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ABSTRACT

In order to better review licensing submattals for a High-
Level Waste itory, the UL.S. Nuclear Regulatory
Commission staff has expanded and improved 1ts capabil-
ity to conduct performance assessments. This report
documents an initial demonstration of thus capability. The
demonstration made use of the limited data from Yucca
Mountain, Nevada 10 investigate a small set of scenario
classes. Models of release and transport of radionuclides

1

from a repository via the groundwater and direct release
pathways provided preliminary estimates of releases o
the accessibie environment for a 10,000 year simulation
time. Latin hypercube sampling of input parameters was
used 1o express results as distributions and to investigate
model sensitivities. This methodology demonstration
should not be interpreted as an estimate of performance
of the proposed repository at Yueca Mountain, Nevada.
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EXECUTIVE SUMMARY

ES.1 INTRODUCTION

The objective of this effort was to expand and improve the
U.S. Nuclear Regulatory Commission (NRC) staff capa-
bility to conduct performance assessments independ-
ently. By expanding and the NRC staff capa-
bility to conduct such analyses, NRC would be better able
to conduct an independent technical review of the U.S,

t of Energy (DOE) licensing submittals for a
high-level waste (H1.W) repository.

These activities were divided initially into Phase 1 and
Phase 2 activities. Additional phases may follow as part of
a prczram of iterative performance assessment at the
NRC. The NRC staff conducted Phase 1 activities primar-
ily in CY 1989 with minimal participation from NRC
contractors. The Phase 2 activities were 10 involve NRC
contractors actively and to provide for the transfer of
technology. Phase 2 activities are scheduled to start in
CY 1990, to allow Sandia National Laboratonies to com-
plete development and transfer of computer cooes and
the Center for Nuclear Waste Regulatory Analyses
(u(‘Z:IWRA) 1o be in a position to assist in the acquisition of

The results presented here have had limited peer review,
have numerous simplifying assumptions, consider only a
limited number of “cenarios, and are based on limited
data; thus, the numerical results should not be aken as
representative of the performance of the proposed re-
pository at Yucca Mountain, Nevada. The analysis is also
replete with uncertainties regarding conceptual models,
data, physicochemical madels, and models and data for
predicting scenarios. In the conduct of this imited study,
the authors did not encounter any problems indicating
that the U.S. Environmental Protection Agency (EPA)
standard could not be implemented. However, due to the
incomplete scenano analysis in this demonstration, not all
aspe~ ‘< of the standard were tested (e.g., the difficulties n
esti. . .ng scenano probabilities). Therefore, taking
these tentative results of a preliminary analysis out of
context, or separating these tentative results from these
caveats, may lead to the inappropriate interpretation and
use of the results.

This report is intended to demonstrate the capability to
conduct a performance assessment. The report is not
intended to provide guidance on performance assessment
methods or on the conduct of NRC staff reviews of per-
formance assessments. Furthermore, it should not he
considered as NRC staff guidance on the interpretation
and implementation of NRC rules and regulations.

X

ES.2 PURPOSE

Criven this background, the primary focus of the Phase 1
activities was to demonstrate the staffl capability 1o con-
duct a total system-performance assessment in an inde-

nt fashion. By demonstrating such an ind pendent
capability, the NRC staff has provided eviden: ¢ of a de-
gree of readiness for the forthcoming review ¢ [ licensing
material to be provided by the DOE. In addi® »n, by exer-
cising this capability for independent rev v, the NRC
staff has accomplished several secondat, objectives, in-
cluding:

1. Performing an evaluation of the adequacy of existing
analytical tools, both methodologies and computa-
tional methods:

?J

Obtaining valuable 'nsights into the need for further
development of methodologies and computational
tools;

3. Obtaining valuable msights into the data needed,
from the DOE Site Characterization Program, to
conduct performance assessments, including the
priotity of these data needs. (Because of the uncii-
wainties tn the analysts, these insights are limited,
especially for this Phase 1 effort.)

ES3 SCOPE

The performance assessment is considered to be com-
prised of two parts:

1. quantitative estimation of totai system performance
through the use of predictive models, and

2. documentanon and detailed auwxliary analyses,
where appropriate, to support the assumptions,
data, and modeling approaches used to obtain quan-
titative estimates of performance.

Both aspects of performe nce assessment were addressed
in the Phase 1 effort.

