist, and increase the flow corresponded to the size of the grid cells for the

:

E-7 NUREG-1464'
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Figure Fe-5 Water table rise at Yucca Mountain and Fortymile Wash as a result of increasing
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regional model. The boundary conditions along all Figure E-8 shows the intrusion of a second dike,
four sides of this model consisted of fixed which is perpendicular to the one shown in Figure

'

pressures obtained from corresponding nodes in E-6. This case was simulated because it is
the regional model. Linear interpolation was done believed to be not uncommon for volcanic dikes
to assign values of pressure to those additional to occur in pairs at more or less perpendicular
nodes along the boundary of the subregional orientations. Interestingly, Figure E-8 shows the
model as a result of refining the mesh. nese fixed dikes create stagnant pools of water which again
boundary pressures corresponded to the baseline may increase the length of the flow path in the
(or current) water table configuration from the saturated zone to the accessible environment. The
regional model. maximum water table rise for this case of two

No attempt was made to take into account the
effect the temperature of the intruding dike might E-5 CONCLUSIONShave on the saturated zone. The narrow dikes
essentially acted as dams within the flow field, A summary of the results from both a regional
and were assumed to extend through the water and subregional ground-water flow analysis of the
table and well above any potential water table saturated zone surrounding Yucca Mountain,
rise. Rey were created by specifying a very low using the PORFLOW finite difference code, is
permeability along lines one gridpoint in thickness presented. These results show the effects of
and 4 kilometers in length. Figure E-6 shows the various disruptive conditions on the water table
velocity vectors and several streamlines (dark elevations and resulting ground-water flow
solid lines) depicting the ground water flow field directions near the proposed IILW repository.
directly beneath Yucca Mountain, for the case of The results give an indication of what conditions,

a single dike oriented N15'E, where the north would have a minimal impact on the saturated
direction is to the top of the plot. Based on the zone hydrology near the site, and those that would i

existing fracture and faulting pattern at Yucca have a major impact. A rise in water table in the i

Mountain, it is believed that this could be a likely area of Fortymile Wash was calculated to be
orientation for a possible dike intrusion. Figure greater than 200 meters, based on certain dis-
E-6 shows that to the left of the dike, the flow ruptive conditions simulated using the regional
field can be seen to be directed toward the south. model. Because evapotranspiration and surfacei

Around the lower tip of the dike, some of the flow runoff were neglected, the actual rise would be
is directed back to the north. Without the less than calculated. In addition, the subregional
presence of the dike, the flow through this area is model analysis showed a rise in the vater table
primarily east and southeast. The small circle in near the repository ranging from a few meters to
this figure indicates the location where the maxi- as much as 103 meters, depending on the
mum water table rise occurred, which in this case orientation of the simulated volcanic dikes.

,

was 79 meters. Even though the groundwater<

travel time through the unsaturated zone would be The results presented here are meant to be
somewhat decreased, the travel time in the preliminary and likely to change as site
saturated zone could be substantially increased, characterization studies at Yucca Mountain
especially for the portion of the radionuclide provide more accurate hydrological parameters
inventory that entered the saturated zone on the and better information on which disruptive
left side of the dike. Figure E-7 shows the conditions would be more likely to occur in the
numerical simulation results for the water table future. Also, some of the assumptions in this
rise at the repository site for various dike orien- analysis could be improved in future studies. For

,

tations. The figure suggests that a dike oriented instance, with respect to the high water table rises'

roughly north to northeast would produce the predicted, the formation of new discharge areas
maximum weer table rise for a single dike that such rises may cause was completely
intrusion. neglected.
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APPENDIX F
EFFECTS OF STRATIFICATION, DIP OF STRATA,

AND SUB-VERTICAL FAULTS

F-1 INTRODUCTION condition corresponding to a net annual infiltra- |

tion rate of 50 millimeters / year is modeled. A
hypothetical test problem is developed to study i

This section presents results of unsaturated flow the effects of beddmg, presence of a subvertical l

simulations undertaken as an auxiliary analysis fault, and inclination of the beds.
for the Iterative Performance Assessment (IPA)
Phase 2 project, one of the approaches adopted The BIGFLOW simulation code accommodates .

1by the U.S. Nuclear Regulatory Commission 3-D transient or steady flow m. saturated, or1

(NRC) staff to develop its license application Partially saturated, porous mer.ia with hetero- |

,

review capabilities. He effects of common genems or spatially random ,nydrodynam,c li
geological features on flow in a two-dimensional coefficients. F,or partially saturated flow, a mixed

,

(2-D) domain, such as inclined stratification and van ble formulation of Richards equat,on isi
vertical or near-vertical fault zones intersecting

used. That is:
the strata, are of importance. In this work,

I

numerical analysis is performed for a deep .

(approximately 530 meters) hard rock system. The 60(h,x)
" Y N'd @ + d M

BIGFLOW numerical code (Bagtzoglou et al., at

1992)is used in these simulations. Some of the
data (i.e., the depth to water table, the number of where h is pressure head (meters), o is volumetne

. .

primary geologic strata, their dip angle, and the water content (cubic meters / cubic meters), K isexistence of a fault zone) for the analysis were
taken from the Yucca Mountain project reports hydraulic conductivity (meters /second), and g is

the body force unit vector aligned with, and
(Scott and Bonk,1984), but were adjusted to opposed to, the acceleration of gravity. Theenhance the effects under study. In particular,
extreme net infiltration rates (up to 50 milli, differential equations are discretized by an

implicit finite difference scheme, two-point back-mcters/ year) and hydraulic properties similar to ward Euler m time, and seven-pomt centered mthe Calico Hills nonwelded, vitric (Chny) unit
were considered. Therefore, conclusions regarding space. The spatial mesh is a regular rectangular

lattice. The time step is generally variable andthe suitability of Yucca Mountain for the pro. self-adjusted. The computational domain is a 3-D5 posed geologic repository for high-level radio, Parallelepiped, whose coordinate system may beactive waste are not directly derivable from this
inclined at arbitrary angles with respect to the

analysis. Recognizing that there are no simple, natural, horizontal-vertical coordinate system.
natural initial-boundary conditions that can be
used for the more complex problems, a method of
successive approximation is implemented. This F-2 DESCRIPTION OF ANALYSES
method uses solutions of auxiliary flow problems
to set up pressure boundary conditions for the The hydrogeologic properties in the unsaturated
more complex problems. This is necessary be- zone of Yucca Mountain, Nevada, were con-

cause, in practice, no natural boundaries exist (or sidered in order to represent, to some degree, the

are adequately defined), especially in the lateral general features of the site in the simulations.
directions. The investigation is limited to three- Yucca Mountain consists of a series of North-
dimensional (3-D) simulations in a vertical, thin trending fault block ridges composed of strata of
slice, cross-section, with dipping strata intersected volcanic ash tuffs that generally have a regional

by a subvertical fault zone. He simulations are dip of 5* to 7' to the East (Scott and Bonk,1984).
performed in a transient mode to study the The proposed repository area is also bounded by
manner in which the solutions of the flow equa- steeply dipping faults or by fault zones, and is
tion approach steady state. A " wet,"in terms of transected by a few normal faults. Therefore, it is

perceived net infiltration rates, hydroclimatic important to study the effects of stratification,

F-1 NUREG-1464
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Appendix F

regional dipping, and fault zones on unsaturated herein are the exponential Gardner model for
water flow. K(h) and the van Genuchten model for O(h). The

exponential conductivity model is:
In the simulations presented herein, the compu-
tational domain is assumed to consist of five K(h) - K, exp (a(h -h,)| , if h s h,
strata with approximately equal thicknesses (F-2)
spanning a total depth of 530 meters at which
depth the water table is assumed to be k>cated. K(h) - K, , if h > h ,
The computational domain used in these
simulations is based on a 3-D Cartesian grid where K, is the saturated hydraulic conductivity,
system. The axes of this system are aligned with a is a characteristic inverse length scale or
East West (x-axis) North-South (y-axis),, and capillary diffusivity (Ababou,1991), h is the
vertical (r-axis). The dimensions of the compu- pressure, and h is the air-entry pressure. The vanb
tational domain are 1230 meters,80 meters, and Genuchten model for the retention curve is:
530 meters in the x ,y , and z-directions, re-
spectively. The domain is discretized into 29 by 5
by 54 nodes, comprising a total of 7830 nodes O(h) - 0, + (0, - 0,) |1 + (- 4) " (F-3)
(Figure F-1).

where 0, and 0, are the saturated and residual
The functional forms of pressure-dependent moisture contents, respectively, # is a character-
hydraulic conductivity and water content used istic inverse length (similar to a in Equation
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l

1

; (F-2)), and n and m are real exponents herein as representative of the Chnv unit. Rus,
(dependent upon distribution of pore sizes) adjacent layers have a contrast in their hydraulic j

related by the Mualem constraint (Mualem,1976). parameters equal to exp(20tnw). The remaining
,

matrix parameters are assumed to be constant in
All of the parameters in Equations (F-2) and all strata, and are assigned typical values of the
(F-3) are, generally, spatially varying functions in Chnv unit. Thus,0, = 44.11 percent,0, = 1.89
all three dimensions. In the present work, how- percent, n = 3.872, and m = 0.7417. The fault
ever, they are assumed to be constant within a was arbitrarily modeled as a three-cell-wide,
layer Furthermore, the layer properties (K,, a, h , yz-planar zone located in the middle of theb

and #) are assumed to be interchanging log- domain. The following table summarizes the
deviations around the geometric mean of each hydraulic properties discussed above for the
respective parameter [wo exp(* olnw)], taken matrix layers and fault zone.

-

Table F-1 Values of Spatially Variable Ilydraulic Parameters
.

i Parameters Ks (mid) oc(m~l) hs (m) Q(m-1)

4

Geometric Mean (wo) 2.33 x 10-2 2.2 x 10-2 20 5 x 10-24

Standard Deviation (ojnw) 1.0 0.2 0.2 0.2

i Fault Zone 9.32 x 10-1 1.0 x 10-1 10.417 9.6 x 10-2

i

The values of these parameters, when substituted year. In particular, the low value qo = 0 is used as"

i in Equation (F-2), yield different types of a minimal base case, whereas the high value go =

pressure-dependent curves K(h). It is worthwhile 50 millimeters / year accounts for potential
' noticing that the fault hydraulic conductivity is occurrence of extreme infiltration conditions.,

much greater than the matrix hydraulic'

conductivity near saturation, and remains higher
for values of suction head up to about 50 meters. F-3 ANALYSES RESULTS AND
On the other hand, the fault becomes less DISCUSSION
conductive than the matrix for values of suction

: head significantly higher than 50 meters. The Figure F-2 depicts the temporal variation of the
existence of a crossing point, where the fault vertical pressure head profile, at the central
becomes less permeable than the matrix, is of transecty = 40 meters,x = 615 meters, under a
particular interest and, as will be shown later in net infiltration rate of qo = 1 millimeter / year. It1

this work, affects directly the overall behavior of can be seen that steady state is obtained only
the flow system. When parameter af s reduced after 250 years of simulation. It is also apparenti
threefold, a crossing point at a higher value of that the steady state solution is much drier than

,

suction, $ = 260 meters is attained. Note that, in the assumed (linear, but not hydrostatic) initial
terms of conductivities, this corresponds to a fault condition, deduced and modified from saturation
that is more like the porous matrix. Even though values given by Montazer and Wilson (1984),

parameter # is varied from matrix to fault region, emphasizing the need for consistent initial and
the remaining moisture retention curve properties boundary conditions discussed before. It can be
are kept constant, causing the fault to desaturate observed, further, that the effect of stratification

at smaller suctions than the porous matrix. in hydraulic properties is felt only during the early
,

times of simulation. However, because of the

The regional dip (6* to the East) results in an continuous influx of water from the top boundary,,

approximately 10 percent fraction of the body a nonhydrostatic pressure head profile is attained.
(gravity) force being parallel to the x axis attached The infiltration affects only the pressure profile in

to the dipped domain. Finally, the net infiltration the coarse top layer. Finally, for the extremely wet'

rate go is taken to vary from 0 to 50 millimeters / case (qo = 50 millimeters / year), the behavior of

F-3 NUREG-1464
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Figure F-2 Pressee profiles for q, = 1 mm/yr;

the flow system changes drastically. Steady state on either side of the fault). The infiltration
flow conditions are attained faster, that is, after " signal," however, is affecting a greater depth,
only 100 years of simulation. Figure F-3 presents down to almost 400 meters. It is also shown that
the temporal variation of the pressure head the effects of dipping are minor (less than 5
profile at the vertical transect (y = 40 meters,x = meters of pressure head difference) for the
615 meters). For this simulation, the initial conditions assumed in this analysis.
condition is assumed to be hydrostatic. It is also
worthwhile noticing that the effect of layering on The high contrast in hydraulic properties between
pressure distribution appears to be almost the matrix and fault zones renders the simulations
insignificant for this flow rate, although the extremely sensitive to the time step used. Choos-
influence of the coarse top layer is still percept- ing a Atmat = 365 days, for example, resulted in a,

ible. Following a successive approximation nonbinding constraint for the time step. Even
methodology, the initial and boundary conditions though the actual time step had an upper
for the simulations presented here are taken from envelope of At = 20 days, mass balance errors as
the steady state results of less complex flow high as 20 percent were observed. This resulted in
systems. Figure F-4 depicts results of a simula- solutions skat were not able to reach steady state
tion with qo = 50 millimeters / year, and a dip following an oscillatory pattern. When the lateral
angle of 6* to the East, at time t = 120 years, at boundaries are set to no-flow (i.e., a 2-D system),
vertical transects at three different locations the mass balance error causes slight fluctuations
within the flow domain. The effects of infiltration of the total discharge rate on the order of 2
are felt by a region having the same lateral extent percent. This is in contrast with the more pro-
as in the previous simulations (about 100 meters nounced fluctuations obtained for a system with
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the fault cutting Dirichlet boundaries. It was consequence, the steady state moisture patterns
found that in order to obtain a well-behaved above the water table are almost identical for the
numerical solution, with clearly stable con- two contrast cases studied. What is important to
vergence to steady state, the time step had to be keep in mind is that the travel time of particles is
drastically reduced. When the maximum time step sensitive to the unsaturated conductivity slope,
was decreased to Atmar = 10 days, the mass even when the moisture retention curve is held
balance plots indicated a complete elimination of constant.
large mass balance errors (except for early
transients). The conclusion in this case is that, F-4 CONCLUSIONS
although the discrete-time system was unstable,
the continuous time system corresponding to a A hypothetical test problem was developed in
vanishingly small tiine step (At -. 0) is, in fact, order to study the effect of bedding on flow, the
stable and leads to a unique steady state solution presence of a subvertical fault zone, and the effect

as t -+ w. While this phenomenon results from ofinclination of the beds. A number of auxiliary

the discreetness (in time) of the numerical flow tests were also conducted, using variations on
problem, it indicates a peculiar phenomenon these hypothetical data. There are some similar,-
related with the 3-D configuration of the faulted ties between this hypothetical problem and the
domain and with the direct connection between Yucca Mountain stratigraphy, but since all site
fault and permeable boundaries. properties are not used, these simulations are not

representative of the Yucca Mountam How
. . conditions.

The steady state How pattern m each case is best
represented by 2-D vector plots of the unsatur- Recognizing that there may not be natural initial-
ated water vek> city (or Dux), and particle tracks boundarv conditions that can be used for the
depicting the locations of particles released in the more coinplex problems, a method of successive
steady Dow system at selected points. These 2-D approximation was implemented. This method
vector and particle tracks are shown in Figures uses solutions of auxiliary flow problems to set up
F-Sa and F-5b for the higher and milder property pressure conditions for more complex problems.
contrast case, respectively. Inspection of these An oscillatory flow regime was observed at large
figures clearly shows a significant effect of the times, that is, after initial transients died out. This
contrast between slopes of the matrix / fault un- was shown to be an effect of the discrete-time
saturated conductivities. When the fault's con- nature of the equations being solved, and was
ductivity slope is comparatively much larger than eliminated by using extremely small time steps
that of the matrix (am = 0.022 meters-1, af
0.10 meters-1), higher fluxes were observed m, =the(At -+ 0). The techniques used to identify these

effects relied on detailed plots of global mass
matrix. Tius results m a front that lags within the balance in terms of instantaneous net dischargefault zone. Figure F-5(a) shows this effect for two rate and instantaneous rate of change of total

,

hnes of particles released at elevat ons 500 meters
mass. Large At yielded oscillations for both 2-D

and 300 meters, respectively, and tracked for 1000
and 3-D Dow systems, but seemed more conse-years. In this case, the maximum distance traveled

m 1,000 years is approximately 67 meters. % hen quential in 3-D (fault-cutting pressure
boundaries).the contrast is milder (am = 0.022 meters-1, af =

10.035 meters 7 ), the opposite behavior is observed. Based on the parameters used, and the simula-
The fluxes within the fault zone are greater, but tions performed in this study, the following
they point towards the matrix (Figure F-5(b))- conclusions can be reached:
This creates a frontal shape that continuously
expands outward from the fault zone. In this case, The effects of stratification are importante
the maximum distance traveled in 1000 years is only for low net infiltration rates and during
165 meters and more than 200 meters, for the two the early parts of transient simulations.
release planes, respectively. This important differ-
ence in behavior is because of the different values A dip angle of 6* to the East has a minimale

of the crossing- point suction in the two cases. effect on the pressure head distributions
Recall that the contrast between matrix and fault (approximately 2 percent of the maximum
moisture retention curves was not changed. As a pressure head difference).
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The flow behavior (ground-water fluxes and 1.0)," Center for Nuclear Waste Regulatory Analy-o
travel times) of a system consisting of highly ses, CNWRA92-026, December 1992. [ Prepared
contrasted matrix and vertical fault proper- for the U.S. Nuclear Regulatory Commission.]
ties is greatly influenced by the ratio of the
slopes of the matrix and fault unsaturated Montazer, P. and W.E. Wilson, " Conceptual

,

hydraulic conductivity curves. Hydrologic Model of Flow in the Unsaturated )
Zone, Yucca Mountain, Nevada," U.S. Geological 1

Survey, Water Resources Investigation Report,F-5 REFERENCES WRI-84-4345,1984.
Ababou R., " Approaches to Large Scale Unsatur-
ated Flow on Heterogeneous, Stratified, and Mualem, Y.,"A Catalogue of the Hydraulic
Fractured Geologic Media," U.S. Nuclear Regula- Properties of Unsaturated Soils " Haifa, Israel,
tory Commission, NUREG/CR- 5743, August Technion Institute of Technology, Hydrodynamics
1991. [ Prepared by the Center for Nuclear Waste and Hydraulic Laboratory, Research Project No.
Regulatory Analyses.] 442,1976.

Bagtzoglou, A.C., R. Ababou, and A. Nedungadi, Scott, R.B. and J. Bonk, " Preliminary Geologic
"BIGFLOW: A Multi-Dimensional Code for Flow Map of Yucca Mountain with Geologic Sections,
in Heterogeneous and Variably Saturated Geolog- Nye County, Nevada," U.S. Geological Survey,
ic Media (Theory and User's Manual-Version Open-File Report 84-494,1984.
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APPENDIX G
EXPLORATION OF DUAL-CONTINUUM FLOW MODELING CONCEPTS

G-1 INTRODUCTION sufficiently large to include a representative,
statistical sample of hydraulically connected

In the development of the ground-water flow and fractures.
transport module, several different modeling
approaches were attempted. One of the In modeling unsaturated flow conditions in soil,

approaches required the staff to learn and hydrologic properties are represented by charac-

experiment with DCM3D, a Dual-Continuum, teristic curves, that describe moisture content and
,

Three[3]-Dimensional, ground-water flow code, conductivity as a function of pressure head. In t

described in Updegraff et al. (1991). DCM3D is a continuum approaches, rather than using a single

recently developed computer code by Sandia characteristic curve to represent the unsaturated

National Laboratories for solving three- hydrologic properties of a single fracture, a single

dimensional, ground-water flow problems in curve represents the hydrologic properties of large

variably saturated, fractured porous media (op numbers of fractures. At present, two main types,

cit.). The code is based on a dual-continuum
of continua approaches are being used to model

model with matrix media comprising one porous Yucca Mountain site unsaturated fracture and

equivalent continuum and fractures the other. The matrix ground-water flow; single continua and
continua are connected by a transfer term that is dual continua. Single continua approaches often j

a function of the unsaturated permeability of the use the same porosity values for both matrix and <

porous media, fractures and a single characteristic curve to,

represent matrix and bulk fracture-matrix
hydrologic properties (Klavetter and Peters,1986).

G-2 CONTINUUM APPROACIIES In contrast, dual continuum models consist of two
4

interconnected continua, with one continuum
it is attractive to use continuum codes to model simulating flow through the rock matrix and the

,

ground-water flow at Yucca Mountain, because other simulating flow through large numbers of
explicitly modeling individual fractures at the fractures. The two continua are connected by a
scale of Yucca Mountain at this time may not be fracture-matrix transfer term allowing water to
possible. For example, in the Yucca Mountain Site flow between the fracture and matrix continua.
Characterization Plan (DOE,1988; p. 3-173), it is This enables a dual continuum code to model the
stated that ". . . no way is known to generate a resistance to water movement between the matrix
complete set of fracture k) cation and geomet7 and fracture continua and may allow the code to
data. Secondly, if the 'Iopopah Spring welded unit simulate situations where a single continuum
has a mean fracture density of 20 fractures / approach could experience code-convergence

3meters and has a mean thickness of 300 meters problems.;
6 2'

over the approximately 7 x 10 meters area of
i the central Yucca Mountain bk)ck, then one It may also be possible to simulate conceptual

; would have to consider flow in approximately models with dual continuum codes that are not
4 x 10m discrete fractures. . . ." This amount of possible with single continuum codes. For

i detail would be too large to model at this time. example,in a single continuum model of
Rather than explicitly modeling each fracture, unsaturated fracture and matrix ground-water
continuum codes represent matrix and fractures flow, when water saturation in the matrix reaches

as constituting either separate but overlapping a level where bulk fracture flow occurs, faster

continuum systems (" Dual Continua Ap- velocities are computed, but with no change in

proaches") or as a single composite continuum direction. Therefore, this approach assumes bulk

system (" Single Continua Approaches"). It should fracture flow contains the same anisotropies as

be noted that these approaches assume matrix the matrix. However, individual fractures tend to

and fracture properties can be represented as be linear features with strong anisotropies.

spatial averages over rock mass volumes whose Therefore, for a single fracture it is reasonable to
linear dimensions are very much smaller than the assume that irrespective of the flow direction in
thickness of the hydrogeologic unit, but the matrix, flow in the fracture will be strongly

G-1 NUREG-1464
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influenced by the anisotropic properties of the that initial fracture continuum hydraulic con-
fracture. Furthermore, when there are large ductivities were much lower than the matrix
numbers of fractures with similar linearities, a continuum. Therefore, the matrix dewatered faster

,

general fracture anisotropy may be created that is than the fracture continuum. However, the zero
different from the rock matrix. This may be the matric potential upper boundary meant that
case at Yucca Mountain, where faults and under wetting conditions, the fracture continuum
fractures are believed to be vertical or steeply had a much higher hydraulic conductivity than
dipping (DOE,1988; pp. 3-175,3-179, and 3-185; the matrix. This caused the wetting front in the
and Barton,1989). Use of a dual continuum code fracture continuum to move much faster than the
in this type of situation may be advantageous, matrix wetting front.
because in a dual continuum code, different
anisotropies can be assigned to both the matrix In the matrix continua, it can be seen that the,

and fracture continua. wettmg plume spreads both vertically and
laterally. In the fracture continuum, which has no
lateral hydraulic conductivity, water could only

G-3 ZERO TRANSFER SIMULATION move vertically, forming a sharp wetting front
down the left-hand side. Therefore, this run

The DCM3D computer model simulated a illustrates how the DCM3D code can be used to
hypothetical two dimensional vertically placed simulate separate flow directions in two different
bk>ck of tuff (20 meters by 48 meters). Initial media.

! simulations assigned Topopah Spring welded
properties, obtained from Peters et al. (1984), to
the matnx and bulk fracture continua. Initial G-4 IIIGH TRANSFER SIMULATION
conditions of-2 meters matric potential were To see what would happen to flow directions if *

assigned to each grid node in both continua and water were allowed to pass between the two
no-flow boundary conditions were assigned to the media, the previous run was duplicated with a
two vertical sides of the bhick. A -2 meters of high-transfer coefficient. After two simulated
matric potential were assigned to the bottom weeks (Figure G-3) the matric potentials of both
boundary, and zero matric potential to the left media were the same, because the high transfer
one-quarter of the bh>ck top. 'llis meant the code coefficient allowed water to move rapidly between
would simulate a wetting front moving down from the two continua. This resulted in water moving
the upper left side. Hydraulic conductivities for from the wetter continuum to the dryer contin-
the matrix properties were isotropic and for the uum until the matric potentials in both continua
fracture continuum strongly anisotropic. In fact, were equal. In other words, as a grid bk>ck in one
fracture hydraulic conductivities were set to zero continuum wets or drys, the corresponding grid
in the lateral direction, so that flow in the fracture bhsek in the other continuum wets or drys.
continuum could only occur in the vertical direc-

,

tion. For the first run, the transfer coefficient was In this simulation, the faster dewatering rate of
set to zero. This meant that no water could move the matrix continuum caused water to flow from
between the two continua. The objective of this the fracture continuum into the matrix continuum,
exercise was to see if the code could successfully resulting in much deeper dewatering of the frac-
simulate a situation where the same boundary ture continuum, on the right half of the bk)ck.
conditions would cause different flow directions in Additionally, the faster wetting of the fracture
the two media, as a result of differences in their continuum caused water to flow from the fracture
hydraulic conductivity anisotropies. continuum into the matrix continuum, resulting in

1

the formation of a much larger wetting front in
After 2 simulated weeks, two areas had formed in the matrix continuum. It can also be observed
the bk>ck (Figure G-1): an area of wetting under that the wetting front in the fracture continuum
the upper left one-quarter of the bk)ck and an moved laterally. However, when vek) city outputs !
area of dewatering (because of gravity) under the were inspected, the fracture continuum had a
right side of the bkick. This result can be best lateral flow vehicity of zero. This was to be
understood in light of the characteristic curves expected, since the lateral hydraulic conductivity
used in the simulation (Figure G-2). The initial of the fracture continuum had been set to zero.
matric potential conditions of -2 meters meant Consequently, for the water to move laterally in j

i
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Figure G-1 Contour plot of matric potentials for hypothetical block of Topopah Spring tuff matrix
and fracture continua after simulating two weeks of flow (There is no flow between the
two continua.)
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Figure G-3 Contour plot of matric potentials for hypothetical block of Topopah Spring tuff matrix
and fracture continua after simulating two weeks of flow (Water can flow between the two
continua.)
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i the fracture continuum, it first had to move into dual continuum simulation caused the wetting
the matrix continuum, move laterally in the matrix front to travel deeper, with less lateral spreading
continuum, and then move back into the fracture than the single continuum simulation.
continuum. In nature, this would be analogous to
flowing fractures wetting up the matrix, which, in G-5 CONCLUSIONSturn, causes other fractures to flow. Therefore, an
interpretation of model matric potentials, water These simulations demonstrate that the dual
contents, and vek> cities, which ignores water continuum code DCM3D can model flow in two
movement between the two continua, may be continua with different anisotropies and that,
misleading about the rate and direction of fluid depending on the problem to be modeled, it may

i flow. produce significantly different answers than a
single continuum code.

G-5 SIMULATION COMPARING SINGLE
AND DUAL CONTINUUM G-6 REFERENCES
APPROACHES

13arton, C., W. Page, and T Morgan, " Fractures in
; 'Ib further compare the single and dual continuum Outcrops in the Vicinity of Drill Hole USW G-4,

approaches, the DCM3D input was modified to Yucca Mountain, Nevada, Data Analysis and'

make it simulate a single continuum approach. In Compilation," U.S. Geological Survey, Open File
a single continuum code, the combined matrix Report 89-92,1989.-

and fracture flow properties are assumed to have,

the same porosities and the same hydraulic Klavetter, E.A. and R.P. Peters, " Fluid Flow in a
,

conductivity anisotropies. Fractured Rock Mass," Albuquerque, Newi

Mexico, Sandia National Laboratories,
; it was decided to make DCM3D mimic a single SAND 85-0855, March 1986. ,

^

continuum code by assigning isotropic hydraulic
,

conductivities to the fracture continuum, and to Peters, R. R., et al., " Fracture and Matrix Hydro-
I repeat the high transfer coefficient run. It was a logic Characteristics of Tuffaceous Materials from

little less clear what porosity values should be Yucca Mountain Nye County, Nevada,"
input. If a single porosity value were used for both Albuquerque, New Mexico, Sandia National
the matrix and fracture continua, the simulation Laboratories, SAND 84-1471, December 1984.
would contain a much higher total pore space
than a single continuum approach would use. It Updegraff C.D., C.E. Lee, and D.P. Gallegos,'

was therefore decided to leave the porosity values "DCM3D: A Dual-Continuum, Three-
the same as the previous high-transfer coefficient Dimensional, Ground-Water Flow Code for
run. This meant that the matrix continuum had a Unsaturated, Fractured, Porous Media," U.S.

| porosity of 0.11 and that the fracture continuum, Nuclear Regulatory Commission, NUREG/CR-
4had a porosity of 1.8 x 10 . '1his was believed to 5536, February 1991. [ Prepared by the Sandia

be a reasonable compromise, since, in a single National Laboratories.]
'

continuum approach, fracture flow is simulated
I when the pore space is nearly filled. The output U.S. Department of Energy, " Site Characteriza-
~

from the previous dual continuum high-transfer tion Plan Overview, Yucca Mountain Site, Nevada
run and the simulated single continuum run is Research and Development Area, Nevada,"

,

compared in Figure G-4. This comparison shows Office of Civilian Radioactive Waste Manage-
that the lack of lateral fracture conductivity in the ment, DOE /RW-0198,9 vols., December 1988..

,

J
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Figure G-4 Contour plot of matric potentials for hypothetical block of Topopah Spring tuff matrix
and fracture continua after simulating two weeks of flow
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APPENDIX II
RELEASE AND TRANSPORT OF POTENTIALLY GASEOUS RADIONUCLIDES

OTIIER TIIAN 34C DURING VOLCANISM AND NORMAL OPERATIONS

H-1 INTRODUCTION effect of the temperature increase at distances
greater than half the assumed width of the dike,

,The Yucca Mountam site is umque among other and compared the potential release of volatile
. . . .

proposed sites for the disposal of high level radionuclides with present release limits, without
,

radioactive waste because it would be constructed specifying, at this point, a mechanistic model for
ab(we the water table. One of the considerations the release of these components from the waste
at th,is site is rad,onuclide release from the waste package. Although unlikely, the staff does noti

package m, the gas phase and possible transport consider this example to be necessarily a
as a gas to the atmosphere. Even if the gaseous " worst-case" situation. The example does not
release cannot escape to the atmosphere, it may include the following phenomena that could lead
serve as a source of contamination for the hquid to predictions of higher temperatures or releases:
pathway.

The formation of sills filling horizontale
volatile radionuclide com- weakness in the rock or the repository drifts;

Several potentialSe,gTc,andpounds of 21 have been identified79

in spent nuclear fuel (Lehrman,1989; and Park, Multiple dikes and sills:e

1991 ). The question of whether there is sufficient1

Long-term continuing eruptions;cause to consider the gaseous release and trans- .

port of these volatile radionuclides further has
Heat transfer by convecting gas and waterbeen addressed through a series of conservative e

calculations in the following sections. The direct vapor;and
release of the radioactive inventory by extrusive Effect of corrosive volcanic gases on theevolcanism (i.e., the direct entrainment of the waste

waste form.in magma brought to the surface of the earth) has |
been dealt with in Section 6.5. The present analy- Assume for the purpose of this demonstration

. . i
|

sis is restricted to conditions of normal repository
that a dike 10 meters m width and 3000 meters

operation and intrusive volcanism that could long mtrudes through the middle of the reposi-
potentially release volatile radionuclides from the tory, and that the waste packages are randomly
waste package, but do not necessarily provide a spaced throughout the assumed site area of 5
mechanism for transport to the surface. square kilometers. Assummg that the dike

intrusion is instantaneous and does not continue
H-2 VOLATILE RELEASES RESULTING to the surface, the maximum range of significant

FROM THE INTRUSION OF A DIKE heating can be determined by assuming the
dissipation of heat from an infinite plane source

Tb demonstrate the potential, caused by magmatic (Turcotte and Schubert,1982):
intrusion, for release of volatile radionuclides
other than 'C from the engineered barrier sys-l

O e N, 01-1)tem, consider an example of a large dike through 7 - To
-

-

the middle of the Yucca Mountain site. The 2 eC &_r
,

example considers only a single dike that intrudes
into the repository and does not continue to flow, where:
The dike is represented as an instantaneous
vertical plane heat source with a heat content G e = density of the country rock;
per unit area (but representing a dike of finite C heat capacity of country rock;=

thickness). The staff calculated the maximum Q instantaneous sensible and latent heat=

content of dike per unit area;u. u.s.,-cawous ana semi-votatile nadionuclides. unpub.
thermal diffusivity;lished Science A lications International Corporation Presentation K =

distance from dike centerline;ma J n 2552 1 1. y =

11-1 NUREG-1464
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!

time; and (*K); andt =

1.1 x 104ambient temperature. K =To square meters /second=

The maximum temperature at any distancey from With the above set of parameters, a maximum
the dike centerline is ('Ibrcotte and Schubert, temperature increase of 10*K would extend only
1982): 78 meters from the dike centerline and would

occur only about 0.13 years after dike penetration.
The 100*K isotherm would extend a maximum of

0 I 7.8 meters from the centerline.T - T. + - - - -
. (11-2)pCy (2:rej

From the above analysis, the staff choose what
were believed to be a vey conservative maximum

. extent of thermal influence of the dike as 50
The t.ime at which the maximum temperature meters from the centerline and a 3000-meter
occurs would be (Turcotte and Schubert,1982): linear extent covering an area of 300,000 square

meters. The total repository area is approximately
2 6y 5 x 10 square meters, so the dike would affect ,

'"p. (11-3) approximately 6 percent of the waste packages. If
it were conservatively assume that all of the
volatile radionuclides other than 14C were driven

For the present example: off by the excess heat (99Tc,79Se, and 129 ) in the1
,

affected area, then the amounts in terms of the 40
95.44 x D Joules / square meter; CFR Part 191 (EPA,1986) cumulative release

'

0 =

2640 ki .ns/ cubic meter; limits would be only 0.125 as summarized in Tablee =

687 Jon 'xilogram - degrees Kelvin H-1.C =

t

I

Table 11-1 Cumulative Releases for Selected Radionuclides
|

Ehi Limit"
Nuclide inventory Curies .06 x inventory for Repository Ebf Ratio R

1291 2200 132 7000 0.019
!

79Se 28,300 1698 70,000 0.024

9% 915.000 54,900 700,000 0.078 ,

Tbtal - - - 0.125
1

* Currently, a revised set of standards specific to the Yucca Mountain site is being denbped in accordance with the pro-
visions of the Energy Policy Act of 1992. The Energy Policy Act of 1992 (Public Law 102-486), approved October 24,1992,
directs NRC to promulgate a rule, modifying 10 CFR Part 60 of its regulations, so that these regulations are consistent with
EPA's public health and safety standards for protection of the public from releases to the accessible environment from !

radioactim materials stored or dispmed of at Yucca Mountain, Nevada, consistent with the findings and recommendations
made by the National Academy of Sciences, to EPA, on issues relating to the environmental standards governing the !

s

Yucca Mountain repository. It is assumed that the revised EPA standards for the Yucca Mountain site will not be substan- ;
tially different from those currently contained in 40 CFR Part 191, particularly as they pertain to the need to conduct a
quantitative performance assessment as the means to estimate postclosure performance of the repository system.

NUREG-1464 11-2
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H-3 RELEASES UNDER NORMAL (1991) reports values that are considerably lower.
CONDITIONS These values are shown in Table H-2.

0 was also estimatedVolatility of Radionuclides: Several sources of The vapor pressure of Tc2 7

information for iodine, selenium, and technetium fun tiiennMynarme infonnation:

. gave widely differing estimates of the vapor
pressure. Figure H-1 shows the vapor pressure of Tc20)(solid) c Tc20,(gas)
several solid and aqueous phases of radionuclides (11-4)
that would occur in spent nuclear fuel, but the *

source of this information is unknown. Park
inP

RT
.

,

1

i
1

I

|

|

>

l

i

'

!
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Figure H-1 Vapor pressure of several radioactive compounds (from Lehrman,1992)
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Table 11-2
Vapor Pressure Estimates (from Park (1991) and Lehrman (1992))

P - atmospheres at 100*C P - atmospheres at 200*C |

Species j

Park Lehrman Equation (H-4) Park Exhrman Equation (H-4) ;

> 2000 - - 12,(XX) - -

CO2

I2 0.06 0.01 - 3.7 16 -

ScO2 0.(X)091 3E-5 0.054 0.02 -
-

'Ic207 0.00()12 0.3 2.6E-7 0.037 - 6.3E-6

The Gibbs free energy of reaction, AG n = 47.1 whereas the rest was tied up in the solid fuel.8

kik> joules / mole for the crystalline phase gives a Releases of 79Se were too small to measure.
vapor pressure for 'Ib 07 = 2.6 x 10-72 atmo-
spheres at 100 degrees Celsius (*C) and Given the vapor pressures of technetium and

6.3 x 104 atmospheres at 200*C (Phillips et al., iodine compounds, the rapid release fraction

1988). Amorphous and hydroxide phases, how. might be volatilized easily at normal operating

ever, could lead to considerably higher vapor temperatures in the repository. The effective
vapor pressure of technetium, iodine, and

pressures. selenium, within the matrix of the fuel, or tied up |

The vapor pressures shown would be for pure in metallic particles, would be lower than the pure

phases only, and may be affected by the following phase vapor pressure. If the volatile components
were ideal solid solutions, then Raoult's Law

phenomena: would indicate that the vapor pressure Fj is

o Most of the radionuclides would be tied up in proportional to the mole fraction of the compo-
the fuel matrix, although some might migrate nent Nj and its individual vapor pressure I7
to the surface of cracks and interstitial (Garrels and Christ,1978):

boundaries of the fuel:

o Some technetium is associated with highly
resistant alloy particles in the fuel (Pearcy ,Be mole fractions for 99Tc, 79Se,and 129 , assum-1
and Manaktala,1992); and ing the rest of the fuelis UO are approximately2

0.003,0.(XX)5, and 0.(XXX)3, respectively. If the vola- )
o Much of the 1291 would probably be tied up

tile elements are solid solutions and if Raoult's i
with metallic fission products in the spent Law apphes, actual vapor pressures would be sub-fuel, such as cesium and zine (Park,1991). stantially lower than those for the pure phases.