The focus of this Phase | demonstration was the EPA
containment standard that requir s the total system per-
formance measure for an HLW repository o be ex-
pressed by a complementary cumulative dis‘ribution
function (CCDF) of radionuchide releases to the accesst-
ble environment, weighted by a factor approximately pro-
portional to radiotoxicity, integrated over an appropriate
period of time (10,000 years is the current regulaiody
requirement). This performance measure was estimated
by following the steps outhined in the irdormation flow
diagram (Figure ES.1). For the Phase | effort, these steps
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the CNWRA performance-assessment capability
expands.

ES4 ACCOMPLISHMENTS

' The NRC staff demonstrated its capability to conduct
, independontly performance assessments for an HILW re.
pository. Figure ES.2 shows how a CCDF for the total
system can be constructed from curves for separate sce-
, nario classes. (The caveats stated on the next page indi-
; cate why this CCDF is not considered to be representative
| of total system performance of a proposed Yucca Moun-
| tain repository.) In doing such assessments, the staff
| gained insight into the capabilities and limitations of the
currently available performance-assessment metl.odo!-
ogy. In achieving this primary objective, the NRC staff
also achicved the following major accomplishments dur-
ing Phase 1:

L. Modeled a potential liquid pathway of the undis-
turbed scenario class for the Yucca Mountan re-
pository using:

a. the NEFTRAN computer code, to simulate
transport in the unsaturated zone,

b. four vertical transport legs under the reposi-
tory to agecunt for spatial vanability,

' ¢.  amaodified treatment of waste form dissolution,
{ and

d. anonmechanistic model of waste package fail-
ure.

This liquid pathway modeling was extended to treat
pluvial conditions.

2. Developed and used a total system code, 1o repie-
= sent total system performance, as a CCDF, for a
1 limited set of scenano classes, using preliminary
data and numerous assumptions.

; 3. Developed a model and the corresponding com-
: puter code to treat human intrus‘on by drilling.

| 4. Performed a preliminary statistical analysis of re-

| sults (sensitivity and uncertainty) using several tech-
niques including Latin Bypercube Sampling (1.HS)
and regression analysis methods.

5. Executed several auxiliary analyses, which looked at:
a.  the potential for non-vertica! flow,

| b. the sampling requirements for CCDF genera-
tion,

=R .
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Executive Summary

¢ the consequences of C-i4 gaseous releases,
and

d.  the statistical analysis of available hydrologic
data for input 1o flow and transport models

ESS TENTATIVE RESULTS

In considering these tentative results, some important
caveats should be recogrized. Taking these tentative re-
sults of a preliminary a  iysis out of context, or separating
these tentative resulis irom these caveats, may lead to the
mappropnate interpretation and use of the results.

1. The results presented here have had limited peer
review, have numerous simplifying assumptions, and
are based on limited data; therefore, the numerical
resulls should not be taken as representative of the
performance of a reposttory at Yucca Mountain,
Ne'ada

o

The analysis was replete with uncertainties regard-
ing:

conceptual models,

data,

physicochenucal models, and

maodels and data for predicting scenarios.

L

3. Only a lirmted set of scenano classes was incorpo-
raied i the modeling, so the total CCDF presented
in this report cannot truly represent total system
performance.

4. The modeling of waste-package failure was non-
mechanistic and rudimentary; therefore, this aspect
of repository performance is probably not ade-
quately represented.

5. The liquid flow and transport models used at-
tempted to simulate key a . ~2ts of the performance
of a repository at Yucca Mo atain, but did so indi-
rectly through modifications of transport analysis for
saturated rock. A more direct representation of flow
and transport in partially saturated, fractured rock is
needed to ensure more confidence in the results.

Criven the caveats just stated. the reader is reminded that
the following tentative conclusions should k. used only
with these substantial limitations kept in mind, Based on a
preliminary analysis, the staff has reached some tentative
conclusions:

1. The fact that the Yucca Mountain repository, like
others, s designed so that the waste s emplaced over
a substantial area, appears to be an important aspect
determining performance, and should be included in
models of performance: important aspects appear o
be areal variability of;

NURFECG- 1327
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o  waste package lalure,
o depth of rck 1o water tahble, and
o potential of rock units to sustan fracture flow.

2. The gaseous release of carbon- 14 could be an impor-
tant factor in repository performance, but more
analyses and data are needed to determine how im-
portant.

3 Twodimensional modeling of the HYDROCOIN
Yucca Mountain description resulted in significant
loteral movement of water for unsaturated gro-
undwater infiltration rates greater than 0.2 mm/yr,
Nonvertical flow could o an tmportant factor in
repository performance, which wartants additional
analysis and data.