Rapid Release l} action: Leaching experiments with
Additionally, the vapor pressures of volatile com-

spent nuclear fuel shows a rapid release fraction ponents might be limited by their slow diffusion
from the interior of the solid to the surf ace.for technetium of about 1 percent of the total

inventory, but much more modest releases,
somewhat less than congruent, with respect to 11 - 4 MECilANISMS FOR TIIE RELEASE
other radionuclides at later times (Wilson,1990). OF VOLATILE RADIONUCLIDES
gere is a sumlar, but smaller, rapid release of FROM FAILED WASTE PACKAGES

I from the same experiments of between 0.1
and 0.4 percent of the inventory. This result might Within reasonable limits, the gases in the waste
indicate that some of the technetium migrated to package can be considered to behave as an ideal
the surfaces of cracks and grain boundaries, gas and be governed by the relationship:

H-5 NUREG-1464
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leaves the waste package, carrying with it the ;pV - nRT . (11-6) volatile components. In one complete cycle of ,

pressure change AP, the fraction of gas exchanges
where: ,3

,

P pressure; an ap (,g_g)=

void volume of waste package; p"f- tV =

universal gas constant;R =

numbc$ , I moles of gas; and Atmospheric pressure changes at the surface ofn =

absolute temperature. the earth vary on several time scales. Small, rapidT =

pressure changes occur because of local meteor-
According to Equation (11-6), the number of ological conditions. Larger and slower changes
moles of gas n in a container of volume Vopened occur because of passing weather systems.
to the atmosphere would be directly proportional Pressure fluctuations are sma!!er at depth because
to P and inversely proportional to T. Volatile of the resistance to gas flow through the rock and
radionuclides can be released from a failed waste the volume of gas held in the rock. Pressure flue- i

package by several processes, including venting of tuations in the unsaturated zone at Yucca Moun-
waste package pressure, molecular diffusion, and tain are shown in Figure H-2, indicating the
barometric pumping. Pressure within an intact damping of pressure with depth (Montazer et al.,
waste package would depend on the imtial

,

1988). Although measurements of pressure flue-
pressure of the inert gas, release of pressurized tuations at the repository level are not available at

.

gas within the fuel rods, partial pressure of the Yucca Mountain, assume for the sake of this .

volatile components, and expansion of gas, example that a 1 percent fully cyclic pressure .

because of the rise in temperature of the waste change takes place 4 times per year at the reposi-
'

package. Upon waste package failure, the tory level. This would lead to an exchange of air
pressure would be vented, carrying with it any of within the open waste package, according to the ,

the volatile radionuclides in the gas phase at that ideal gas law, of 0.04, or 12 liters of gas per year.
time. The fraction of the gas released An/no, Over 10,000 years, this gas flow would be
assuming constant external pressure, would be: 51.2 x 10 liters, far exceeding the initial pulse

from pressure relief of the waste package.

A "- - ) *
- 1

T'
(gg_7),

(%) H-5 TRANSPORT OF VOLATILE"o

RADIONUCLIDES IN THE
GEOSPHEREwhere To = the initial temperature at which the

waste package was sealed and T' = the tempera- The most significant volatile radionuclides other
'

i ture at which it fails. Assuming that the void than 14 07, SeO , and 1, are highlyC, namely Tc2 2 2
space in a waste package Vis 300 liters, and that reactive chemically and probably will strongly
the inert cover gas was initially charged to the favor the water contained in the unsaturated rock
waste package at 25'C (298'K) at one atmo- rather than exist as gases in the geosphere (EPA,
sphere, failure of the waste package at 100*C 1993). Experience with reactor emergency spray
(373*K) would release only 1 - 298/373 = 0.25 of systems shows very high removal of iodine gas in ,

the waste package volume or 75 liters, according slightly alkaline water. Yucca Mountain ground-
to Equation (H-7). water is alkaline, leading to the tentative conclu-

sion that most of the iodine released as a gas
| Although molecular diffusion might be a sig- would transfer to the liquid p4hase. Escape to the

>

nificant effect, barometric pumping is likely to be atmosphere, while likely for C, is unlikely for the
the most important mechanism for release of other volatile radionuclides.
volatile radionuclides, in the long term. In this
case, the change in the moles of gas in the waste Erample: To demonstrate the likely maximum
package is proportional to the changes in the consequences of volatile releases of the potential

14C, considerpressure. When atmospheric pressure drops, gas gaseous radionuclides other than

NUREG-1464 H-6
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Figure 11-2 Down-hole pressure variations at bore hole USW UZ-1 (from Montazer et al.,
1988)

the following bounding calculation. The main in Table H-2, of 0.06 atmospheres for 129],
79cause of waste package failure in the Iterative 0.00091 atmospheres for Se, and 0.3

Performance assessment (IPA) Phase 2 assess- atmospheres fer *Fc;9

ment (Chapter 5) assumes that most of the waste
The vapor pressures of the quick-releasepackages will remain intact until their tempera- e

ture has fallen below approximately 100'C. For fractions are those of the pure phases;
the purpose of this conservative demonstration

The remaining inventories have reducedassume release of volatile radionuclides from a e 3

failed waste package under the following vapor pressures according to Raoult's Law i
assumptions: and their mole fractions in the fuel (i.e.,0.003, !

0.0005 and 0.00003 for 99Tc, 79Se,and 129g, j

o Steady 100*C for a period of 10.000 years; respectively); and ;

l

The gas exchange during the period is 12o The quick release fractions of readily- e

volatilized radionuclides will be taken as 1 liters / year per waste package.
percent of the inventory for *Fe,0.4 percent9

129, and zero for 79Se Assuming no significant radioactive decay, theof the inventory for 1

(Wilson,1990); rate of loss from the quick release fraction and
the solid-solution fraction depends only on the

%por pressures for the pure substances at partial pressure of each component and the flowo
100'C taken to be the largest values reported rate of the gas. For the quick release fraction, the

H-7 NUREG-1464
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:

f

rate of release at one atmosphere total pressure would be volatilized within 10,000 years, and that

would be: overall release would be very small.

P Q 298 11-6 CONCLUSIONS
x x (11-9)R,-Pr ,

22A T A series o' conservative analyses demonstrate that
the release of the potentially volatile radionuclides
79Se,"Tc, and 1291 will not significantly add to thewhere:-

risk of the repository in terms of the EPA cumula-
tive release limits. The first analysis demonstrated

absolute temperature in *K; that even for a large volcanic intrusion, the effectT =

vapor pressure, atmospheres; of the additional heat would be of short durationP =

total pressure, atmospheres; and range, and would not affect a sufficientP, =

flow rate out of waste package by number of waste packages to release more thanG =

barometric pumping, in liters 12.5 percent of the combined EPA limits for those
radionuclides. Even total release of the three4 per year;

the conversion for liters to gram / radionuclides in question would have led to22.4 =

moles at standard temperature and exceeding the EPA limit by a factor of about 2.

pressure; and The second conservative analysis demonstrated
2

298* K = the standard temperature. that at temperatures likely to be encountered m
: the repository as a result of repository heat loads,

A similar expression is used for the rate of release only a small fraction of the volatile radionuclides
;

of the volatile radionuclides contained in the could be vaporized and carried outside the waste

; matrix, except the vapor pressure is reduced by packages. Furthermore, there is compelling evi-
'

the niole fraction of the radionuclide in the solid dence that, once released from the waste pack-

solution. Calculations are summarized in Table ages, the volatile radionuclides would strongly
11-3. The results of these calculation show that favor the water phase, and not be carried to thei

only the quick-release fraction of"Tc and 1291 atmosphere as gases.
;

i
4

Table 11-3 Calculation of Volatile Releases at 100*C

i Inventory Vapor Reduced
(g/ moles Quick- Pressure Mole Vapor Fractional Fractional Fractional

Radio- per waste release at 100*C Fraction Pressure Release Release Release

nuclide package) Fraction 2 (atm.3) in Solid (atm.4) (quick)5 (solid)6 (total)?
i

79Se 7130 0 9.1E-4 5E-4 4.5 E-7 0 2.7E-7 2.7E-7

*It 7.6E5 0.01 0.3 0.003 9E-4 0.34 1.E-5 0.0034

: 1291 1.34E5 0.0N 0.06 3E-5 1.8E-6 0.98 1.2E-7 0.0039

211ased on Wilson (1990)
3 Maximum values from Table F-1 in Appendix E
oAssuming solid solution and Raoult's 1.aw (Garrels and Christ,1978).
sFraction of quick-release radionuclide leaving the waste package in 10,(XX) years.
* Fraction of inventory in solid solution of UO matrix leaving in 10.txx) years.2

' Fraction of total original inventory leaving waste form in 10.00() years.

NUREG-1464 H-8

_ - _ - _ _ . __ _ _. _ _ _ _ _ _ _ _ _ _ _ - _ - -__ _ _ .



. - - _ . --. - - . - - - . - - - - . _ - -- _- .-

Appendix H

H-7 REFERENCES Radioactive Waste Management, April 12-16,1992,
Las Vegas, Nevada, 1:131-136 [1992].

Garrels, R.M. and C.L Christ, Solutions, Mm. ends
and Equilibria, San Francisco, California, W.H- Phillips, S.L, EV. IIale, L.E Silvester, and M.D.
Freeman, Cooper and Co.,1978. Siegal, "Thermc, dynamic Tables for Nuclear Waste

Isolation," U.S. Nuclear Regulatory Commission,
Lehrman, A. " Volatile Radionuclides: Limiting NUREG/CR-4864, June 1988.
Concentrations and Dansport Rates in an
Unsaturated Rock Pore Space," Lawrence Thrcotte, D.L and G. Schubert, Geodynamics:
Livermore National Laboratory, Chemistry and Application of Continuum Physics to Geological
Migration Behavior ofActinides and Fission Problems, New York, J. Wiley and Sons,1982.
Products in the Geosphere: Abstracts of the Second
International Conference on Radianculide U.S. Environmental Protection Agency, " Environ.
Migration (Migration '89), November 6-10,1989, mental Standards for the Management of Spent
Monterey, California, Abstract No. 2A3, p.117. Nuclear Fuel, High-Level and Transuranic Wastes

[ Final Rule]," Federal Register, vol. 50, no.182,
Montazer, P., E.P. Weeks, E Thamir, D. September 19,1985, pp. 38066 - 38089.
Hammermeister, S.N. Yard, and P.B. Hofrichter,
" Monitoring the Vadose Zone in Fractured 1bff, U.S. Environmental Protection Agency / Science
Yucca Mountain, Nevada," Groundwater Advisory Board, "An SAB Report: Review of
Monitoring Review,8(2):72-85 [ Spring 1988). Gaseous Release of Carbon-14," Washington D.C.,

EPA-SAB-RAC-93-010, April 1993.
Pearcy, E.W. and H.K. Manaktala, " Occurrence of
Metallic Phases in Spent Nuclear Fuel: Signifi- Wilson, C.N., "Results from NNWSI Series 3
cance for Source Term Predictions for liigh-Level Spent Fuel Dissolution Tests", Richland,
Waste Disposal," American Nuclear Society / Washington, Pacific Northwest Laboratories,
American Society of Civil Engineers, Proceedings PNL-7170, June 1990. [ Prepared by the Battelle
of the Third International Conference: High-Level Memorial Institute.)

a

:
4

u

i
;

,

1

H-9 NUREG-14644

:
*

,- . - - . - - - , . - - . . - , - . __, -



- _ _

APPENDIX I
EVALUATION OF USGS GROUND-WATER MODELING FOR THE

REGION TIIAT INCLUDES YUCCA MOUNTAIN
|

I-1 INTRODUCTION model to help develop smaller site-scale models of
ground-water flow and transport for the Yucca

his report describes the major ground-water Mountain site. Czarnecki initially prepared a
modeling work that has been performed by the steady-state baseline model and revised it to
U.S. Geological Survey (USGS) for the region of simulate the geohydrologic effects of increased
southern Nevada. Emphasis will be placed on the recharge in the region. A transient version of the
cvolution of the subregional model originally model was later used to evaluate scenarios related
developed by Czarnecki and Waddell(1984). This to the large hydraulic gradient k)cated north of
report is an auxiliary analysis under the staff's Yucca Mountain (Czarnecki,1990a). Czarnecki
Iterative Performance Assessment effort (IPA (1992) simulated future water level declines in

'

Phase 2). Through this program, the staff is response to various rates of ground-water ,

developing tools needed to review a license withdrawals from Wells J-13 and J-12. !

application for a potential high-level radioactive
waste (HLW) repository. Because of the importance of the USGS regional |

modeling work with respect to site characteriza-
In the late 1970's, the USGS began an appraisal tion of the Yucca Mountain site, the NRC staff
of the Nevada Test Site as a potential disposal site has acquired the subregional model of Czarnecki
for HLW. This work included regional geologic (1985) and the MODFE computer code. PC-based

-

and hydrologic investigations, and a regional versions of the code and model have been pre-
ground-water flow model was developed by pared to facilitate evaluation by the staff.
Waddell(1982). Waddell produced a two-
dimensional (2-D), steady-state, finite element This evaluation is provided below, and serves asmodel that covered an area of about 18,000 k M W h Mf & @ h insquare kilometers. Tlu,s model extended from the and evaluate numerical codes and models de-
Pahranagat Range and Las Vegas Valley on the veloped under the U.S. Department of Energy's
east to Pahute Mesa and Death Valley on the west (DOE's) HLW program. In this way the NRC
(sce Figure I-1). The model included the Yucca staff can become more knowledgeable about
Mountam area and almost all of the Nevada Test codes and models during site characterization and
8 prior to receipt of a potentiallicense application.

Rice (1984) developed a preliminary finite!

difference model covering an even larger area, I-2 REGIONAL SETTING
extending farther west and south than Waddell's GEOIIYDROLOGY
(1982) model. One of the simplifying assumptiens
used was to simulate the flow system under cori- All aspects of the geohydrologic setting must be
fined conditions. Initial estimates of transmissivity considered when developing conceptual and
were based on those obtained from the regional numerical flow models for a site or region. The

model of Waddell(1982). One of Rice's conclu- validity of a numerical model depends entirely on
3

sions was that the model could be improved by the validity of the conceptual model on which it is
calibrating it under unconfined conditions. based. The conceptual flow model must reason-

ably represent climatic conditions, surface
Following identification of the proposed Yucca hydrology, hydrostratigraphy, aquifer coefficients,
Mountain site, Czarnecki and Waddell (1984) and recharge and discharge conditions. Chapter 3
developed a subregional model within the hydro- (" Hydrology") of the Site Characterization Plan
logic subbasin that includes the site. This model (SCP)(DOE,1988) reports at length on past
was derived using a parameter estimation pro- hydrogeologic work in southern Nevada. The data
cedure developed by Cooley (1977,1979,1982). and interpretations contained in the 1988 SCP
Czarnecki (1985)later revised and improved this provide a basis for previous regional

I-1 NUREG-1464



- _ _ _ _ _ _ _ _ _ _ _ _ .

Appendix I

116*30' 116*00' 115'30' 115*00'
- i . . I 5dd

. ' . . . . .. . .

'. 2 59 ),

f. )
:\ g

NEVADA - g
::. Qi /s<X g. .

f ,J'
* *

. ..;- 37'30' V

, ,. ' / a ,.
'

=v . c, . . ,

.E || @ : i ~, .; ..

.,,
., p o wE*.

a -
**. '**

k.80;
Ag,'.', k j ,. ;|'f . 'C **'

INDEX M AP g, , ' ', O
,, ,

C+

D) M . ' .' ' N E V A D A . ' ,f,p' 9,' .% . ' ' .
. .}C ,

". .,*--

'
'

L,
** g ,

. '.q : ;. TE,U,SI,T E| , ,;, ;,* 4 .

..\ . ,/
- , ,

,.

|
** * *

* P AH.UT E.M E S A> .
* *'

p, . . . .
* .

-

,<,s
,

| j,,

. :- .: 9. a , .e
..

y.y.. .;. 3:*. ~.:. .
. .

.

.':...,-
, .....

. '.
.

.
, " ** YUCCA . . . . ., ;* . , ' * . , , ,.

.b * *[ ' I . ' $ ' ' . . FLAT
*

| '.
.-

"
e

' M** T IM BE R

- F.''...7':
' . , ' .|

'

. h.f--
. .. *

J.!. .' |
'

37*00' .

.. $ 7.. .

N f e,.
,

i CRATER . JACKASS fg+y* 1.;
,

. > FLAT FLATS

\4 b' Q . . " f.

Y *F-- % Q4 o,

hk'V ,

# '
N ,- -.9

,

e is

36*30 - b y ''""""
' 5

., i :

f R% ' ;~
J q

j' &x O #

' %' k; .
l' p'% Death

N '

$'. Valley Jht
* PAHRUMP ' , h '| k

..

,

VALLEY
.'

, ,

f -[ t
,,

'
- * 'y a '37i.

0 25 50 KILOMETERS

h5 MILES0

EXPLANATION
QUATERNARY

| | Alluvium. lake beds, and minor vokanic rocks |- | Lower carbonate aquifer

TE'R TI ARY PALEOZOIC (CAMBRIAN) AND PREC AMBRIAN

Tuff. rhyolite. and assooated voksnic rocks ( ) Lower classic equitard

MESOZOIC (Minor - not shown) SYMBOLS

Contact
PALEOZOIC

h Trust fault with sawteeth on upper plate[" '' ' .j Undifferentiated upper classc equitard.
! .. .I and lomer and upper carbonate aquifers _ _ _ Regional model boundary (Waddell.1982)

tapproximate boundary of ground water system)

f- f| Upper classc aquitard Subregonal model boundary (this report)

p Approntmate direction of ground water flow

Figure 1-1 locations of regional and subregional modeled areas, with generalized ground. water flow
directions, and generaliicd geology (Modified from Czarnecki and Waddell(1984 p. 2).)
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! I
ground water modeling efforts. The current review Most of the recharge within the subbasin is

!will not attempt to summarize the extensive infor- t'wht to occur in areas of higher elevation and
I

1 mation contained in DOE's 1988 SCP. Instead, mmspondingly higher precipitation, located
; general geohydrologic conditions in the region will north of Yucca Mountain. A major proportion of

be described to place the regional flow modeling recharge occurs in the winter and spring due to
in perspective. lower temperatures and evaporation rates. .

] Recharge rates in lower elevation areas of the ;

i Amargosa Desert are unknown but are estimated !

The Yucca Mountain site occurs in southern to be very small. Czarnecki (1985) estimatedt

Nevada and has a climate that may be classified recharge to be 0.7 millimeters / year for a zone of;

as mid-latitude desert. At nearby Yucca Flat the precipitation that includes Yucca Mountain.
| average annual precipitation for the period from Principal discharge areas for the subbasin occur
1 1%2 to 1971 was 146 millimeters (DOE,1988; to the south at Franklin Lake Playa (aka Alkali

p. 5-12). Greater amounts of precipitation occur Flat), with the closed basin of Death Valley;

m nearby zones of higher elevation. Annual serving as the ultimate discharge area for the
'

average potential evapotranspiration greatly region. Large areas of this valley occur at >

exceeds the average annual precipitation, ranging elevations below sea level.,

from about 1500 to 1700 millimeters / year (op cit.,'

; p. 3-8). Here are no perennial streams in or near I-3 USGS REGIONAL MODEL
! the Yucca Mountain area. The only perennial

| surface water in the region is associated with I-3.1 Af0DFE Computer Code
sprmgs. However, many ephemeral stream-

i channels are present, including those associated The subregional ground-water model of Czarnecki

; with the drainage systems of Fortymile Wash and (1985) was developed using the MODFE computer
; the Amargosa River. Runoff occurs at irregular code (formerly known as FEMOD). Documen-
i intervals and magnitudes and is associated mainly tation for this code has been under development

| with summer and winter storms. The estimated for many years, and has recently been published
discharge for the 100-year flood along Fortymile (Torak,1992a,1992b). Using this code, quasi-'

i Wash is 340 cubic meters /second (op cit., p. 3-21). three-dimensional (3-D) models can be simulated
: Data on rainfall, runoff, and evaporation are with an areal,2-D grid if one assumes vertical
i inadequate to determine rainfall-runoff-recharge integration of aquifer properties (over a specified
j . relationships (op cit., p. 3-9). depth) and recharge or discharge conditions.

Af0DFE is a Mte-element code, permitting'

external and internal boundaries with complex
The Yucca Mountain site occurs within the Alkali outlines to be represented. This is a definite-

Flat Furnace Creek Ranch subbasin of the Death advantage over finite-difference codes. Physical
,

Valley ground-water basin. The subbasin is part properties can be specified for individual nodes
.

of the Ilasin and Range physiographic province. or for groups of nodes called " zones".'

i The geology and structure of this province created
the complex hydrogeologic conditions that exist Af0DFE is a modular code in the tradition of
within the subbasin. The regional hydrostrati- previous modular codes developed by the USGS
graphic units within the subbasin are:(1) the (e.g., MODFLOW-see Mcdonald and Harbaugh,

i valley fill aquifer;(2) volcanic rock aquifers and 1988). The modular nature of Af0DFE allows the
aquitards; (3) upper carbonate aquifer; (4) upper user to tailor the source code to the problem at'

clastic aquitard; (5) lower carbonate aquifer; and hand. For example, a code version for steady-state
(6) the lower clastic aquitard (DOE,1988; solutions can be built that excludes all those sub-
p. 3-58). Yucca Mountain itself (and surrounding routines that relate only to transient problems.

,

; uplands) consists of layered volcanic rocks of This greatly reduces the size of the compiled code
Tertiary age. In the vicinity of Yucca Mountain and allows users to run the code even in the
the water table occurs within these volcanic rocks. limited RAM environments of personal
Deeper within the volcanic rocks, flow conditions computers.

j may be confined or semi-confined. A much
deeper, confined system exists within the lower To reproduce Czarnecki's (1985) baseline results.
carbonate aquifer that underlies the volcanics. the code version known as NSSFE3 was used.*
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This version incorporates steady-state, water table applied along Rock Valley, the western edge of the
conditions and includes the ability to simulate Amargosa Desert, the western edge of Ash
non-linear vertical recharge and discharge. This Meadows, and along the northern boundary of
latter capability was used to simulate evapo- Jackass Flat. A flux was also specified along
transpiration (ET), which is the principal Fortymile Wash and at the high-ET k> cation of
discharge mechanism in southern Nevada. Franklin Lake Playa. The flux values used in the

model are not well known (Czarnecki and
Waddell,1984), but were intended to make the

I-3.2 Model Design simulations more realistic by allowing flow mto

Czarnecki and Waddell (1984) constructed their
and out of the model in areas where springs exist,

numerical model based on what was known about extensive ET is occurring, or where geologic

the Alkali Flat-Furnace Creek flow system in the conditions favor flow.

early 1980 s. The domain of this model covers an
area of 600() square kilometers and is a subset of The steady-state solution ultimately arrived at by
Waddell's (1982) model domain (Figure 1-1). Czarnecki and Waddell(1984) through trial and

Geographic features in the vicinity of the model error was a set of transmissivity zones and other

are shown in Figure 1-2. The Ember Mountain parameters (lateral and areally distributed flux
Caldera is k>cated along the northern boundary, values) which reasonably represented the
and Death Valley occurs at the southwestern observed hydraulic head values. It is emphasized
extremity of the model. that the result of the calibration procedure is not

unique and that different sets of parameters may

Cza ':cki and Waddell(1984) prepared a hori. fit the model equally well. Only geohydrologic

zo . . 2-D mesh of 2245 nodes (comprising 4222 experience and judgement can determine which

cle tents), with nodal coordinates being expressed solution is more likely and identify where addi-
as icters north and east of an arbitrary origin. tional field data need to be collected to improve

TL model mesh is more finely discretized in the reliability of the simulations.

vicinity of Yucca Mountain to accommodate the
large hydraulic gradient that is present. The finer Czarnecki (1985) used the same mesh described
mesh would also have advantages if a transport above, but the steady-state model was revised and
model were to be developed to evaluate radio- improved by providing altitude data for each node
nuclide migration near Yucca Mountain. Elements and incorporating a routine to treat ET as a head-
in the finer part of the mesh down-gradient from dependent function. The zonation and input
the site have a representative length of about 800 parameters were also partly changed. Specified
meters, allowing for dispersivities as small as 80 head nodes used in the parameter estimation
meters (op cit.). Model nodes were divided into 13 model were replaced with specified flux bound-
zones for the specification of areally distributed aries. Specified head conditions were established
fluxes and transmissive properties. Transmissivity at Furnace Creek and Alka!i Flat, in place of
values were selected using numerical parameter prescribed flow conditions in the earlier model.
estimation techniques developed by Cooley (1977, An aquifer thickness of 1000 meters was assumed

1979). The method used is also known as the and transmissive properties were input as hy-
" inverse" approach, in which hydraulic head data draulic conductivities. This constitutes Czar-
are input to the parameter estimation model and necki's baseline model, which was subsequently
a transmissivity " solution" is obtained. More than modified to evaluate future ground-water
90 values of hydraulic head were obtained from scenarios (see Section I-4, " Subsequent Work
water levels in wells and springs. Data k> cations Related to the USGS Regional Model"). The
are shown in Figure 1-3. following subsections provide details about the

construction of Czarnecki's (1985) baseline model.
The northern boundary of the model consisted of
a line of specified head nodes to represent the I-3.3 Model Boundaries
area near Timber Mountain. Zones of specified
flux were used to represent discharge from the Czarnecki and Waddell(1984) point out that the
model at Franklin Lake Playa and Furnace Creek boundaries of the Alkali Flat-Furnace Creek
Ranch. Specified fluxes into the model were Ranch ground-water basin are not well known.
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They were estimated from potentiometric data, is present, and on the rock properties that con-
geology, k> cations of discharge areas, and hydro- tribute to fracturing. Based on pumping tests at
chemistry. Outer boundaries in the model were Well J-13, Thordarson (1983) concluded that the
derived on the basis of flow system characteristics 'Ibpopah Spring Member of the Paintbrush 'Ibff
that were assumed to exist. For example, no-flow has a transmissivity of 120 square meters / day and
boundaries were placed along the model edges a hydraulic conductivity of 1.0 meter / day. This
where little or no input or output was expected to welded tuff unit, which is the proposed candidate
occur, or where flow was considered to be roughly horizon for a HLW repository,is unsaturated
parallel to the boundary itself. Ilead-dependent beneath Yucca Mountain. However, because the

flux boundaries were defined for areas where flow volcanic units dip toward the E-SE,it becomes
was known or assumed to be occurring. Six zones saturated in the vicinity of Well 3-13. Near Yucca
of specified flux were defined to describe volum- Mountain this regional dip causes the top of the
etric flow into the model domain along boundary water table to occur in various volcanic units,

segments. Figure 1-4 represents these specified including the Prow Pass and Bullfrog mem-
fluxes as a series of arrows. For example, based hers of the Crater Flat Tuff, tuffaccous beds of

on hydraulic gradients and stratigraphy, flow the Calico liills, and the Topopah Spring Member
must enter the subbasin along its northern of the Paintbrush Tuff. Table 1-1 gives average
boundary with the Timber Mountain area. Flow is hydraulic conductivity data for these units in the
also assumed to be entering the subbasin from the vicinity of Yucca Mountain, as reported by DOE
Calico liills and Frenchman Flat, from the Ash in its 1988 SCP.
Meadows area, and from the western Amargosa
Desert. All other exterior boundaries of the model The hydraulic property data presented above are
were assumed to represent no-flow (or parallel- based on analyses that assume the aquifers to be
flow) conditions. porous media rather than fractured rock aquifers.

An important part of the site characterization

assigning a low hydraub;as effectively created by
A n m.ternal boundary w program will be to determine under what condi-

e conductivity value to the tions such assumptions are acceptable. It is often
zone of high hydrauhe gradient h>cated north and acceptable to make such assumptions in regional
northeast of Yucca Mountam. ,Ihe resultmg modeling. Ilowever, at the smaller site scale it
conductivity contrast diverts ground-water flux may be necessary to consider discrete flow paths
around the western portion of this zone and then w thin the fractured volcanic rock aquifer. 1

east and southeast across the Yucca Mountain I

|area.
Czarnecki and Waddell(1984) developed zones of j
uniform transmissivity based on dominant 1

I-3.4 Aqu.fer Propert.ies lithologies considered to be present at the wateri

table (e.g., alluvium, tuffs., carbonate rocks). Using |
There is a generallack of hydraulic property data transmissivity values obtamed during the cather
in the modeled region, although some field data parameter estimation modeling, Czarnecki (1985)exist in the vicinity of Yucca Mountain, the estimated hydraube conductivities by dividm, g theNevada 'lest Site, and elsewhere. Much of the

transmissivity values by an assumed um, form
available transmissivity data were estimated from saturated thickness of 1(XX) meters. The value of
specific capacity data. The most transmissive s turated thickness was estimated using borehole |

,

unit in the region is the lower carbonate aquifer, data from Yucca Mountam and the Amargosa
which has transmissivity values as large as 10(XX) Desert and using resistivity surveys conducted m,
square meters / day. All other aquifers have the Amargosa Desert (Czarnecki,1985). l

,

transmissivities that are more than an order of
magnitude smaller (DOE.1988; p. 3-68). Trans-
missivity for the valley-fill aquifer ranges from Using the MODFE code, hydraulic property data
about 10 to 400 square meters / day. are assigned to groups of finite-element nodes

which comprise discrete zones. Czarnecki (1985)
Ilydraulic properties of the volcanic tuffs that divided the model mesh into 12 zones of varying

form and underlie Yucca Mountain are domi- hydraulic conductivity and areal recharge (see
nated by the degree of faulting and fracturing that Figure 1-4). The general pattern of these zones

1-7 NUREG-1464
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Table I-I flydraulic Conductivity Data (from DOE,1988; p. 3-182)

Average Hydraudic
Stratigraphic Unit Well Number Conductivity (m/ day)

Tbpopah Spring Member (Paintbrush Tbff) J-13 0.7

Tbffaceous beds of Calico Hills UE-25b#1 0.5

Prow Pass Member (Crater Flat Tbff) USW H-1 1.1 to 1.4
USW H-4 0.2 to 0.8
UE-25b#1 0.4
UE-25p#1 0.1

Dullfrog Member (Crater Flat Tbff) USW H-1 0.006
USW H-4 0.6 to 2.3
UE-25b#1 0.4
UE-25p#1 0.05

.

was developed during the previous parameter recharge in millimeters / year for each zone. Four
estimation modeling (Czarnecki and Waddell, different values of recharge were applied, i.e.,0.0,
1984). An important difference is that Czarnecki 0.5, 2.0, and 410 millimeters / year. The largest
(1985) subdivided the Amargosa Desert into three recharge rate was applied along Fortymile Wash,
distinct areas. Table I-2 shows that the 12 zones the value being obtained through trial and error
actually comprise 14 different combinations of during parameter estimation modeling (Czarnecki
hydraulic conductivity and areally distributed and Waddell,1984).
recharge. Values of hydraulic conductivity used in
the model range from a high of 12.8 meters / day Discharge from the model occurs in the vicinity of
for Rock Wiley to a low of 0.004 meters / day used the constant head nodes at Furnace Creek Ranch
to represent the zone of high hydraulic gradient and at Franklin Lake Playa (aka Alkali Flat),
located north and northeast of the Yucca Moun- which are located at the southeastern and south-
tain site. A value of 3.65 meters / day was used to western extremities of the regional model. These
represent the area which includes Yucca Moun- areas are topographic lows, with the result that
tam and western Jackass Flats. This value of the assigned heads control discharge fluxes out of
hydraulic conductivity is somewhat higher than the model at these locations. The water table
the average values shown in Table I-1, altitudes for these nodes were made to correspond

to a depth of 5 meters below land surface to be
consistent with the 5-meter extinction depth

I-3.5 Recharge and Discharge assigned to the routine to compute ET. A <

hydraulic head of-68 meters was specified for the
Recharge to the model (Czarnecki,1985) occurs as vicinity of Furnace Creek Ranch. A head of 606
a series of specified fluxes along the outer meters was specified for Franklin Lake Playa, a i

boundaries of the model. The locations of these known discharge area with high rates of ET In !
fluxes are shown in Figure 1-4. The other source the baseline model of Czarnecki (1985), discharge
of recharge to the model consists of steady-state, from the model domain across specified head
areally distributed recharge that is applied by boundaries totaled 0.188 cubic meters /second.
zone. Wlues of areally distributed recharge were'

based on those estimated by Rush (1970, pp. Discharge also occurs as ET at model grid nodes
10-16). Rush estimated average annual ground- where the simulated water table rises to less than i

-

water recharge using the technique of Eakin et al. 5 meters below land surface. No surface water is
'

(1951, pp.14-16). Table 1-2 shows the amounts of permitted to form in the model (i.e., springs or

NUREG-1464 I-8
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E Table I-2 Ilydraulic Conductivity and Recharge Data for Zones in Baseline Regional Model of Czarnecki(1985) k

,

,

| in E.

| 9 Hydraulic Conductivity Areally Distributed Recharge W
~

( r Zone
| D Number (misec) (miday) (misec) (mmlyr) Locale

1 0.1691E-04 1.46 0.0 0.0 Amargosa Desert and Franklin Lake Playa
0.1691E-04 1.46 0.1585E-10 0.5 Amargosa Desert (northern portion)

2 0.1105E-04 0.955 0.0 0.0 Area west of Ash Meadows

3 0.1484E-05 0.128 0.1585E-10 0.5 Greenwater Range (western portion)

4 0.1385E-05 0.120 0.0 0.0 Funeral Mountains

5 0.1480E-03 12.8 0.0 0.0 Rock Valley (western portion)

0.1480E-03 12.8 0.1585E-10 0.5 Rock Valley (east) and Frenchman Flat

6 0.4229E-04 3.65 0.1585E-10 0.5 Yucca Mountain and western Jackass Flats
(highly discretized)

7 0.4229E-04 3.65 0.1585E-10 0.5 Jackass Flats (eastern portion)

8 0.4229E-04 3.65 0.1300E-07 410 Fortymile Wash

9 0.1105E-05 0.095 0.6340E-10 2.0 Timber Mountain

0.1105E-05 0.095 0.1585E-10 0.5 Crater Flat

| 10 0.9100E-06 0.079 0.1585E-10 0.5 Solitario Canyon and Yucca Mountain

11 0.4500E-07 0.0038 0.6340E-10 2.0 Zone NE of Yucca Mountain
(with high hydraulic gradient)

12 0.2000E-05 0.173 0.0 0.0 Furnace Creek (Death Valley)
|

|

|

|
i

|

_ - . - _ _ - - - - - _ _ _



Appendix I
|

creeks). Wherever the simulated water table rises (June 1983 to April 1984). Using Czarnecki's
to the land surface, it is discharged entirely as ET. estimate, the ET discharge from this playa, when

combined with estimated spring discharges in the

'Ib treat ET in the model, a value for land surface region near Furnace Creek (~0.2 cubic meters /

altitude had to be assigned to each node. This second (Waddell,1982)), yields a total discharge at

information was used by the model subroutine these kications of about ~0.4 to -0.5 cubic

that simulates ET as a non-linear vertical dis-
meters /second. This can be compared with the

charge per unit area. This was an important simulated steady-state discharges for these areas

improvement introduced by Czarnecki (1985) over obtained using Czarnecki's (1985) model. The

the previous version of this model(Czarnecki and combined discharge across specified-head

Waddell,1984), providing a reference altitude for boundaries at Franklin Lake Playa and Furnace
Nek Ranch is ~0.19 cubic meters /second. Theeach node to compare with computed water table nonlinear routine that calculates ET yields aaltitudes. An " extinction" depth of 5 meters was

assigned; this was considered the maximum depth discharge of -0.27 cubic meters /second. The total

from which bare-soil evaporation could occur. simulated discharge occurring in the vicinity of

During a simulation, ET would occur whenever Franklin Lake Playa and Furnace Creek Ranch is

the simulated water level at a node rose to a approximately ~0.46 cubic meters /second.

depth of less than 5 meters. The ET coefficient .Diere is apparent agreement between the ob-
used was 0.864 meters / day per unit area at land served and simulated discharges in the southern
surface. This very large ET rate was used to part of the model. Ilowever, the estimated spring
prevent the simulated water table from rising and ET discharges do not include ground-water
above the surface. It also removed water from the underflow which may exit the subbasm m these
model area that might have left through runoff. reas. For nample, a sigmncant amount of dis-

,

The ET rate decreased linearly to zero at the charge likely occurs through tiie alluvial sediments
extinction depth of 5 meters below land surface that underlie the Amargosa R,ver. Dus nyeri
(Czarnecki,1985). Thus, the maximum ET would bas,m hydrologically connects the Amargosa
occur for simulated heads at land surface, and all Desert to Death Valley, even when no surface
of the discharge would be treated as ET rather water is flowmg. Die course of the ephemeral
than allowing the creation of surface water bodies Amargosa River eventually descends mto Death
like springs and streams. Valley, with a terminus at Badwater Basm (the

lowest topographic basin in the U.S.). Some
Discharge data are available for springs in the ground-water underflow may also occur beneath
Furnace Creek Ranch area. Some of the sprmgs the Greenwater and Funeral Mountains via the
occur several hundred meters above the floor of Paleozoic carbonate aquifer. Further discussion

iDeath Valley. Discharges m this area were about the discharges in the southern part of the
estimated at 0.2 cubic meters /second (Waddell, model may be moot given the new conceptual
1982). DOE (1988, Tables B-3-B-5) lists data for model of flow that includes a possible flow divide >

more than 20 spring outlets (plus numerous seeps in the Greenwater Range (see discussion later in
and phreatophyte areas)in the Furnace Creek this review)'
Ranch area. For those springs for which discharge
was determined, the combined discharge totals Czarnecki and Waddell(1984) had previously !

more than 0.15 cubic meters /second. This is a determined that simulated rates of ET at Franklin
minimum discharge because it does not include Lake Playa had the largest effect (of all the
the many seeps and phreatophyte areas in the model-boundary conditions) on estimated values

vicinity. Czarnecki and Waddell(1984) attribute a for aquifer tran'smissivity at Yucca Mountain.
total discharge flux of 0.22 cubic meters /second to Therefore, ET estimates for the playa had to be |
the Furnace Creek Ranch area. better defined. Czarnecki (1990b) documents an j

extensive program of field investigations at
Walker and Eakin (1%3) estimated discharge by Franklin Lake Playa between June 1983 and April i

ET from Franklin Lake Playa to be -0.4 cubic 1984. The playa shows extensive evidence of

meters /second. Czarnecki (1990b) estimated an ground-water discharge. It is characterized by salt
average volumetric discharge rate of -0.26 cubic pan and porous surfaces, phreatophytes, very
meters /second based on field studies at the playa shallow ground water, and upward vertical

I-11 NUREG-1464
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gradients that greatly exceed horizontal hydraulic Czarnecki (1985) reported instability problems
gradients. In general, the ET rate depends on the with the model that were probably caused by the
types and density of phreatophytes, depth to the nonlinear routine in MODFE that handles ET It
water table, ground-water salinity, soil-moisture is known that nonlinear routines can cause 1

properties, and climatic conditions (Czarnecki, instability problems in numerical solutions |
1990b). Czarnecki estimated rates of ET (Roache,1973). Significant mass-balance errors
(centimeters / day) using various approaches, resulted when extinction depths of less than 5
including energy-balance eddy correlation and meters were specified. Discretization errors may
analyses of temporal changes in soil moisture be produced by the presence of obtuse angles
content, temperature profiles, vertical gradients in within the triangular elements of the finite-
the saturated zone, and others. He concluded that element mesh (Torak.1992a). The finite-element
the eddy correlation technique gave the most mesh prepared by Czarnecki and Waddell(1984)
reliable estimates for ET because it is the most contains 4222 elements. The mesh was analyzed
direct method. Czarnecki reported an estimated with a IMSIC routine and found to contain
ET range of 38 to 41 centimeters / year at Franklin almost 600 elements that include obtuse angles.
Lake Playa for 1983-84. For a more accurate numerical solution, all angles

within the triangular elements should be acute.