4, For scenario classes al. -~ g releases along the lig-
uid pathway. the most significant coniributors to the
consequences represented by the CCDF were iso-
1opes of plutonium. As plutotium behavior is poorly
understood, large uncertainties exist regarding:

®  colloids,
®  retrograde solubility, and
®  sensitivity of chemistry to oxidation state.

S, For releases along the hiqud pathway, the important
Inpul parameters appear 1o be:

¢ infiitration flux,

e ({raction of infitrating groundwater contacting
the waste,

®  uranium matrix solubility, and

e  saturated hydraulic mndyuclivny for the Calico
Hills Vitric unit.

6.  Consequence codes used in this study may not be
sufficiently efficient to allow analyzing numerous
scenaros, each with many (npul parameter vectors,
so0 that total system performance is adequatcly char-
acterized.

ES.6 PRELIMINARY SUGGESTIONS FOR
FURTHER WORK

BRased on this preliminary analysis and the limitations
noted, the authors have some preliminary suggestions
ghout the directions for further technical work to take
These do not represent an official NRC position, but ere
the views of the individual staff members who wrote this
report. Several of these suggestions relate 1o “spects of
the methodology that are mssing Gr need improvement
or that have not yet been incorporated into the NRC
performance-assessment capabiity. Other suggestions
relate to the general lack of data for Yucea Mountain.
Some of this suggested work is clearly the responsibility of

NURLG-1327

NOL; other items could be pedormed by NRC, DOLE, or

chird party. These suggestions are based on the work
described in this report; they have ot been correlated
with ather N'LC stalf views of with 1 DOLE site charac-
terization pragram. Therefowe, these suggestions aie not
intended to and should not be taken as indications of
deficiencies in the DOE Site Characterization Plan,
these recommendations for technical improvements in-
clude the following:

ESA1 Recommended lmprovements to Modeling of
Performance

General
1. Add the capubility for modeling additional scenario
Classes,

2. Test the system oode, using the consequence codes
as subroutines. instead of generating data sets exter-
nal 1o the system coxde.

1. Acquire, test, and evaluate codes developed by San-
dia National Laboratories (SNL) for a repository in
the unsaturated zone.

4. Lxplore, with the CNWRA, the adaptation of the
FPPA (1'ast Probabilistic Performance Assessment)
methodology to generate the total system CCDE.

5. Fvaluate additional codes, which could not be ac-
quired and evaluated du ing this short-time effort,
10 determine whether existing codes can meet the
NRC modeling needs or whether adduwional code
development is neede

Flow and Transport
1. Refine groundwater modeling (e.g.. by considering
higher dimensions).

v

Incorpora - a model of gas-pathway transport in the
caloulation of the CCDF.

3. Include Now and transport through the saturated
#ne.

4. Directly model transport through a partially satu-
rated, fractured rock, instead of the indirect, ap-
proximate representation used in Phase 1.

5 Expliaty model fracture/matrix couphing.

Source Term

. Attempt 1o develop or use & previously developed
mechanistic model of waste-package fatlure.

2. Develop a mechamistic model of contact between
groundwater and the waste.

F—
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L Treat the repository as a source

of radionuclides
distributed in time and space, instead of as a point
SOUrCe.

ol LT

L

::::f"‘" detailed peochemical analyses (o investi-

®  the use of ky'. Uistribution coefficients),

the effects of spatially sat

por omte 19 g varying saturation on
the waste form, groundwater, tulf interactions,
the auddation of the spent fuc) matrix, and
e geochemical behavic: of plutonium.

-

Evaluate heat effects at early time periods; estunate
the thermal, ¢, and emical environ-
ment of the repository at early times.

Evaluate importance of thermally aid barometri-
cally driven air flow on repository performance at
Yucca Mountain.

Perform detalled hydrologic analysis for Yucca

Mountain, 10 provide better data to the transport

analysis and 1o examine, in more detail, various «l-

;:mu::‘cn hypotheses regarding hydrology at Yucca
ountain.

X

&

Executive Summary

ES6.3  Recommendations for Additional Scientific
Input

(Some of these items could be performed by either DO
g(;:l!.)(.‘. whereas others are clearly the responsibility of

1.

Develop and demonstrate a mathematically ngor-
ous, scientifically robust, method for scenano analy-
8i8,

Obtain geoscience data for modeling volcanism,

Obtain geoscience and aydrologic data for modeling
faulting, uplift, and subsidence at Yucca Mountatn,

Obtain laboratory chemical analyss 10 delermine
the partitioning of radionuclides m viarious compart -
ments of the spent-fuel waste form.