1-3.6 Model Results In independent simulations, the NRC staff found
that Czarnecki's modeling results could be repro-

Czarnecki (1985) obtained a baseline, steady-state duced using 386 and 486 personal computers
solution of simulated hydraulic heads for the equipped with WEITEK math coprocessors.
subbasin (see Figure I-5). Compared to the Serious instability problems caused by round-off
solution from the parameter-estimation model of errors arose when running the model on com-
Czarnecki and Waddell(1984), the model results puters equipped with another type of math
showed a decrease in the range of head residuals coprocessor. The problem was corrected by

(-18.9 to +21.0 meters) and a reduced estimated specifying floating point double precision
sum-of-squared errors for observed-versus- (DECLARE ALL REAL*8)in each subroutine of
calculated hydraulic heads (4101 square meters). the FORTIblN source code. Of course, the use of
Ilowever, these comparisons may not have much double precision greatly increases the memory
meaning because the observed hydraulic head (RAM) required to run the model,
data are concentrated in areas that have small
hydraulic gradients (e.g., the Amargosa Desert).
I)ata are needed in areas where water table eleva. I-4 SUBSEQUENT WORK RELATED
tions change more rapidly (e.g., Furnace Creek TO TIIE USGS REGIONAL
area, and the region north and west of Yucca MODEL
Mountain). Figure I-6 shows the vertically inte-
grated ground-water flux vectors in the vicinity of
the Yucca Mountain site for the baseline 1-4.1 Modeling of the Alkali Flat Furnace
simulation. Creek Ranch Subbasin

Czarnecki (1985) investigated the possible effects
on the water table of a wetter future climate. He

I-3.7 Model Sensitivity and Stability revised the baseline model to simulate the effects
of increased recharge in the region. Both recharge

Modeling studies by Waddell (1982) and amounts and lateral iluxes were increased, result-
Czarnecki and Waddell (1984) showed recharge to ing in water table rises at the Yucca Mountain
be a highly sensitive element of their regional flow site. Based on this model, Czarnecki concluded
models. In particular, the recharge value applied that a 100 percent increase in precipitation caused
to Fortymile Wash had a strong influence over the the simulated position of the water table at Yucca
simulated heads at nearby Yucca Mountain. The Mountain to rise as much as 130 meters. This
solution was also found to be very sensitive to the degree of water table rise would not be enough to
rate of ET at Franklin Lake Playa. flood a hypothetical repository in the Topopah
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Spring Member of the Paintbrush 'Ibff.110 wever, suggests that the water table was formerly no
the simulated water table rise would greatly more than 115 meters higher than it is today (op
reduce the thickness of the unsaturated zone and cit., p. 227).
would be sufficient to cause springs to form south
and west of Timber mountain, along Fortymile There is also evidence that a perennial water

Wash,in the Amargosa Desert near Lathrop source existed in Fortymile Canyon near Yucca

Wells and Franklin Lake Playa, and near Furnace Mountain during the Wisconsin glacial stage.

Creek Ranch in Death Valley, Spaulding (1994, p. 40) concluded that plant ,

macrofossils from a packrat midden site in Forty- |

Czarnecki (1985) noted that the future water table
mile Canyon provide unequivocal evidence that a

rise due to a wetter climate (and increased
perenmal water source existed there approxi- ,

mate 1y 47,0(X) years before the present (ybp)(and i
recharge) may be exaggerated because surface possibly earlier). rins midden site, designated

,

water runoff was not permitted in the model. All FMC-7, is located about 13 kilometers northeast i

discharges from the model occurred as either ET of Yucca Mountain adjacent to Fortymde Canyon !
or lateral ground-water flow. Ilowever, it is noted

(in Area 29 of the Nevada Test Site). The site is
'

that the future simulations were derived by revis. north of the zone of high hydrauhe gradient in an ,

ing a baseline model that had assumed zero area where the water table is presently much I

modern-day recharge over large areas of the shallower than at Yucca Mountain. FMC-7 occursmodel domain. It is not yet known whether the at an elevation of 1250 meters, about 75 meters |recharge assumptions used in the baseline model above the current drainage of Fortymde Canyon.
are reasonable (see discussion under " Revised Ihe location of nudden site FMC-7, along with its
Conceptual Model. Section I--4.3"). macrofossil and pollen assemblages, led Spaulding

(1994) to conclude that the water table was at
There is evidence that the water table at Yucca least 75 meters higher dunng the Early or Early-
Mounta.m was sigmhcantly higher .m the past. . Middle Wisconsin (ca. 73,000 to 47,000 vbp). lie

. .

Marshall et al. (1993) desenbe strontium isotopic found it likely that the bed of Fortymile' Canyon
evidence for a higher water table at Yucca Moun- was 75 to 95 meters higher than today, with 65
tam. ,lhey conclude that the water table may have meters of alluvium having been remo'ved by
been about 85 meters lyigher m the past. Dus stream incisiua approximately 18.500 ybp Spauld-
degree of water table nse is of the same order of ing (1994, p. 50) provided recommendations for
magmtude as that predicted by Czarnecki(1985) future paleoecolog.ical research, noting the, ,,. .
under wetter climatic conditions. This is signifi- emitrast between the widely held belief that the
cant with respect to performance of a potential I st glacial maximum [ca.18.000 ybp] was a time
repositmy. Any long-term rise of the water table of m ximum w ter-table nse and spnng
over the next O),000 years would reduce the thick- discharge, and tlye utter lack of stratigraph,,icness of the unsaturated zone beneath the reposi- evidence for spnng discharge during that tnue..

,,

tory. This portion of the unsaturated zone is
considered the key barrier within the natural Czarnecki (1990a) developed a transient version of
system. his model to investigate phenomena like the large

hydraulie gradient located north of the site. In one
Other evidence of a higher water table in the scenario, a postulated hydrologic barrier was
Yucca Mountain region is provided by Quade et disrupted and large volumes of ground water were
al. (1995). They describe a group of spring released to flow southward. Such a scenario could
deposits, informally named the Lathrop Wells arise due to faulting associated with an earth-
diatomites, k)cated about 20 kilometers southwest quake. This scenario caused a maximum rise of
of the Yucca Mountain site. The diatomites about 40 meters in the simulated water level at j

represent fluvial and shallow aquatic environ- Yucca Mountain (National Research Council,
ments, and are similar to other spring deposits. 1992 (citing personal communication with J.
Although the age of the deposits is still under Czarnecki)).
study, fossils of horse, camel, mammoth, and
rabbit confirm that parts of them date to the Czarnecki (1992) simulated water level declines in
Pleistocene. The position of the Lathrop Wells the Yucca Mountain area in response to future
diatomites, relative to the modern water table, ground-water withdrawals from Wells J-13 and

1-15 NUREG-1464
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J-12, k)cated about 7 kilometers southeast of the information about aquifer properties and ground
Yucca Mountain site. This work is very important water quality at depth. However, high resistivity
because it represents a 10-year forecast of how values in the upper 75 meters of alluvium were
future ground-water levels will be affected by interpreted to coincide with relatively fresh,
human activities. This work supported a request shallow ground water that may enter the Amar-
from DOE to the State of Nevada for a permit to gosa Desert via the Fortmile Wash drainage
pump up to 5.7 x 10-3 cubic meters /second from system.
Well J-13 (op cit.). DOE requested the water to
support site characterization work at Yucca I-4,2 The Szymanski llypothesis
Mountain over the next 10 years. Eight different
pumping scenarios were analyzed using a Szymanski(1989) asserted that ground water at

transient version of Czarnecki's 1985 model and Yucca Mountain had risen to repository level

various combinations of withdrawal rates. Four of repeatedly in the past, primarily because of
,

the scenarios involved pumping from a single well, tectonic processes. This assertion was based

while both wells were pumped in the other four largely on Szymanski's hydrothermal interpreta-
scenarios. For each withdrawal rate, simulations tion of the origin of fracture-cementing carbon-

were made with aquifer specific yields set at 0.001, ates and silica exposed in Trench 14. This trench

0.005, and 0.01. Czarnecki (1992) considered a was excavated across the Bow Ridge fault just

specific yield of 0.01 to be the value that is best east of Yucca Mountain. Contrary to Szymanski's

supported by available data. The most extreme interpretation of Trench 14. Quade et al. (1995, p.

scenario represented the combined maximum 228) observed that many years of scrutiny by
4 different researchers (including themselves) havepumping capacities from both wells (8.771 x 10

cubic meters /second) and assumed an aquifer . failed to identify unequivocal paleospring"

specific yield of 0.001. This resulted in a draw. deposits adjacent to Yucca Mountain. " Based

down of over 12.2 meters at both Wells J-12 and on their study of modern and fossil spring

J-13 at the end of the 10-year period. Under the deposits in the region, they found that the
same pumping conditions, and assuming a mineralogy of Trench 14 has no modern analog.

specific yield of 0.01, simulated drawdowns at Quade et al. concluded that morphologically,

Wells J-13 and J-12 were about 3.0 meters and mineralogically, and isotopically, " . the fracture
varied from 1.8 to 2.4 meters at the Yucca carbonates in Trench 14 closely resemble

Mountain site. The simulated drawdown for the pedogenic carbonate in the region. " (op cit.)

anticipated withdrawal rate of 5.7 x 10-3 cubic
meters /second from Well J-13 (based on a 10-year Before the work of Quade et al. (1995), a panel of

the National Research Council (1992) had eval-
,

pumping period and a specific yield of 0.01) was
0.29 meters at Well J-13. The drawdown at the uated the potential for future rises of the water

Yucca Mountain site would be about 0.2 It is table to occur at Yucca Mountam. The panel
assessed the likelihood that the water table couldexpected that one of the many scenarios analyzed

by Czarnecki (1992) will be representative of rise to the height of the repository horizon by any

actual ground-water withdrawals during site P.lausible geological process, or whether such a

characterization and can be used to test how well rise had occurred in the past. The panel cited the

the regional model represents the flow system. previous work of Waddell and Czarnecki, and
emphasized the importance of field evidence in
establishing the presence of past discharge areas.

Oatfield and Czarnecki (1989) analyzed drillers'
logs and data from geophysical surveys to identify With respect to earthquakes, the National Re-
areas in the Amargosa Desert that have relatively search Council Panel (1992, p.124) concluded that
higher or lower transmissivities. They concluded, . while there are uncertainties in current"

based on drillers' logs, that the thick alluvial interpretations because specific site data are not
deposits cannot easily be subdivided into corre- available, . there is nevertheless sufficient con-
lative stratigraphic units. liowever, the drillers' fidence in the aseismicity of the site and in the
logs suggested a trend of increasing consolidation inability of earthquakes to generate large water
of sediments from north to south, liydrogeologic table changes at the site . . to warrant further
interpretation of a resistivity (vertical electric characterization of the site to determine its
sounding) survey was complicated by a lack of suitability. " The panel recommended that the
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DOE conduct a literature search regarding the Death Valley. Geographic features of this area are
hydrologic effects of historic earthquakes, k>cally illustrated in Figure I-8.
and worldwide, to determine the potential for
large water table rises in response to the coupling The inclusion of flow divides beneath the Green-
of seismic and hydrologic systems. water and Funeral Mountains is a major revision

of the conceptual model used to develop Czar-
necki's regional flow model, in that the discharge

The earthquake that occurred near Little Skull area at Furnace Creek Ranch may be relatively
Mountain on June 29,1992 (magnitude 5.6) isolated from the water table aquifer underlying

.

caused only a mmor, transient change ,m the water
,

, , the Amargosa Desert. Instead, Franklin Lake
table at the Yucca Mountam site. The maximum

, Playa may serve as the principal discharge area
fluctuation of the water table at the site was

. for the subregional water table flow system that
estimated at only 0.4 meters (O'Brien and Theci, includes Yucca Mountain, and discharge at
1992).1he data were obtained from two wells . Furnace Creek Ranch may be derived primarily
instrumented to contmuously monitor fluctuations from the confined carbonate aquifer. Winograd
in the water table and fluid-pressure in a deeper, and Thordarson (1975) had previously suggested
isolated interval. Water table fluctuations of this possibility, based on the proximity of spring
similar magnitude were caused by more distant discharge to the lower carbonate aquifer and
and more powerful earthquakes. Iwo maj f temperature and hydrochemical conditions (DOE,
earthquakes occurred in southern Califorma on 1988; p. 3-79). A portion of the discharge at
June 28,1992. Both were about 300 kilometers Furnace Creek Ranch may also be derived from )from Yucca Mountam and were measured as

. recharge in the neaiby mountains. 'Ib heh con-
'

having magnitudes of 7.5 (Landers) and 6.6 (Big firm the new conceptual model, a numbei of wells
Bear Lake). The Landers and Big Bear Lake would be needed to better define hydraulic heads
quakes caused estimated water table fluctuations in the ground-water divide areas north and east of
of 0.9 meters and 0.2 meters, respectively (op cit.). Furnace Creek Ranch. DOE (1990, p. 3.2-6) de-

scribes plans to drill new wells, including one
pl nned for the eastern edge of the FuneralI-4.3 Revised Conceptual Model Mountams. Figure I-7 shows Czarnecki s pro-

. posed revision of the flow system with inferred
New ideas about regional flow m. the subbasm. water-level contours based on the data from the
were presented and documented by Czarneck: Greenwater Range and a principal discharge area
(1987,1989) and Czarnecki and Wilson (1989). at Franklin Lake Playa.
The previously accepted conceptual model of the
regional ground-water system assumed that flow As discussed in Czarnecki and Wilson (1989) a
beneath the central Amargosa Desert ultimately revised conceptual model for the subbasin would
discharges from two major areas: Furnace Creek include the following:
Ranch and Franklin Lake Playa. In the baseline
model of Czarnecki (1985), zero recharge was The presence of a regional Paleozoic carbon-e
assumed to be occurring over most of the sub- ate aquifer which underlies the subbasin that
recim south of Yucca Mountain. New data were includes Yucca Mountain;
obtained by Czarnecki (1989) which led to an
alternate conceptual model of subregional flow. Upward flow originating from the carbonate.

Potentiometric data were obtained from mining aquifer occurs from great depths within the
property boreholes in the Greenwater Range subbasin;
(between Death Valley and the Amargosa Desert).
These data show a water table altitude in that e Spring flow in Death Valley near Furnace
area of about 875 meters (Figure I-7), providing Creek Ranch is from the carbonate aquifer,
evidence of significant ground-water recharge and which forms a confined aquifer that is
the probable aresence of a ground-water flow separate from the overlying water table
divide beneat t this range. The data suggest that system; and
flow divides beneath the Greenwater and Funeral

Some recharge to the ground-water systemMountains may isolate the water table aquifer in e

the Amargosa Desert from the flow system in may be occurring even in arid areas such as
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the Funeral Mountains and the Greenwater I-4.5 Data Requirements to Improve
Range. Regional Model

The revised conceptual model is significant in that Documentation of HellData: Previous reports on
it would require less volumetric flow through the regional modeling in the Yucca Mountain region
region that includes Yucca Mountain. Other do not provide sufficient information about wells
conditions being equal, this means that simulated and boreholes used to obtain hydraulic heads for
ground-water velocities would generally be less model calibration. For example, Czarnecki and
than in the original model. But it also suggests Waddell(19M) provide a table of hydraulic heads
that the flow system may be more susceptible to and a list of data sources. However, of the five
future large-scale stresses such as extensive data sources listed, only two are published
ground-water overdrafts. reports, and only one of these (Walker and Eakin,

1%3) lists tabular information about wells in the
I-4.4 Site Characterization Study Plans region. The Walker and Eakin (1%3) reference is

almost 30 years old and presents well k> cations
In support of the Yucca Mountain project, DOE using township and range coordinates rather than
has developed study plans that outline a program the currently-used Nevada State plane coordinate
for characterizing and modehng the regional flow system. The other published data source cited by
system. DOE (1990) describes plans to character-

Czarnecki and Waddell(1984)is Waddell(1982).ize the regional ground-water flow system. The This reference cites Thordarson and Robinson's
study, " Regional Hydrologic Synthesis and (1971) inventory of over 600() wells and springs
Modeling" (DOE,1991), will analyze regional within a 161-kilometer radius of the Nevada Test
ground-water data, formulate conceptual models
of the regional flow system, and develop and cah.-

Site, but that reference is more than 20 years old.
Because these references are decades old, the

brate numerical models. Other study plans, such current status of the documented wells is
as those involvmg chmatology, geochemistry, and unknown.
geology, are also related to the charactenzation
and modeling of the ground-water system. Results
of the regional modeling will be used to specify It is recognized that regional modeling studies rely
boundary conditions for site-scale models of the heavily on existing data sources such as irrigation
saturated zone at Yucca Mountain. Regional wells, farm and ranch wells, and mining explora-
models will also be used to estimate changes in tion boreholes. These wells and boreholes were
the regional (and kical) ground-water system not designed for the scientific collection of
caused by future climatic conditions, human ground-water data; therefore, details of their con-
activities, and tectonic events. In this way the struction are usually not well documented. Never-
modeling results are intended to support site-scale theless, they are indispensable for establishing
evaluations of repository performance with long-term water-level changes and calibrating
respect to the NRC's criterion for ground-water regional models, and known details about such
travel time (10 CFR 60.113(a)(2)) and the EPA data sources should be documented. Such wells
standards under 40 CFR Part 191.1 and boreholes are generally privately owned and

may become inaccessible to future investigators;
therefore, they should be documented to the

'Currendy, a revised set of standards specific to the Yucca Mountam extent praClicable.
site is bem developed in accordance with the provisions of the
Energy Po Act of 1992. The Energy Pubey Act of 1992 (Public
Law 102-48 ), appnwed October 24.1992. directs NRC to pro-
mulgate a rule. mahfying 10 CI'R Part 60 of its regulations, so Regional Erapotranspiration (ET) and Recharge
that these regulations are etmsistent with I;IWs pubbe health and DOE (1990) describes characterization of thesafety standards for protection of the pubhc from releases to the

.

tecessible environment from radioactive matenals stored or dis- regional ground-Water flow system and includes
En7reNn'mYn*lliiUn$""/lde'b Eh aI "n an activity titled "Evapotranspiration Studies.""" ' ' " ' ""'"

c my f cic c s.
to EPA. on issues relating to tbe environmental standards govern-The objective of the activity is to estimate ET
N[s' tan $*is II"iN'E.Ti2tairIs7Ic'"dYil n$"beIbstan7iany rates in the Amargosa Desert to provide data for

'" " '' d ''' d

different from those currently contained in 40 CI'R Part 191, regional and subregional models. Although the
NfN^a7ce"aNsEn'i ["s $e n*c"a'n's , t sTn" e p 0t objective refers to the Amargosa Desert, the' d ' " 'i"

re
performance of the repository system. activity mainly emphasizes work at Franklin Lake
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Playa, a key discharge area. It is not clear how the accuracy of areal estimates of ET over various
estimates of ET and recharge will be obtained for scales. For example, at Franklin Lake Playa the
other areas in the regional model. In fact, total area of shallow ground water and relatively
Czarnecki (1985) assumed zero recharge for most high ET is not well known. ;

of the area of the regional model that is south of
There is a need to obtain improved estimates of

Yucca Mountain.
ET and ground-water underflow at Franklin Lake
Playa, especially in light of the alternate concept-Ground-water recharge rates are thought to be ual flow model presented in Czarnecki,(1989) m,

small over most of southern Nevada. More which the playa area may act as the principal
,

ground-water recharge is expected to occur in water table discharge area for the subbasm that
areas of higher elevation due to lower tempera. includes Yucca Mountam. There is also a need, for

, ,

tures and greater annual precipitation. Some improved estimates of ET for other areas withm j
areas, such as Fortymile Wash and other alluvial the region m order to better estimate rates of j

, ,

valleys, are capable of producing high recharge deep percolation through the unsaturated zone to i

fluxes during infrequent, surface-water runoff the water table. Such estimates are dom,nated byi
events of large magnitude. In his steady-state, ET rates because the percentage of precipitation

,

subregional model, Czarnecki (1985) used that returns to the atmosphere via ET gre,atly
recharge rates ranging from 0.0 millimeters / year exceeds the percentage of ramfall that ultimately
(Amargosa Desert, western Rock Valley, Franklin becomes ground-water recharge.
Lake Playa, Funeral Mountains) to 410
millimeters / year (Fortymile Wash). Intermediate Hydrardic # cads: Although some aquifer property |

'

recharge rates of 0.5 and 2.0 milh, meters / year were data exist in the modeled region, the regional,

assigned to other areas, with Timber Mountain model was calibrated primarily based on hydraul-
having a designated rate of 2.0 milhmeters/ year. ic heads. As shown in Figure 1-3, wells in the

USGS model are concentrated in three areas:
In most of Nevada, actual rates of ET are much (1) the Amargosa Desert;(2) the vicinity of Yucca
less than the potential evapotranspiration (PET), Mountain; and (3) near Franklin Lake Playa. For
which is the maximum amount that can occur some key areas, well data are practically nonexist-
under given meteorologic conditions. This is true ent. There are no wells along the northernmost

,

because in many areas the only water available for boundary where a ground-water influx is assumed
ET is obtained from scanty precipitation. Frank- from the Timber Mountain caldera. Insufficient

,

lin Lake Playa is an exception in that ground- wells exist north of Yucca Mountain to define the
water flows upward in this discharge area, extent and nature of a zone of high hydraulic

..

producmg a shallow water table and maximizing gradient. This high gradient zone is the dominant
the amount of ET that can occur- feature in the potentiometric surface at the site. It

is important to determine the source of this fea-
In sensitivity studies of the parameter estimation ture and its physical properties. This issue was
model of Czarnecki and Waddell(1984), specified raised by the NRC staff in Comment 20 of its Site
flux at the Franklin Lake Playa had the largest Characterization Analysis (NRC,1989; p. 4-25).
effect of all the specified fluxes on the estimate of DOE has specific plans to explore the high
hydraulic properties in the vicinity of Yucca hydraulic gradient, which include the drilling of
Mountain. As a result of these sensitivity studies, new wells. Wells WT-23 and WT-24 will be
Czarnecki(1990b) performed extensive fieldwork located at intermediate distances between two of
at the playa to evaluate various methods to esti- the wells that currently define the high gradient,
mate ET and to measure hydraulic gradients and Wells H-1 and I-1 (DOE,1991).
aquifer properties (see previous discussion).
Czarnecki (1990b) considered a range of 38 to 41 Wells are also lacking in the geologic transition

centimeters / year as the most reliable ET estimate zone that occurs between the volcanic terrane of
at Franklin Lake for 1983-84. Although rates of Yucca Mountain and the Amargosa Desert. Wells

ET can be estimated at given locations, to obtain are similarly lacking in the Funeral Mountains
volumetric fluxes it is necessary to estimate the area, south of the Amargosa Desert. The head

|
area over which a given ET rate is occurring. This contours simulated by Czarnecki show a steep-'

N n!Sent to accomplish in practice and limits ened gradient in the vicinity of Furnace Creek
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Ranch. This cannot be verified due to a lack of subsurface data, there may not be enough poten-
wells, but it does correspond with a drop in eleva- tiometric or physical property data from the
tion toward Death Valley. But most importantly, Paleozoic carbonates to adequately calibrate a
the preliminary information, which indicates that 3-D model.
a flow divide may exist between Franklin Lake
Playa and Furnace Creek Ranch,if confirmed. Data limitations are also discussed in the study

.

would require a reconfiguration of the model to plan to characterize the " Yucca Mountam
3roperly reflect newly inferred subbasin Regional Ground-Water Flow System (DOE,

,

youndaries. 1990)." That is the key study plan under which
,

data will be collected to support the regmnal

Three-Dimensional Modeling: DOE (1991) de- ground-water modeling activities. DOE (1990, p.
3.1-6) states that " . little is known about thescribes plans to proceed with 3-D modeling of the distribution of hydraulic head with depth within

regional ground-water system. Three-dimensional
(multi-layer) numer, cal models can be useful tools the flow system. Hydraulic-head data in the

i
for understanding the m, teractions between uncon- vertical dimension are critical for calibrating 3-D

fined and confined aquifers. However, there must rnodels of ground-water flow. At present, only a
, handful of points exist where hydraulic head hasbe sufficient potentiometric (and other hydrogeo-

logic) data to reasonably defme and calibrate a been determined at various depths. ."

model to justify the use of 3-D techniques. In DOE has identified additional wells to be drilled
other words, to model in three spatial dimensions, in the vicinity of Yucca Mountain that may pene-
supporting hydrogeologic data must be reasonably trate the Paleozoic aquifer and would contribute
distributed in three dimensions. DOE (1991) to 3-D site models. They would not, however,
discusses previous regional modeling and indi- significantly add to regional well coverage. Wells
cates that a preliminary quasi-3-D model has proposed to be drilled in Crater Flat, near
already been developed, citing Sinton and Downey Lathrop Wells, and near the Funeral Mountains
(written communication). This model consists of (DOE,1990) would improve the regional data
two layers, the lower of which represents the base, but it is questionable whether the data
Paleozoic carbonate rocks. DOE (1991, p. 3.4-1) would be sufficient to calibrate a 3-D model that
states that ". . with the existing data base, use of includes the Paleozoic carbonates as a separate
more than two layers to represent the regional layer.
ground-water-flow system is not expected to be
justified because of a sparsity of data on the 3-D Downey ct al. (1990) describe a conceptual
hydrogeologic properties of the system . ground-water model of the southern Nevada and"

Death Valley region. This conceptual model
it is not clear whether 3-D modeling of even two illustrates the geologic complexity of the region.
layers can be supported given that very little Downey et al entu ize existing models of the

,

hydrologic information presently exists for the Yucca Mountain region for bem, g 2-D, and inade-
deep Paleozoic aquifer system (upper and lower quate to represent long-term changes m the , ,
carbonate aquifers). In the vicinity of Yucca ground-water flow system. They state that existmg
Mountain, only one well (UE-25p#1) penetrates models are based on limited head data, elevation

Paleozoic carbonate rocks. At this h> cation the and precipitation estimates, and s,mplified geol-
,

i

carbonates are 1.2 kilometers deep, and have a ogy. Downey et <d. advocate a 3-D approach for
hydraulic head that is about 19 meters higher boundary selection and estimation to properly
than in the overlying zone. Although this is a represent the ground-water system. Their

,

significant upward gradient,it is not known ".ppmach to estimating unknown boundary condi-
whether it could significantly in0uence flow direc- tions for the regional Dow system meludes six
tions and magnitudes in the upper part of the steps (op cit., p. 725):

saturated zone, more tlyan 1000 m above the (1) Incorporate known boundary conditions
carbonates at the kication of borehole UE-25p#1. from playas in Death Valley and Ash
Even within the tuffs that overlie the deep carbon. Meadows;
ate rocks, there are zones that are confined or
semi-confined, illustrating the complexity of the (2) Use geological, pedological, geomorpholog-
saturated zone flow system. Without the necessary ical, botanical, and hydrological observations

NUREG-1464 1-22

_ _ _



Appendix I
|

to develop initial boundary conditions for groundwater age, flowpaths, and interformational
other boundaries; hydraulic communication.

(3) Test the initial conditions using steady-state I-5 SUMMARY !

and transient 3-D models: A number of key activities should be performed
in the next few years to improve the regional

(4) Back-calculate the boundary conditions for modehng efforts. The DOE is planning a drilh,ngflux boundaries to the northwest, north, and and testmg program to characterize the zone of
cast, thereby obtaining new, improved high hydrauhe gradient k)cated north of the
boundary-condition estimates; Yucca Mountam site. The results of that program

,

could lead to significant changes in numerical
(3) Compare calculated values with known data models of the site and regmn. Also, the search

dur.ing calibrat. ion steps; and should continue for additional evidence of past
discharge areas in the currently dry water courses

(6) Adjust the model, near Yucca Mountain, particularly Fortymile
Wash. This would provide further information

The apparent intent is to integrate all existing about possible water table rises over the past
geologic, hydrologic, geophysical, and hydro- several millennia.
chemical data for the Death Valley Dow system |

using a Geographic Information System. DOE's Better estimates of present-day recharge over the
intent is to synthesize all existing data into the site and region are needed to improve future
best regional models that can be generated estimates of recharge under varying climatic
(Shelor,1993). Notwithstanding the recommen- conditions. There is also a need for additional
dations of Downey et al. (1990), it is not clear hydraulic conductivity data over the site and
whether their approach will, in practice, be greatly region. In particular, there are virtually no data on
superior to or substantially different from past vertical hydraulic conductivities at the contacts of
modeling efforts. Their recommended Step "No. hydrostratigraphie units. Such data would be
2" basically says to incorporate more data from needed to support 3-D modeling. Currently
interdisciplinary sources. Obtaining more data available data may not be sufficient to justify the
will improve any model. The 3-L) approach will use of 3-D modeling on a regional scale. DOE
require specification of hydrologic conditions needs to determine whether the data are sufficient
within model layers and along the boundary and whether 3-D modeling will be required to
between layers. Overall, it is not clear whether adequately represent the regional flow system.
Mficient data exist or will become available to
justify 3-D modeling, particularly for the The work of Czarnecki and Waddell (1984), Czar-
Paleozoic carbonate aquifer. A commitment to necki (1985,1989,1990a,1990b), and Czarnecki
perform 3-D modeling will have to be and Wilson (1989) illustrates a methodical process
accompanied by a commitment to obtain enough for developing and improving numerical models
data to reasonably justify the 3-D approach. of ground-water flow. An initial conceptual model

was developed and parameter estimation tech-
Other Information Needs: Previous reports that niques were applied to help construct a corre-
document regional modeling do not include sponding numerical model. Sensitivity studies
adequate information about how model boun- were performed to determine where parameters
daries were selected. It is recognized that the needed to be refined. Most importantly, the
selection of boundaries for any model includes search was continued for hydrologic data in areas

qualitative professional judgements about sub- where little information existed, leading to the
surface flow conditions. Future reports should discovery of new potentiometric data from the
present the general rationale used in constructing Greenwater Range. Based on this data, a new

model boundaries. There is also a need to conceptual model of regional ground-water flow
systematically incorporate hydrochemical data in was developed which will guide future data collec-

the development and verification of conceptual tion and modeling work. Each of the above steps
models of regional Dow. The data may provide was documented through professional presenta-

insight about general recharge conditions, tions and publications. In order to use the
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regional flow model to predict future conditions in Numerical Properties," iGter Resources Research,
the regional flow system, the model may need to 13:318-324 [1977).
be modified based on the hydraulic head data
from the Greenwater Range and other locations. Cooley, R.L., "A Method of Estimating Param-
Other changes may be needed based on results of eters and Assessing Reliability for Models of
ongoing site characterization work. Steady State Groundwater Flow,2-Application

of Statistical Analysis," |Grcr Resources Research,
15:603-617 [1979].Fm. ally, the work of Czarnecki (1992) represents

an important 10-year forecast of how future Cooley, R.L., " incorporation of Prior Information
ground-water levels will be affected by human on Parameters into Nonlinear Regression Ground-
activities. After 10 years of site characterization, it water Flow Models,1-Theory," Water Resources
will be possible to see how well the regional model Research, 18:% 5-976 [1982].
has predicted the perturbations caused by pump-
ing at Wells J-13 and J-12. It is expected that one Czarnecki, J.B., " Simulated Effects of Increased
of the many scenarios analyzed by Czarnecki will Recharge on the Ground-Water Flow System of
approximate actual ground-water withdrawals at Yucca Mountain and Vicinity, Nevada-
the well sites. This will provide a test of how well California," U.S. Geological Survey, Water-
the regional model represents present-day condi- Resources Investigations Report, WRI-84-4344,
tions in the flow system near Yucca Mountain. 1985.

. . Czarnecki, J.B., "Should the Furnace Creek
in closing, it is appropriate to consider remarks Ranch-Franklin Lake Playa Ground-Waterby Konikow and llredehoeft (1992, p. 78) in their Subbasin Simply be the Franklin Lake Playa
commentary on model mterpretation, validation,

, Ground-Water Subbasin? [ Abstract]" EOSand use. They criticize use of the expressions Dansactions, American Geophysical Union."model validation and "model verification
68:1292 |1987).because they tend ". . . to lend undue credibih.ty

to a process that . . is, in the end, inherently sub- Czarnecki, J.lL, " Characterization of the Sub-
jective. . . ." They prefer to describe the process regional Ground-Water Flow system at Yucca
using expressions such as model testing, model Mountain and Vicinity, Nevad'a-California,"
evaluation, model calibration, sensitivity testing, Radioactive IWste Afanagement and the Nuclear
benchmarking, history matching, and parameter Fuel Cycle, 13:51-61 [1989].
estimation. Konikow and Bredehoeft (1992, p. 82)
consider that it is " . naive to believe that we Czarnecki, J.B., " Preliminary Simulations Related
will somehow validate a computer model so that it to a Large Horizontal Hydraulic Gradient at the
will make accurate predictions of system North End of Yucca Mountain, Nevada
responses far into the future. . " They note, how- [ Abstract]," American Institute of Hydrology,
ever, that models " . provide a tool for critical 1990 Spring Afecting: Abstracts with Program
analysis. They are a means to organize our think- |kpic: Minimizing Risk to the Hydrologic Environ-
ing, test ideas for their reasonableness, and indi- ment /, March 12-16,1990, Las Vegas, Nevada, p.
cate which are the sensitive parameters. They 18,1990.
point the way for further investigation. . They
serve to sharpen our professional judgement. In Czarnecki, J.B., "Geohydrology and Evapotran-
the end, action concerning waste disposal will be spiration at Franklin Lake Playa, Inyo County,
a judgement; a professional judgement by the California," U.S. Geological Survey, Open-File
scientific community and a judgement by Report 90-356,1990b.
society. . ."

Czarnecki, J.B., " Simulated Water-Level Declines
Caused by Withdrawals from Wells J-13 and J-12
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APPENDIX J
MODELING SATURATED ZONE FLOW TO THE

ACCESSIBLE ENVIRONMENT

J-1 INTRODUCTION bou n,-_ . ' fixed. A constant head boundary
of 730 meters msl was assigned to the upgradient

In the development of the ground water How and end and 728 meters to the down gradient end.
transport module, several different modeling Calico Hills nonwelded zeolitized unit properties
approaches were attempted. One of the were assigned from the up gradient end to 2510
approaches used DCM3D, a Dual-Continuum, meters and Topopah Spring welded unit proper- ;

'Ihrec[3]-Dimensional, ground-water flow code for ties were assigned from 2310 meters to the down ;

unsaturated, fractured, porous media (Upde- gradient end at 5000 meters. ,

graff et al.,1991). Using this code, a one- i

dimensional saturated zone flow model was built Saturated hydraulic conductivity and porosity |
from a Yucca Mountain site geologic cross- data for the Calico Hills and Tbpopah Spring
section. The cross-section ran in a southeast units were obtained from a variety of sources.
direction from Well 11-4 to Well J-13 (Figures J-1 Table J-1 contains saturated hydraulic conduc-
and J-2) and was built using stratigraphic data tivity and porosity inputs used in the runs. Run
and water-level data from Wells H-4, UE25p#1, No.1 used average matrix and porosity values and
and J-13 (Timrdarson,1983; Whitfield et al.; 1984, Run No. 2 used maximum matrix values. Run No.
Craig and Robinson,1984; DOE,1988; and 3 used minimum bulk fracture properties and i

Czarnecki et al.,1984). It should be noted that Run No. 4 used maximum bulk fracture proper- !
IWell H-4 is k)cated at the proposed repository ties. Properties for Run Nos.1,2,3, and 4 were

boundary and Well J-13 is near the presently obtained from Peters et al. (1984), Ababou (1991),
defined " accessible environment boundary"(10 Barnard et al. (1991), and Dudley et al. (1988).
CFR 60.2). This meras the cross-section passes These runs reDect the hydrologic parameters of
through that portion of the saturated zone the Calico Hills and Topopah Spring units used in
simulated by the performance assessment flow the iterative performance assessment simulations.
module.

Run No. 5 was constructed using average values
from Yucca Mountain well tests (Lahoud et al.,

J-2 DISCUSSION 1984: Montazer et al.,1988; and Thordarson,
1983). This run illustrates how saturated zone

Water levels and stratigraphic changes along the data may be used to help characterize the
surface of the water table were used to construct a unsaturated zone (or vice versa). At Yucca Moun-
one-dimensional model of ground water flow. In tain, it may be difficult to determine bulk fracture
building the model, some changes from the cross- saturated hydraulic conductivities in the unsatur-
section were made. The cross-section covers a ated zone. However, within a few kilometers of the
length of 5582.1 meters, whereas the model covers site, rock units in the Yucca Mountain unsatur-
a length of 5000 meters. Furthermore, the head ated zone dip below the water table. If it is
elevation at well H-4 is 730.1 meters mean seal assumed that saturated hydraulic conductivities
level (msl) and at J-13, 728.1 meters msl. In the determined from well tests are representative of
model, head elevations at well H-4 were set at 730 bulk fracture saturated hydraulic conductivities,
meters msl and at the other end of the model well test data may be used to help determine
(5000 meters), head elevations were set at 728 parameters useful in unsaturated zone modeling.
meters msl. At the time, these changes were made
for case of input, with the result that model At this time, well test data from the site are
output could come close, but could never dupli- limited. Therefore, Run No. 5 used average
cate actual head elevations. saturated hydraulic conductivity values from just

five wells; with two wells (J-13 and UE-25b#1),
Saturated hydraulic conductivity and porosity supplying much of the data. Furthermore, because ,
values were varied, whereas, head values at both porosity data were not available, the same

J-1 NUREG-1464



f

Appendix J
.

I

770627' -

/* s4

/ % s
/766966

/
s Geologic Repository

-

, Outline
i ,

763305 - I /
/ Well H4
1 -

759644 - I /
% i t* 1 I Well UE25p#11

j 755983 - sis
,

752322 -

,

Well J13
j 748661 -

I I I I I I I
745000

550000 555424 560847 566271 571695 577119 582542 587966
Feet'

4

:

!
;

Figure J-l I;> cation of geologic cross-section used to construct one-dimensional
DC3f3D saturated flow simulations;

.

;

;

,

*

NUREG-1464 J-2

. _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _



. _ _ _

l

1
1

'

Appendix J
|

|

1200-
4

4 WELL |

A H-4
1100 -4

O UE25p#1
, _

O J-13'

1000 -

< .

3 900 -
B Tswg
E CHnv

{800
% CHnz WATER TABLE,

3 ------------------a
tu 700 y - - - - - - - - - - --

4

i

600-

- PPw

| 500 - |
'

1
'

.

400 , |, , , , , , , , , , , ,

,

0 1000 2000 3000 4000 5000 6000 l
1

u
z

Horizontal Distance (meters)
x'

Figure J-2 Geologic cross-section based on Wells 11-4, UE25p#1, and J-13

.

|
\

4

J-3 NUREG-1464

- _ _ _ _ _ _ - _ - _ - _ _ _ . _



__ _ - - = , __ , _ -

|

Appendix J

Table J-l input Data for DCM3D One-Dimensional Simulations

Topopah Spring Calico Hills '

!