Obtain lield and laboratory data on phenamena im-
portant 1o the near-field behavior of the repository,
especially the effects of heat.

Obtain more data on plutonium geochemistry,

Obtain a better understanding of waste-package cor
rosion i the unsaturaled zong.

Obtain field and laboratory data and perform analy-
ses 1o investigate the ssue of nonvertical fow at
Yuccs Mountain,

Obtain field data or, the transport of gaseous radio-
nuc des (C-14) at Yucca Mountain.
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Figu ¢ ES.2 Composite CCDF curve for the scenario classes considered in Phase 1 of the lterative Performance
Assessment, Results based on 598 veat vielding 1196 values, 1094 after duplication. This graph
presents results from an inttial demonstration of staff capability to conduct a performance assessment
U'he graph, like the demonstration, is himited by the use of many simplifying assumptions and sparse
data
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1. INTRODUCTION

This report describes the results of the Phase | demon
stration of the U.S Novlear Regulatory Commassion
(NRC) capability 10 execute a performance assessment of
a high-devel nuclear waste (HLW) teposi.ory.

This demonstration was performed as the inatial step in a
sequence of planned terative performance assessments
10 be undertaken by the NRC staff and NRC cantractors.
Performance assessment of an HLW reposnory, like
other systematic safety-assessment methodologies, bene-
fits substantially by being conducted in an iterative man-
ner, primarily because the lessons learned regarding
modeling improvements, data needs, and methodology
can be addressed in subsequent iterations. This activity
was undertaken (0 maintain and to enhance the inde-
pendent NRC stafl capability to evaluate performance
assessments submitted as part of a license application,
This capability consists of a1 least two aspects: (1) the
capability to provide an independent check on key aspects
oi the licensee's assessment and (2) the capability to
probe the hcensee's assessment {or potential weaknesses,
based on a familiarity with the mohods, data, and as
sumptions used in the assessmont,

In addition, these iterative perfOrmance assessments are
expected 1o provide insights helpful in developing regula-
tory products. including: (1) technical positions, rulemak-
ings, and other regulatory guidance; (2) evaluations of site
characterization activities: and (3) evaluations of (he

NRC research program.

Currently, two phases, of potentially several tterations,
are planned for these iterative perfornance assessment
activities. Phase 1, a demonstration, was intended to:
(1) result tn a framework for performance-assessment
moceling: (2) with the limited resources allocated to per-
form this activity, provide a rudimentary demonstration of
d formance-assessment  modeling  capability; and
(3) be accomplished with a minimum of technical input
and interaction with NRC contracton, except for work
and products already documented and delivered to NRC,
Phase 2, is intended to: (1) be accomplished in I'Y 90 and
beyond; (2) incorporate significant products to be deliv-
ered by NRC contractors, most notably the Tuff Perform.
ance Assessment Methodology currently under develop-
ment by Sandia National lLaboratories (SNL) and
(3) provide a more complete, accurate, sophisticated, and
realistic performance- assessment modeling capability.
Additional phases (iterations) may be added as this work
proceeds.

A interdisciphnary, integrated approach was envisioned
when the mitial plans for this activity were developed in
late 1988 to carly 1989, Although a portion of the work

was continued by some staff for a time, sustained effort by
staff on this Phase 1 demonstration did Lot tesume untll
August/September 1989 At that time, the effort was
restructured. The major features of this restructuning
ncluded

o Concluding the Phase | work in 3 months, Lo, no
later than November 30, 1989,

®  Attempting 10 ExXeCute as many steps as possible in
the performance- assessment methodology, while wt
the same time tailoring the activities to fit into the
time and resources allowed.

®  Fstablishing a smaller core group of participants (o
be responsible for the work. The involvement of
other staff and continual peer review, as originall
envisioned n late 1988, would be deferred until als
ter November 30, 1989, to expedite the effont,

&  Dviding the work mto five parts:

1. Scenario Analysis
2. Flow and Transport
3 Soutee Term

4. System Code

5. Auxiliary Analyses

Waorking groups, or teams, were set up to conduct the
Phase 1 analyses for the first four of these topical areas
These teams roughly correspond to the methodological
steps of performance assessment shown in Figure 1.1,
The suxiliary analyses were conducted by individual staff
members.

This report is largely structured along the same lines used
10 organize the work. Sections ES through 3 provide in-
troductory material. 1hese sechions are:

ES - Ixecutive Summary

1.0 ~ Introduction

2.0 « Purpose and Scope

1.0 - Organization and Stafting

Sections 4 through B of this report describe the work
performed by the various teams:

4.0 - System Code

5.0 - Source Term

6.0 - Plow and Transport Models

7.0 - Methodology Tor Scenaria Development
R0 - Austliary Analysis Summancs
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2. PURPOSE AND SCOPE

The primary purpose of Phase 1 of the terative perform-
ance assessment activity was 10 demonstrate the capabil-
ity of the NRC staff 1o conduct, independently, a per-
formance assessment of a proposed HLW repository. An
independent assessment capability is considered 1o be an
important aspect of the licensing review to be conducted
by the NRC stalf. To achieve these poals, a limited. pre-
m total system performance assessment was con-

The performance assessment was considered 10 he com-
prised of two parts:

(1) the quantitative estimation of sotal system perform-
ance through the use of predictive models, and

(2) documentation, including detailed auxiliary analy-
ses, where appropriate, to support the assumptions,
data, and modeling approaches used to obtun quan:
titative estimates of performance.

Both of these aspects were addressed in the Phase |
elfort.

In accomplishing the primary poal of Phase 1. some
worthwhile secondary goals were achieved:

®  The existing analytical t0o's to conduct a perform-
ance assessment (both methodologies and computer
sodes) were evaluated.

®  Insight was obtained into the needs for the develop
ment or improvement of methodologies,

®  Insight into the needs for site characterization was
obtamned

The total system performance measure for an HLW re-
pository can be expressed by a complementary cumulative
d&-7 ribution function (CCDF) of radwonuchde releases 1o
the accessible environment, weighted by a factor approx -
mately proportional 1o radiotoxicity, and integrated ovi r
an aj iate period of time (10,000 years is the curre i

latory requirement). This performance measure is
mandated by the EPA standard (40 CER Part 191) for the
containment of waste by an HLW repository. This p -
formance measure is incorporated into NRC's regulaton,
10.CFR Part 60, along with additional performance me is-
ures relating o (1) waste-package lifeume, (2) fractional
release of radionuclides from the engineered barrier sys.
tem (EBS), and (3) proundwater trave! time. The repre-
sentation of repository performance by a CCDE of
weighted cumulative releases incorporates: () considera-
tion of the various components impeding the movement
of radicouchdes to the accessible envitonment; and

(23 consderation of a range of conditions and events that
could affect tuture 1/ Hormance

The CODE was estunated by following the steps outlined
below, which are shown in Figure 1.1, For the Phase 1
effort, @l these steps were perlormed, but some (for
example, Steps 2 and 3 were executed only (0 a limited
degree, and only portions of athers (Tor example, Step §)
wire done.

L. Systern Description — e repository is broken into its
component party for the purposes of modehing.
These components include the waste, the mined
repository, and the portion of the geosphere sur-
rounding the repository through which the radi-
onuchdes, in time, migrate. The system description
must include information 1o suppon development of
models descnbing tepository performance and to
determine parameters upon which the models de-

pend.

Scenario Analysns - Scenanos cepresenting alterna-
tive Futures for the system and possible future siates
af the environment are screened and chosen, Prob-
abilities are estimated for the Chosen scenarios.

1 Consequenice Analves - Models are developed 1o de-
soribe the performance of the repository. The conse-
guence, m terms of cumulative release of radios
nuclides 1o the accessible environment over a
specified time peniod (usually 10,000 or more years),
is caloulamed for cach scenario and usually for nu-
merous realagtions of possible parameter values, In
addition 1o being incorpotated by way of cumulative
releases ito the CODF (Step 4), centamn types of
congeguences might also be considered separately,
for compansons 1o standards for maximum doses 1o
individuals and for maximum  concentration
groundwater. (These were heyond the scope of
Phase 1) For purposes of dividing up the work, the
consequence analysis was conducted by the Source
Term and the Flow gnd Transport Teams.

| ¥ ]

4. Peformonce Measare Calcwlation (CCDF; -~ The con-
sequences for cach scenano, in terms of normalized
cumulative releases of radionuclides to the envigcon-
ment over a specified period of ume, are calculated,
und the results are displayed in a curve of conse-
guences versus the probability that such conse-
quences might he exceeded. Compliance with the
pertormance ¢nteria s determmed by comparing
the corve 1o a comphasnce curve that provides limits
that the calculated curve must not exceed.