Ksat Ksat t

Run No. Description (mlyr) Porosity (mlyr) Porosity ;

4 0.284 0.11 6.0 x 101 Average matrix 6.0 x 10

2 Maximum matrix 6.0 x 10-2 0.11 6.0 x 10-2 0.28 !

4 0.(XXX)21 3.0 x 10-3 0.(XXX)463 Minimum fracture 3.0 x 10

4 Maximum fracture 3.0 x 100 0.0(XX)41 3.0 x 100 0.0(XXM6
'

5 From well tests 2.8 x 102 0.(XXXM1 2.0 x 101 0.(XXX)46

porosity values as Run Nos. 3 and 4 were used in property runs (Run Nos.1 and 2). Ilowever,
Run No. 5. Run No. 3 produced faster flow velocities and

shorter flow times than the matrix property
Each simulation was run until it approached runs, because of the small porosity values
steady-state conditions. Table J-2 contains output used in the Run No. 3 simulation. Since
from these runs. Output is presented in the form porosity values used in all the fracture
of average Darcy velocity, average seepage property runs were hypothetically deter-
velocity, and flow time from one end of the mined, they illustrate the importance of
simulation to the other (calculated from the porosity in flow velocity calculations and the
seepage vek) cities). need to determine representative bulk frac-

ture porosities during site characterization.

J-3 SUMMARY OBSERVATIONS / A plot of hydraulic heads for each of the runs was
CONCLUSIONS FROM RUNS prepared to compare the results from each simu- !

I tion to the cross-section water levels (see Figure
A number of interesting observations can be

J-3). The cross-section water table illustrates themade from these runs: low head gradient over this distance (2 meters). A
change in the 1icad gradient occurs at 2310

(1) The slowest vehicities and longest flow times meters. which is where the hydrogeologic strat,-
,

i
were obtained from runs that used matrix

4 graphy m, the cross-section changes from the f
properties. Seepage velocities were 1.3 x 10 Calico 11 ills umt to the Topopah Sprmg unit. Run

i and 1.6 x 104 meters / year, resulting in
duced the best match m, ulk fracture values, pro-
No. 3, using mimmum b

,

,

extremely long calculated flow times of 3180 heads.The staff recog-
million years and 31.7 million years. This nizes that a match between predicted and actual,

'
indicates that in this model, matrix flow

heads does not prove that a model is correct.
cannot readily transport radionuclides from However, it does provide added confidence that

' the site.
| the range of iterative performance assessment

.

hydraulic conductivity values may be conservative |
1 (2) The fastest vehicities and shortest flow times (produce fast flow rates). '
'

were obtained from runs that used hydrologic
properties from well tests. The average seep-
age velocity was 473 meters / year and the cal- J-4 REFERENCES
culated flow time was 10.6 years.

Ababou, A.C., " Approaches to Large Scale
(3) Run No. 3 was constructed using minimum Unsaturated Flow in lieterogenous, Stratified,

fracture flow properties with saturated and Fractured Geologic Media " U.S. Nuclear
hydraulic conductivities as low as the matrix Regulatory Commission, NUREG/CR-5743,

NUREG-1464 J-4
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Table J-2 Output Data for DCM3D One-Dimensional Simulations

Average Average
Darcy Seepage Mow
Velocity Velocity Time

Run No. Description (mlyr) (mlyr) (yrs)

1 Average matrix 2.4 x 10-7 1.3 x 10-6 3.81 x 109
7

2 Maximum matrix 4.0 x 10-5 1.6 x 10-5 3.17 x 10

3 Minimum fracture 2.1 x 10-7 4.8 x 10-3 1.05 x 106

4 Maximum fracture 2.3 x 10-3 54 92.4

5 From well tests 2.0 x 10-2 473 10.6

August 1991, [ Prepared by the Center for Nuclear Survey, Water Resources Investigations Report,
Waste Regulatory Analyses.] WRI-84-4253,1984.

Barnard, R.W., et al, " Technical Summary of the Montazer, P., et al.," Monitoring the Vadose Zone
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for 1990 (PACE-90)-Volume 1: ' Nominal Config- Review,8(2):72-78 [ Spring 1988).

uration' liydrogeologic Parameters and Calcu- Peters, R.R., et al., " Fracture and Matrix Hydro-lational Results," Albuquerque, New Mexico,
Sandia National Laboratories, SAND 90-2726, logic Characteristics of Tuffaccous Materials from

June 1991. [ Prepared for the U.S. Department of Yucca Mountain, Nye County, Nevada " Albu-
querque, New Mexico, Sandia National Labora-Energy.] tories, SAND 84-1471, December 1984.

Craig R.W. and Robison, J.H., "Geohydrology of Thordarson, W., ,'Geohydrolog. Data and Testic
Rocks Penetrated by Test Well UE-25p#1, Yucca Results From WeIl 3-13, Nevada , rest Site, Nye
Mountain Area, Nye County, Nevada," U.S. Geo- County, Nevada, , U.S. Geological Survey, Water
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Survey, Water Resources Investigations Report, of Civilian Radioactive Waste Management,
WRI-84-4349,1984. DOE /RW-0198,9 vols., December 1988.

Dudley, A.L., et al., " Total System Performance Updegraff, C.D., et al., "DCM3D, A Dual-
Assessment Code (TOSPAC)", Volume 1, " Physi- Continuum, Three-Dimensional, Ground-Water
cal and Mathematical Bases, Sandia National Flow Code for Unsaturated Fractured, Porous
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1988. (Prepared for the U.S. Department of the Sandia National Laboratories.)
Energy.]
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Lahoud. D.li., et al., "Geohydrology of Volcanic Hole Data for Test Well USW 11-4, Yucca
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Mountain, Nye County, Nevada," U.S. Geological Survey, Open File Report 84-449,1984.
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APPENDIX K
GEOCIIEMICAL MODEL FOR 14C TRANSPORT IN UNSATURATED ROCK

K-1 INTRODUCTION species, dissociation of water, vapor-liquid
equilibria for CO and H 0, and calcite2 2

Under oxidizing conditions in a geologic reposi- dissolution and precipitation. In addition to the
tory,14C in high level radioactive waste might be aqueous species in these equilibria, the present
released as IdCO (Light cl ul.,1990). Any such modelincludes Na+ to represent other aqueous2
gas escaping the engineered barrier will be cations. The reactions represented in the present
incorporated in the existing carbon system of the model are given next:
geosphere, and be transported along with gaseous
and dissolved carb(m. Several recent studies
addressed 14C gaseous transport at the Yucca // O(I) + CO (aq) = II+ + 1/CO; (K-1)

2 2

Mountain repository environment using simplified
models of geochemical retardation (Ampter and
Ross,1990; Light et al.,1990; and Knapp,1990).

14 llCUi " ### + llCO!' (K-2)
Accurate modeling of C transport requires
coupling of relations between the source, heat
flow, two-phase fluid flow, and the distribution of

11+ + Oll 0 1/ 0 (K-3)chemical species among solid (s), liquid #), and 2

gas (g) phases (Codell and Murphy,1992).
| Interphase exchange of carbon could result in a

Idsignificant retardation of released C, thereby caco,(s) + 1/+ = ca" + IICO; (K-4)
delaying its arrival at the accessible environment.
This auxiliary analysis reports on a mechanistic

t

| model for the geochemical interaction of IdC for a
CO (g) - CO (aq) (K-5)! geologic repository in partially saturated rock. 2 2

The 14C transport model consists of three parts: Local charge balance in the model aqueous phase
. is represented by equating sums of aqueous

(1) A geochemical model desen.b.ing the state of cation and anion equivalents. Local mass conser-
all carbon species in a representative volume vations for carbon and calcium are maintained
of rock; within each cell, and the mass of sodium is

"" # " #"""#" '

(2) A flow and transport model for movement of
total carbon through the system which con-
sists of a number of connected volumes or Given the total masses of C, Ca and other species,

" cells"; and m ss of water, and the temperature, pore volume
and pressure of each cell, the above relationships

C migration as a trace quantity le d to a set of nonlinear algebraic equations that
(3) A model of 14

in the general movement of total carbon. are solved simultaneously to characterize hical
,

equilibnum in each cell for each time step. Equ,-i
librium constants for reactions 1 to 5 are func-

K-2 GEOCIIEMICAL MODEL tions of temperature only at one bar pressure.
Activity coefficients are functions of ionic

A carbon system geochemical model which strength, and are generated from an extended
incorporates all reactions of primary significance Debye-Hsickel equation. Calcite is permitted to

14to C transport in unsaturated fractured rock can precipitate or dissolve at equilibrium, and the
be based on k> cal chemical equilibrium and mass model solution is undersaturated with respect to
and charge conservation in a representative calcite in its absence. The partial pressure of CO2
volume. Chemical reactions in the model com- is calculated from the activity of aqueous CO .2
prise carbonate equilibria among aqueous (aq) assuming ideal gas relations.

K-1 NUREG-1464
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Appendix K'

14C-contaminated calcite inventory before uncon-K-3 TOTAL CARBON TRANSPORT
taminated calcite redissolves. He model furtherMODEL assumes that the 14C is distributed homoge-

He calculation of transport of total carbon neously within the contaminated calcite of each
through the modeled system is performed by cell.

sequential iteration in the following steps:
i

| (1) Local chemical equilibrium is calculated in K-5 EXAMPLEi

each cell at time t, using the geochemical
model; The present geochemical transport model has

been applied to simplified examples, to demon-
(2) Inputs and outputs to each cell are deter- strate the range of possible phenomena associated

mined from an independent flow model for with the release and transport of 14C O in2

the next time step t + at. In the present unsaturated fractured rock. The model system is a

model, only advective transport by gaseous one-dimensional column of 145 cells, represented
in Figure K-1, with constant hydraulic propertiesflow is allowed. Therefore, the input of CO2

to a cell is determined only by the partial and cross section, passing through the center of a

pressure of CO in the previous cell or hypothetical repository plane, which is located at
2

upstream boundary and the flow of the cell 55. Water, gas, and relevant mineral chem-

transporting gas from that cell. Gaseous How istries, as well as the geothermal gradient that

and condensation / evaporation of water are resemble those factors observed at Yucca Moun-
accounted for independently as part of the tain, are provided as initial conditions. The
flow model and input to the chemical model; system chosen for the example was simple, so as

and not to confound the results of the geochemical
transport model with other phenomena. For

(3) Mass distributions are revised in the cells for example, gas is assumed to flow in the upward
time step t + at, using the geochemical direction only, even tho gh thermal-hydraulic
model with updated temperature and liquid simulations indicate an initially outward gas flow

saturation states. in all directions from a heated repository in
unsaturated tuff (Nitao,1990). Additionally, there

The carbon transport algorithm in the preceding is no transport of 14C by water How or diffusion
steps simulates changes to the chemistry of each in gas or water.
phase in the system, as a function of time and
space. The carbon transport model determines the Time-dependent temperature and gas flow used in
quantities of CO gas movmg through the system the present example were generated from two-2
of cells, as well as the exchange rates of carbon dimensional (2-D) codes, developed by the U.S.
between the various phases. Nuclear Regulatmy Commission staff for predict-

ing air flow through Yucca Mountain. The NRC
'nodels re simil r to those developed by Ampter

K-4 34C TRANSPORT MODEL and Ross (1990). Temperature, represented ,m

The 14C transport model uses the state and evolu. Figure K-2, was calculated from a 2-D thermal

tion of total carbon speciation to simulate trans. conduction model that included the geothermal

rt of trace amounts of 14C through the system. gradient. Gas flux, shown in Figure K-3, varied
p4C is assumed to behave exactly in proportion towith time, but was uniform through the one-d

imensional column.
,

the total carbon, with no isotopic fractionation.
14C from theHowever, radioactive decay removes

solid, liquid, and gas inventories. The model Liquid saturation is shown in Figure K-4. The
assumes C enters the system as an instantane- temperature and gas flow models did not include14

ous pulse within a specified cell.14C is removed water saturation explicitly. Therefore, an approxi-
from the liquid / gas phases if calcite precipitates mate empirical model for saturation of the
from solution. It re-enters the system if previously column was derived from the results of simula-
contaminated calcite dissolves. The model tions of two-phase thermally induced circulation
assumes that calcite dissolves first from the near repositories in tuff. The empirical model

K-2NUREG-1464

_ _ . . . _.



__ . _ _ _ _ _ _ _ _ _ ___ _-_ _ _ _ _ _ - _ - - - - -

Appendix K

Depth
Below

ton0.0 m * Constant
- 145 - Temperature

Boundary

* Local Chemical
Equilibrium in eachN/ Representative
Volume

M

Uniform Gas Flow
in one Dimension

i

|

|
l Repository:450 m - 55 - *

: Heat Source and3 :
" '

'4 C Source

,

1 - N/-

Gas Inputy *
725 m with COy 2

Figure K-1 One-dimensional flow and transport model
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Appendix K4

used in the example predicts that water saturation At 500 years, the initially volatilized CO2 Pulse
is 80 percent except within a zone of about 50 has been flushed out the top of the column. The
meters above and below the repository for a calcite content continues to grow, spreading above
period of less than 2(XX) years. and below the repository level, as temperature

increases. At 2000 and 4000 years, the calcite
progressively redissolves while the liquid contentOther initial conditions and parameters of the of c tbon mereases as the rock cools.

example system are given in the Table K-1. These
conditions lead to an initial solution with pli * g,,uff,,f uC Model: Figure K-6 shows the distri-
7.2, moderately undersaturated with respect to bution of 14C for each cell in the gas, liquid and
calcite with the G/K(saturation index/equilibr.ium 4 curies ofsolid phases, at various times for 10
constant) about 0.2, and partial pressures of CO2 14C released 15 meters below the assumed reposi-
m the range 0.005 to 0.008 bar, depending on tory plane at time zero. The 14C was released
temperature. below the repository plane to account for gas

circulation expected near the repository, and
Resultsfor the Carbon Model: Results for the allows interaction of the contaminant below as
carbon transport model are given in Figure K-5, well as above the engineered barrier.
which shows the distribution of carbon for each

14C has redistributed tocell among the gas, liquid, and solid phases for At 100 years, most of the
various times after repository closure. Initially, the the liquid phase. The liquid and gas inventories of

14carbon content decreases in the liquid phase and C have moved above the repository plane be-
increases in the solid and gas phases near the cause of gas transport, even though the fraction of

14 14C in therepository level. Just above the repository, how- C in the gas phase is small. The
ever, the carbon content of the gas and liquid calcite remains fixed until calcite redissolves. At

14Cphases increases, a reflection of gas transport of 500 years, the gas and liquid inventories of
the pulse of CO initially volatilized from the have moved further above the repository plane.

| 2
liquid near the repository and transported. Some of the calcite near the repository plane'

I4Increasing temperature, decreasing solvent mass, redissolves, releasing its C inventory, which in
and increasing pli because of CO volatilization turn is partially captured by precipitating calcite2

all promote calcite precipitation near the reposi- further from the repository plane, where tempera-
tory horiz(m. ture continues to increase.

Table K-1 Initial Conditions and Parameters

Parameter Value

Cell Cross Section 12.5 cm2

Cell Spacing 5m

Cell Volume 6250 cm3

Porosity 0.2

Initial Saturation 0.8

Initial C/ cell 0.00202 moles

Na/ cell 0.001 moles

Ca/ cell 0.0004 moles

4CO Input Gas 2.53 x 10 moles / liter2

K-7 NUREG-1464
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By 200() years, nearly all 14C is swept from the Although simplified, the mode; demonstrates the
column, except that which remains trapped in the complex nature of the geochemical processes
calcite. At this point in time, calcite is redissolv- affecting 14C release. Results of the simulation
ing everywhere, so the contaminated calcite acts depend strongly4on model assumptions, and
as a long-term source of 14C to the system. Some retardation of C in the liquid or solid phases
of this residual 14C remains even at 4(XX) years. could be greater or smaller under different

conditions of chemistry, hydrolqy, temperature,
or gas flow. The staff contemplate coupling geo-

Dependence on Time of Release: The model predicts chemistry and carbon transport models with more
that calcite starts to precipitate shortly after realistic two-or three-dimensional treatments of
repository closure and then redissolves. Therefore, heat and mass transfer near a repository in

14C from the waste is unsaturated tuff, which would include transport inthe timing of the release of
important to its ultimate fate.14C released after the gas and liquid phases and allow for molecular
most calcite has precipitated will not be removed diffusion.
from the liquid and gas phases as effectively as
14C released during the period of active calcite
precipitation. Figure K-7 shows the cumulative K-7 REFERENCES
release, over 15(X) years after repository closure, of4

14C past severalpoints in the column as a func- Amter, S. and B. Ross, " Simulation of Gas Flow
1 C release. This figure demon- Beneath Yucca Mountain, Nevada, with a Modeltion of time of

14C Based on Fresh Water IIcad," in Post, R.G. (ed.),strates the interesting phenomenon that
released at early times can arrive at the end of the Hhste Afanagement '90: Proceedings of the
column after 14C released at later times. Symposium on Hhste Afanagement, February 25 -

,

March 1,1990, Tucson, Arizona,2:915-925 [1990].
|
l

l Codell, R.B. and W.M. Murphy, " Geochemical
K-6 CONCLUSIONS Model for 14C Transport in Unsaturated Rock,"

American Nuclear Society /American Society of

Numerical experiments with a flow and transport Civil Engineers, Proceedings of the Third Inter-
model that includes coupled nonisothermal geo- national Confercnce: High-Level Radioactive Haste

| chemistry provide insights into the behavior of Afanagement, April 12-16, 1992, Las Vegas,

14C in an unsaturated geologic repository for Nevada,2:1959-l%5 [1992).

nuclear waste. These experiments have been
applied to a system resembling the proposed Knapp, R.B.,"An Approximate Calculation of

14C at Yuccarepository at Yucca Mountain, Nevada. Model Advective Gas-Phase Transport of
results show a significant redistribution of Mountain, Nevada", Journal of Contaminant
autochthonous carbon among solid, liquid, and Ilydrohw,5:133-154 [1990].
gas phases, even in areas remote f rom the reposi-
tory plane. Carbon rem,ains predominantly in the U WB ct al., " Analytical Models for C-14

.I. 8ransport m a Partially Saturated, Fractured,aqueous solution, m spite of the fact that near- . .

field heating results in a reduction of liquid Porous Media, American Nuclear Society,
saturation, abundant calcite precipitation, and Proceedings of the 7, pical Afceting on Nuc/ car0
increased equilibrium fractionation of CO into %ste Isolation in the Unsaturated Zone (FOCUS2

y'# E * Ey'"*#' '89), September 17-21,1989, Las Vegas, Nevada,
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Transport of C released from the repository is14

generally retarded by a factor of approximately 30 Nitao, J.J., " Numerical Modeling of the Thermal
to 40, because of immobilization in the liquid and liydrological Environment Around a Nuclear
phase. In addition,14C released early during the Waste Package Using the Equivalent Continuum

period of solid calcite precipitation can be fixed Approximation: Ilorizontal Emplacement,"
for a long period before repository cooling leads Livermore, California, Lawrence Livermore

to redissolution of the calcite. National Laboratory, UCID-21444, May 1990.
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APPENDIX L
Tile EXCIIANGE OF MAJOR CATIONS AT YUCCA MOUNTAIN

I 1 INTRODUCTION The second question to be answered by this
analysis involved the determination of pore water
compositions from the unsaturated zone. Peters et

An important characteristic of Yucca hiountain, ut. (1992) describe methods of measuring pore
the proposed geologic repositmy for high-level water compositions from rocks of the unsaturated
radioactive waste (llLW), is the presence of zone, plus the possible causes of changes in the
zeolitic tuffs. Zeolites are crystalline, hydrated compositions of the pore waters because of the
aluminosilicates, which are characterized by an method of extraction (compression). Given that
ability to readily exchange cations with aqueous ion-exchange reactions involving zeolites are fast
solutions. The presence of zeolites is seen as an (Pabalan,1991), can we determine the chemical
important barrier to the migration of radio- composition of pore water from the unsaturated
nuclides to the accessible environment. This zone,if the composition of the zeolite in direct
auxiliary analysis was designed to answer two contact with the pore water is known? If the
questions related to the exchange of cations in answer is yes, then are there any significant
Yucca hiountain. spatial patterns of these compositions?