S, Senstivity und  Uncertamty  Analysis— Seasitivity
analyeis investigates the change in performance

NUREG- 1327







I'
i
B 2 Purpose and Scope
!
)
i
b as would the subsystem requirements of 10 CTR tractor contribution would be via personal commuy-
r 60.113. nication.
| y ! . i
o Thsdmmmnio v sy, oot s et e
only. The Center for Nuclear Waste Regulatory o uing iynes of activities were performed: (1) computa-
" Analyses' (CNWRA) involvement would be primar- 00 ang ‘upport, including: data input, model setup,
.’ ily as an observe". code development and testing, code execution, and oul-
f put analysis; (2) auxiliary a including: evaluation
l e  Other than exisiing reports, papers, and computer of assumptions and preprocessing raw data; and (3) docu-
! software packages already delivered, the only con- mentation.
|
!
'
;
;
i_
)
!
[
|
i’
-
2
I
;
i
:
i
- 7 NUREG-1327
[,

g

S B




el el e A B e ek b e e

3. ORGANIZATION AND STAFFING

NRC stafl members from both the Offices of Nuclear
Matenials Safety and Safeguards (NMSS) and Nuoclear
Regulatory Rescarch (RES) worked on Phase 1. To coor-
dinate the efforts of the two offices, the organizers of
Phase | designated an administrative project manager
from NMSS and two office technical coordinators, one
from NMSS and one from RES. The technical stafl in-
volved in Phase 1 came from both offices. The assignment

N RSN SR SRS IS =T

of technical staff 1o techmcal efforts in Phase 1 was done
without regard 1o office alfiliation.
The project manager and technical coordinators facili-

tated communications among the various technical par-
ticipants and managers. The technical coordinators also

w plans for technical activities, schedules, and
ing for Phase 1, for approval by NMSS and RES

management.

NUREG-1327
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4. SYSTEM CODE

4.1 Introduction

In the Phase 1 demonstration, a systemn code was devel-
1o process information needed to generatr a CCDE
representative of the performance of an HL'W repository.
To obtain the CCDF, this code treated sequentially a set
of scenarios that represented possible future states of
nature. Consequence modules associated with the avail-
able release pathways calculated the cumulative radion-
uclide release, over the 10,000-year simulation time, for
each of four scenanos analyzed in Phase 1. These conse-
quence modules were products of work pedormed under
the Source Term and the Flow and Tasks, that
are documented in Sections 5, 6, and 9 of this report. bach
scenario yielded numerous cumulative release values, re-
sulting from the multiple parametnic input vectors used in
a realization. Probabilities assigned to each consequence
within 2ach scenario were then combined with the likeli-
hoods of the scenarios themselves, to form the CCDE.

In accompluahing these tasks, the system code handled
two of uncertainty inherent in a CCDF. First, it
treated the uncertainty in the future states of nature by
looking at sets of scenanios that attempted to describe
those future states. Secondly, the code handied the un-
certainty related o the vaniability in model parameters by
using multiple sets of parametric input vectors when exe-
cuting the pathway consequence modules.

4.2 uirements for the Development
of the System Code

The development of the system code is 4 continuing proc-
ess, consistent with the ongoing iterative performance-as-
sessment activity, Throughout its development, this code
should meet certain minimum requirements:

1. The computational modules for calculating conse-
uences, comprised of one or more computer codes

or the source term and the flow and transport calcu-
lations, produce output in terms of cumulative radi-
onudlide release o the accessible environment. The
system code must be capable of receiving these data.

2. The system code must be able 1o treat two of the
types of uncertainty incorporated in a CCDF charac-
terizing repository performance: (1) the uncenainty
in future states of nature, and (2) the uncertainty in
model parameters used 0 estimate cumulative re-
leases.

11

3 Totreat uncertainty in future states of nature prop-
erly, the system code must be able to treat different
swenarios (of more properly scenario classes) that
attempt 1o describe those future states and obtamn
the corresponding data on cumulative releases of
radionuchides.

4. Totreat properly the uncertainty related (o the vari-
ability in parameters used in the consequence mod-
els, the system code must be able 10 collect and
process cumulative release data gencrated from
multiple sets of parametnic input vectors.

S, Because many scenanos are expocted 1o allow radi-
onuclide releases by more than one pathway (e g in
groundwater, by pas, and/or by direct release), the
system code must be able to obtain cumulative re-
leases corresponding to the specified pathways.

6. The system code should have buili-n protection o
ensure the consistency of the assumptions vsed
within & single simulation. For example, the per-
formance time period (10,000 years for the cuirent
EPA standard) should be the same for all seenarios
and pathways in any given representation of the
repository 1o which the system code is applied.

7. The system code should be able to present results in
both tabular and graphical lormats.

4.3 Survey of Existing Codes

The stalf evaluated several computer codes to determine
their suitability (as a whole or in part) for use as a system
program in this effort. Although all the surveyed codes
were not “system codes” per se, cach was reviewed in
terms of how well it fit the regquirements expressed in
Section 4.2. Appendix A provides a detatled discussion
and description of the codes evaluated,

Based on the results of the review, the staff decided to
develop its own system code rather than 10 adopt an
existing one. There were several reasons for this choice.
First, adapting an existing program 10 meet the staff’s
needs and 10 be compatible with the NRC computing
environment would likely be as time-consuming as devel-
opment of a new code. Secondly, an NRC-written codde
could be more closely tailored to the specitic require-
ments and needs of the project than one developed out-
side NRC. Finally, the more promusing system codes for
potential use in this work would not be available to the
staff within the tmeframe sct
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4. System Code

4.4 Description of the System Code

44.1 Introduction

This section presents @ briefl deseniption of the system
codle developed by the staff for this demonstration. The
manner of code execution (i.c., internal vs. external), the
input data requirements, the type of output available, and
# briefl outline of the system program are presented.

4.4.2 Internal vs, External Runs

The system code can be executed in either the “internal”
or the “external” mode (Figure 4.1). This distinction re-
fers 10 the time at which the output files from the conse-
quence modules are generated. In the mternal mode,
consequence modules are run and cumulative radion-
uchide releases calculated as the system code 1s executed.
This requires that the modules be integrated closely with
the code. For exiernal runs, however, the modules are
separate from the system code, and as a result, the cumu-
lative releases can be generated and placed in files at any
time before iteration of the systein code. Inteinal execu-
tions would appear 10 make sensitivity analyses easier,
because samulation parameters are global. Thus, changes
10 the input files for subsequent runs need be made only
once. This decreases the opportunity for error, while of-
fering increased convenience and quality assurance to the
analyst. Simulations in the external mode offer the oppor-
tunity 1o repeat carher runs as long as the output files
from the consequence modules are uniquely identifiable.
In addition, external runs would appear 10 be more eco-
nomical in terms of both computer time and money, since
they do not require the execution of either the Latin
Hypercube Sampling (1.HS) routine or the consequence
modules.

In Phase 1, although both modes of operation were al-
lowed, the system code was demonstrated only in the
external mode.

44.3 Input

The Phase 1 system code required input data in the fol-
lowing five areas: (1) general run information, (2) scenar-
10-specific information, (3) probabilities of those scenar-
10§ occurring, (4) EPA release limits for the initial
radionuclide inventory, and (5) cumulative radionuchde
releases due 10 the effects of the scenarios.

The analyst created a file consisting of both the general
run data and the scenario-specific information. This file
supplied the execution mode, the simulation time peniod,
and the amount of output desired, as well as the scenarios
(total number, names, release pathways) 1o consider.

NUREG-1327
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A seenano’s probability s estimated by combining the
probabilities of the processes and events making up the
scenano. For this demonstration, the stall modeled four
scerano clusses based on two fundamental events: a plu-
vial penod (or not) and drilling st the site (or not). Fig-
ure 4.2 shows the probabilities assgned 1o the events and
the scenanos. The probability of occurtence of drilling
was assumed 10 be independent of the probability of the
occurrence of pluvial conditions.

I'he FPA release limits were taken from 40 CFR Part 191,
Appendix A, Table 1. Given i cuties released per 1,000
Metric Tons of Heavy Metal (MTHM), these limits were
converted in the r{nem code 1o release lmits for the
injtial inventory of 70,000 MTHM assumed for this dem-
onstration. EPA ratios were calculated, using these limits,
for gach released radionuchide.

The cumulative releases of radionuchides were ealculated
by the consequence modules, which modeled the reposic
tory release via the available pathways assigned to each
sCenano,

4.4.4 Operation

To obtain a CCDF estimating reposstory performance,
the system code treated a set of scenarios describing pos-
sible future states of nature, and accessed the estimated
cumulative releases corresponding 1o each scenano. The
code next combined this data from the scenanos into the
CCDF, and printed the CCDFE as a graph and/or table.
This section, along with Figures 4.3 and 4.4, provides a
more detaled explanation of how the system code accom-
plished these tasks.