L-2 BACKGROUND
The first question concerned the stability (i.e., Ion exchange is a process by which ions in one
constancy of exchangeable cation composition) of phase displace ions in another phase. For
zeolites. Using potassium / argon (K/Ar) dating example:
techniques, WoldeGabriel et al. (1992) determined
that the zeolites from drillholes in the Yucca

m # + + nBX = m AX. + nB" (tel)hiountain vicinity range in age from 2 million ,

years to 10 million years old. liowever, ion
exchange involving potassium and sodium on where A and B represent cations of charge n and
zeolites has been shown to reach equilibrium in m, respectively, and X represents the sorption site
about 2 days (Pabalan,1991). Ilow, then, can a on the solid phase. The cation exchange capacity
mineral that can alter within a couple of days (CEC) and the quantity of major cations present
exist for at least 2 million years? Tb answer that in a system can strongly influence the exchange or

'

question, simulations were performed in which distribution coefficient (K ) of radionuclides, asd
pore water, whose composition approximates that shown in the following equations:
found at Yucca hiountain, percolates through
site-specific zeolite layers for a period of Rn + NaX - RnX + Na (1 ,2),

approximately 150.000 years. The simulation was
intended to represent the chemical reactions that
would take place between the cations dissolved in K - [gny;jyyj O'M*

[Rn][NaX]the pore water and the cations sorbed onto
zeolites. If, in the simulation, the K ions attached

IN"M ,to the zeolites become mobile, there would be
reason to doubt the zeolites could be accurately g, _ g (Na] (g,_4)

dated, using a K/Ar technique. If, however, the K
is immobile, the K/Ar ratios would not be where Rn represents a radionuclide, Ka is the
affected by ion-exchange reactions. This informa- distribution of the radionuclide between the solid
tion is important to the siting of the repository, and the aqueous phase, K is the equilibrium
for it supports the conceptualization that the constant, and brackets represent activities. The

K of a specific nuclide in a specific environmentzeolites should remain stable for the lifetime of d
the repository and should act as a barrier for the is commonly used when describing sorptive
release of radionuclides to the accessible properties. Since Ka is directly related to the
environment (10 CFR 60 2). cation content, an understanding of the major

I1 NUREG-1464
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Appendix L

2cation chemistry (Na+, Ca +, and K+)is needed Ca+ Mg, and K derived from the zeolite composi-
to fully understand the ability of Yucca Mountain tions reported by Broxton et al. (1986). In that
to sorb radionuclides. study, the mole fractions of the exchangeable

cations were determined for an extensive array of

le3 GEOCIIEMICAL CODE samples taken from boreholes in the vicinity of
Yucca Mountain,in both the saturated and

The simulations performed to address the first unsaturated zones. The zeolitic compositions vary
question in this auxiliary analysis concerning the both laterally and vertically. To simplify the
validity of K/Ar dating relied on the geochemical simulation, a solid ion-exchanger composition was
modeling code PIIREEGAI, a code for use in chosen that approximates the average compo-
mixing cell flowtube simulations, described by sition of zeolites from the Tbpopah Spring
Appelo and Willemsen (1987). PHREEGAf member of the Paintbrush Tuff, where the pro-
(Ph-Redox-Equilibrium-Mixing), a modification posed IILW repository is to be sited. The relative
of PHREEGE, has the same capabilities of mole fractions for Ca + Mg, Na, and K were 33
PHREEGE, plus it can simulate one-dimensional percent,19 percent, and 48 percent, respectively.
Guid flow, diffusion, dispersion, and ion exchange. The flushing solution composition in the simula-
PHREEGE (Ph-Redox-Equilibrium-Equations) is tion approximates that of the site-specific water
based on an ion-pairing aqueous model and can from Peters et al. (1992). This site-specific water
calculate pH, redox potential, and mass transfer was extracted from pores, from several repre-
as a function of reaction progress (Parkhurst et sentative samples of tuff, by means of compress-
al.,1980). ion. Given that the zeolite compositions from

Broxton et al. summed the concentrations of the
PHREEGAf has the ability to simulate the flow of exchangeable cations, Ca and Mg, the same was

a solution through a multilayered heterogeneous done for the liquid. The composition of the

column of porous material. Up to 10 layers, or a simulated water (flushing solution) was 3.10
total of 100 cells, can be included in the simulated moles / liter Ca + Mg,1.83 moles / liter Na, and 8.03

column. In each layer, equilibration with up to 10 moles / liter Cl. Other chemical constituents

minerals and reaction with up to 10 components measured in the pore water from the squeezed
can be simulated. Initial solid and liquid compo- rock but not included in this simulation, were H,

IICO , SO.S. and SiO . These constituents have nositions in the column are input parameters of the 3 2
,

code. Other input parameters are the length of effect on the reaction modeled.
each cell, the dispersivity associated with each
cell, the porosity of any cell, the number of cell The column through which water flowed in the

| volumes of flushing solution added to the column, simulation was divided into 100 cells. Each cell
! the composition of the Hushing solution, the time was 5 meters long. The whole column was then

allowed for diffusion / mixing of chemical con- composed of 500 meters of the Paintbrush Tuff
stituents between adjacent cells, and the unit. The porosity of the column is assumed to be

| molecular diffusivity of elements in water. 0.3, which lies within the range of porosities found
at Yucca Mountain.

Output includes composition of liquid, quantities
of minerals precipitated or dissolved, and com- The percolation flux of Hushing solution through
position of solid ion exchanger in each cell for all the column was set at 0.6 millimeters / year. This is
time-steps. The output is presented in spreadsheet comparable to moving the liquid from one cell to
format, to facilitate the graphing of the results. an adjacent cell downstream every 2500 years.

This value approximates that derived from matrix
le4 SIMULATIONS potentials in Well USW Uz-1 (Montazer et al.,

1986). The range of estimates of percolation
1 4.1 EITect of Ion Exchange on K/Ar Dating fluxes, however, extend from negative values

(upward fluxes) to 100 millimeters / year (Montazer
This analysis involved simulating the flow of and Wilson,1984; and Montazer et al.,1986). The
site-specific ground water, through site-specific dispersivity associated with each cell was
porous rock, at a site-specific rate. The simulation arbitrarily set at 0.02 meters. Molecular diffusivity
that was performed used mole fractions of Na, was 3 square meters /100 years.

NUREG-1464 12
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The CEC was set at 6667 milliequivalents/ liter. represents the top of the column; cell 100 repre-
This value lies approximately halfway between the sents the bottom of the column. The flushing

extremes of CEC's of rocks from Yucca Mountain solution is input into the top of the column at cell
(from Thomas,1987). The three ion-exchange 0. The horizontal lines represent the chemical

reactions modeled are: composition of the solid phase in the column after
60 shifts (cell volumes) or 150,000 years. The

NaX + K+ 4 KX + Na+ (1 5) composition is relatively constant, except in the
,

first few cells.
22Na+ + CaX 4 2NaX + Ca + (le6)2 ,

Figure L-2 represents the composition of the
solution passing through the column after 6022K+ + CaX = 2KX + Ca + (g,7)
shifts.1he original water composition is shown on2 ,

Equilibrium constants for Equations (Ic5) and the Y-axis. This graph demonstrates that the

(L-6) were from Pabalan (1991). The equilibrium composition of the pore water is dominated by

constant for Equation (L-7) was derived by the composition of the zeolites. Since the com-

multiplying Equation (Ic5) by two and adding the position of the zeoh,tes varies, it is reasonable to
,

,

result to Equation (I 6). In this simulation, ideal assume that the pore water chemistry will also

mixing was assumed in the solid phase. This vary, as the water percolates through the zeolites.

assumption is most likely incorrect, as indicated
by the experimental evidence of nonideality in the The results of this auxiliary analysis demonstrate

binary systems Na-K and Na-Ca clinoptitolite that the K in the zeolites is relatively immobile.

(Pabalan,1991). Ilowever, experimental studies on This is because of the large reservoir of K held in
the zeolite versus the amount of exchangeable

mixing in the solid phase of the ternary system
Na-K-Ca clinoptilolite have yet to be performed, cations in the liquid. There simply are not enough

so the assumption of ideality in the solid phase cations in the pore water to exchange with the K
on the zeolites, and therefore the K remains

was required.
immobile. Consequently, the K/Ar technique for
determining the age of the zeolites should not be

L-4.2 Calculated Compositions of Water ffected by ion exchange, given the low concen-
from the Unsaturated Z<me trations of cations in the ground water.

By using the compositions of clinoptilolites from
the unsaturated zone of Yucca Mountain (from L-5.2 Calculated Compositions of Water
Broxton et al.,1986) and the equilibrium con- from the Unsaturated Zone
stants from Pabalan (1991) and this study for
Equations (L-5) through (1 7), the relative The compositions of zeolites and ground waters in
concentrations of the exchangeable cations in the equilibrium with those zeolites were plotted on
pore were calculated. Again, ideality of mixing in ternary diagrams using the code GRAPHER. The
the solid was assumed. Activity coefficients for ternary diagrams illustrate the relative concen-
species in the liquid phase were derived from the trations of sodium, potassium, and calcium and
Debye-HDckel formulation. Ilowever, the ionic not the total concentrations. This representation

strength of pore water in equilibrium with the for the liquid compositions is consistent with
zeolites is assumed to be constant and compara- ternary representations of solid compositions in
ble to the extracted pore water from Peters et al. Broxton et al. (1986). Figure L-3 is a ternary
(1992). Consequently, the activity coefficients are diagram showing the relationship of the zeolite
likewise constant. compositions to the liquid compositions, in

equilibrium with those solids in Well G-4. This

L-5 RESULTS figure contains solid and liquid compositions
from the unsaturated zone. The solid compo-

L-5.1 Effect oflon Exchange on K/Ar Dating sitions have an average K content of 50 percent.
However, the water in equilibrium with these

Figure 1 1 shows the concentration of exchange- solids contains very little potassium.1he satur-
able cations in the solid versus distance along ated zone information was not included in the
flow path (represented as cell numbers). Cell 0 graph, so the unsaturated zone information is

L-3 NUREG-1464
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more defined. Figure L-3 clearly demonstrates Los Alamos, New Mexico. Los Alamos National
that the zeolites of the unsaturated zone are Laboratory, LA-10802-MS, October 1986.
deficient in Na, where the pore water in equilib-
rium is Na-rich and K-deficient. The potassium Montazer, P., and W.E Wilson, " Conceptual
concentrations of the unsaturated zone pore water Ilydrologic Model Flow in the Unsaturated Zone,
measured by Peters et al. (1992) were suspect, and Yucca Mountain, Nevada, Water Resources
so were not reported. The potassium concentra- Investigations," U.S. Geological Survey, Water
tion measured in replicate samples varied, but Resources Investigations Report, WRI-84-4345,
generally was less than 10 parts per million (C.A. 1934,
Peters, personal communication,1993).

Montazer, P., et al., " Monitoring the Vadose Zone
Figures 1 4 through L-8 illustrate the composi- in Fractured 7bff, Yucca Mountain, Nevada,"
tions of zeolites and coexisting ground waters in Proceedings of the National IVater IVell Association
Wells G-1, G-2, G-3,11-3, and 11-4. On Figure Conference on Characterization and Afonitoring of
L-8, the composition of J-13 well water is plotted, the Wdose (Unsaturated) Zone, Worthington,
as well as the composition of the water removed Ohio, November 19-21,1985, pp. 439-469 [1986].
from Well USW-II4. The Na-rich composition of
the water from USW-li4 is consistent with

, , Pabalan, R.T. "Nonideality Effects on the Ion
Na-K-rich zeolites analyzed from this well m. the Exchange Behavior of the Zeolite Mineral
saturated zone. Establishing a comparable match Clinoptilolite,"in Abrajano, T Jr. and LII.
with J-13 ground water / zeolite is not apparent, Johnson (eds.), Scientific Basis for Nuclear IVaste
possibly because of not knowmg the depth from Afanagement XIlf Afaterials Research Society
which the water comes. Symposium Proceedings,212:559-567 [1991].

L-6 CONCLUSIONS Parkhurst, D.L. D.C. Thorstenson, and L.N.
Plummer, "PilREEQE-A Computer Program

In summary, this auxiliary analysis has produced for Geochemical Calculations, , U.S. Geological
valuable information on the exchange of the major
cations in Yucca Mountain. The results indicate Survey, Water Resources investigations Report,

that the potassium associated with the zeolites is WRI-80 96, August 1980.

relatively immobile for the time period of these
modeling runs. It also demonstrates the wide Peters, C.A., et al., "A Preliminary Study of the

variation, in the pore water chemistry, which is Chemistry of Pore Water Extracted from Tuff by

possible in this environment. In addition, this One-Dimensional Compression,"in Kharaka
analysis has shown that the chemical composition Y.K., and A.S. Maest (eds.), International IVater-

of the pore waters in contact with the solids in the Rock Interaction Symposium Proceedings, Park

unsaturated zone may be different from the com. City, Utah, July 13-23,1992, pp. 741-745 [1992),
position of the water in the saturated zone. This is [ Published by A.A. Balkema. Rotterdam,
important for those who wish to do exchange 11olland.]
experiments and require the solution and solids to
be in equilibrium. Thomas, K., " Summary of Sorption Measure-

ments Performed with Yucca Mountain, Nevada,

L-7 REFERENCES Tuff Samples and Water from well 3-13 " Los
Alamos, New Mexico, Los Alamos National

Appelo, C.A.T. and A. Willemsen, " Geochemical Laboratory, LA-10960-MS, December 1987.
Calculations and Observations on Salt Water
Intrusions, I., A Combined Geochemical / Mixing WoldeGabriel, G., et al., " Preliminary Assessment
Cell Mode!," Journal of Hydrology, 94:313-330 of Clinoptilolite K/Ar Results from Yucca Moun-
[1987|. tain, Nevada, USA: A Potential fligh-Level

Radioactive Waste Repository Site,"in Kharaka,
Broxton, D.E., et al., " Chemistry of Diagenetically Y.K., and A.S. Maest (eds.) International IVater-
Altered 1bffs at a Potential Nuclear Waste Re- Rock Interaction Symposium Proceedings, Park
pository, Yucca Mountain, Nye County, Nevada," City, Utah, July 13-23,1992, pp. 457-461 [1992].
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APPENDIX M
ENSEMBLE AVERAGING FOR SOURCE TERM PARAMETERS

~

M-1 INTRODUCTION M-2 SOLUBILITY LIMITED CASE
For the stated conditions within a given vector, ,For the sake of computational speed, the Iterative the concentration C, within the waste package will

Performance Assessment (IPA) Phase 2 analysis be constant (i.e., the solubility). Therefore, the.

used a .. lumped-parameter,, approach, in which cumulative release for 10,000 years per waste,

the entire geologic repository is represented by a package m for a solubility limited radionuclidearelatively small number of representative waste by advection will be proportional to the flow rate
packages. Since the entire repository source term, through the waste package:,

consistmg of over 25,000 waste packages, is bemg
represented by only seven zones or sub-areas, with
only one waste package per repository sub-area, m, - c,q,[10. 000 - i ] (M-1)f ,

there must be careful consideration given to the
way in which the repository sub-areas represent where tf = time to fill waste package, and years
the ensemble of waste packages they are supposed = ygg,
to represent.

The cumulative diffusive release md, is propor-
tional to the concentration:Presently, the arithmetic average of external

environmental parameter values (e.g., tempera-
ture, infiltration) for all waste packages in the m, - AC, [lo,000 - tul , (M-2)
repository sub-area are chosen for a representa-
tive waste package. Additionally, there is only one where k is a proportionality constant related to
set of source term parameter values (e.g., corro- the diffusion coefficient and retardation coeffi-
sion parameters, solubilities) representing the cient in the surrounding rock, which are constants
corrosion, liquid, and gaseous release submodels within a given vector. The waste package failure
per repository sub-area. The present auxthary time (fau,is related to a number of parameters in
analysis exammes tne relationships of several key the waste package failure model or disruptive

,

independent parameters, in the source term failure models, and varies from place to place
t

models, from the standpoint of their behavior within a vector.
under ensemble averagmg.

The cumulative release of the radionuclide for all

The Dow rate y and the volume Vaffect the waste packages is equal to the sum of the releases

dissolved release modelin two ways: from each waste package after their filhng, that is,

"~

c,q,(10,000 y )+ AC,(10,000-ty)They determine the time that the waste M-[ 1o
4'package fills to the point of overnowing; and ..

(M-3)
o They determine the release rate for solubility

limited radionuclides. The average cumulative release per waste package
.

is therefore the result of Equation (M-3), divided
,

by N. After some rearrangement, Equation (M-3)
The demonstration of the effects of ensemble can be shown to reduce to:
averaging on the cumulative release rate was
performed for only two radionuclides, one < m > - c,[ to,000 < q > - < % > + to,000k - k < ty > ] ,solubility limited and the other limited by con-
gruent dissolution of the UO fuel. To further (M-4)2

simplify the calculations, both radionuclides have
infinite half lives, no other isotopes are present, where the angle brackets (< >) denote ensemble
and daughter products are not considered. average over all N waste packages.
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M-3 CONGRUENTIX RELEASE
< '" > " (i ~

t
""( 2E " + i " * " - '*)- Val,l -

RATE

For the case where the release rate is controlled (M-9)
not by the solubility of the radionuclide, but by
the rate of release from the fuel matrix, a different which reduces, after some rearrangement, to:
set of relationships controls the ensemble average.
In this case, the concentration of the radionuclide
in the waste package, Co, is no longer a constant, < m > - 10,000Afo kr < (1) > - Afo kr < >
but changes with time and is a function of the q (qj
rate of release by advection and diffusion. Since

r< k >Co is no longer a constant, the integration for + 10,000rAfo + Afo
cumulative release over 10,(XX) years must be done (qj

formally: (M-10)

10,000 10.000

4,c dr (M-5) M-4 CONCLUSIONSAf - A C. dr + o
,

'" '' solubility limited releases of single, long-lived
radionuclides, the ensemble average cumulative

For a long half life, Co is related to the alteration release per waste package is represented exactly
rate of the matrix r, the inventory in the matrix by the arithmetic averages of the flow rate per
Me, and the flow rate, all of which are constant waste package <q > , the waste package failure
within a given vector. Therefore: time < tau >, and the waste package failure

f
volume < Vo >.

rAfo
'~ "" (M I

q, The ensemble mean parameters for the congruent*

release case, should be <1/q> (the harmonic
mean), <I au/q > , and < Vv/q > .f, ,,,

m- Ac dt + rAfo dt (M-7) Experiments with the release rate models, them-o

'M 't selves, confirm that cumulative release of the
long-lived solubility limited radionuclides is

Applying the same definitions for t and after proportional to flow, which demonstrates that the
f

evaluating the integrals, the cumulative release arithmetic mean flow rate is the correct ensemble
becomes: mean to use for these radionuclides. Release of

congruently released radionuclides is not propor-

-g y - tional to the flow rate, but for these radionuclides,

- (10,(XX)-ty) + 10,(xx)- (M-8) the flow rate is relatively unimportant. A 35-foldm -rmo .

increase in flow rate led to only about a 60 per-4' 4' -
cent increase in releases. The effects of using the

The ensemble average for N waste packages can arithmetic mean of the Vo and the parameters for
be found by summing, as in the case of the the failure model have not been determined for
concentration limited release: IPA Phase 2.
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