The effects of each scenanio were assessed in the follow-
ing manner. Firit, had the system code been sel 1o run in
the internal mode, consequence modules for the poten-
tial release pathways specified for a scenario would have
been executed. Next, the cumulative releases calculated
by the modules, either imemally or externally, using
LHS-generated input vectors, were read into the program
and stored in temporary arrays. Then, each radionuchide-
release pair was compared 1o its EPA release limit, and a
corresponding normalized FPA ratio was calculated by
the following formula;

N. malizod Release  Cumulative Release of Radionuciide |
of Radionuclide | EPA Limit for Radionuciide |

These normalized releases were then placed into a four-
dimensional array arranged by scenario, radionuchide,
vector, and release pathway (Figure 4.5). Once the effects
of all scenarios had been madeled, this array was used as a
data base over which different summation routines 100k
place. These routines created a second array of summed
normalized EPA releases, ordered by scenano und vector,




by addicg up normalized releases for all radionoclides
over all release pathways.

Then, for each scenanio, probabilities were ealculated for

4. System Code

factored in by multiplying the probability of cach conse-
quence by the likelthood of is scenano,

Finally, the results from all scenarios considered were
combined, the summed normalized releases with their

the o associated with a particular mput vee: probabilities ordered and sorted, and a running sum of
tor. These 3s wore based on the assumption this the probabilitics oreated. This outcome was graphed as a
every vector within the scenario was probable. For CCDF on 4 log-dog plot of summed normalized FPA

example, given this assumption, the likelthood of occur-

release against cumulative probability,

mdhi %mﬁzwm”ﬁm"m

VECLOrS | | 10 or 002, Following the assign- ;

ment of probabilities, the consequences vrm’un cach we- 443 Qutpat

nario class were sorted, duplicates eliminated, and the Results generated by the system code were wlten 1o two
likelihoods adjusted accordingly. output files. In addition 1 the data needed to graph the

The array for each scenaric then contained unigue. or-
dered with associated Likelthoods of ocur-
rence. Then, in order 1o obtain a representative cumula.
tive distribution function, scenario probahiities were

total CODE, these files contained normalized releases
broken down by scenario, vector, release pathway, and
radionuclide, or vanous combinations of these catogones.

A commercially avadable software graphics package was
used 1o plot the CCDF,

e B il B
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4. System Code

DETERMINATION OF SCENARIO PROBABILITIES FROM THE
PROBABILITIES OF FUNDAMENTAL EVENTS

-

p p
0.9 0.1
Scenario Scenario
= class # 0 class # 1
D
2.3 x 107
Probability Probability
= 2.0x107 = 2.3 x 10-0
Scenario Scenario
class # 2 class # 3
D
~ 1.0
Prohability Probability
~ 09 ~ 01

P is not pluvial D is no drilling
P is pluvial D is drilling

Scenario class # 0 is no drilling, not plavial
Scenario class # 1 is no drilling, with plu.ial
Scenario class # 2 is drilling, not pluvial
Scenario class # 3 is drilling and pluvial

Note: Probability combinations assume that fundamental events
have independent probabilities of occurrence;
this is not a general restriction.

N v 3 ol ol . 4 " .

Figure 4.2 Determination of scenano probabilities from the probabilities of fundamental events. This figure pre
sents results from an initial dermonstration of staff capability to conduct a performance assessment
The figure, like the demonstration, is limited by the use of many simplifying assumptions and sparse
data

15 NUREG-1327



TOBTAIN DATA |

Cumulative Reiense

((.' am h
¢ Scenario
e Nurcilide
e Pathway

* Vactor

Form EFPA
Ratio. R
for each

.

Vector

* Scenario

Form R

Probability}

pairs for each

S“f@r‘:""‘f

SIMPLIFIED FLOW
DIAGRAM OF
SYSTEM CODE

Form (R
Probability
pairs for all

Scenarios

combineg




LEEL-1YVINNN

stlays apoo WasAs JO weiBnp WO paacy p'y 2N

Normalize sach

Scenario, | .
Pathway, K Y- v,
Vector, L &
e —
Sum Normalized Compare Arrays as

Ratio, R, for each LTOTIH) is the Total Ratic. R, for each
dinput Vector, L, and Number of Vectors input Vector, L, for
Each Scenaric, L for Scenario | each Scenario, i
—
Arrange Normalized, Ev' IofEPA‘I Multiply Probability
Summed Cumulative " Vailues of Each
Ratio. Muitiplying 4
Releases in . he A . g . Scenario by the
Ascending Order Probability of the
of Magnitude Py . Scenario |
Number of Multiples
Report Qut - Piot Sum Probabiiities
and Print Values from Highest EPA Becsder tates] and Assemble Vaiues of
of the EPA Ratio Ratio Values to Eliminate Multiples EPA Ratio, R, and
and the Cumulative = Lowest to Obtain "J Before § the Associated
Probability of the Cumulative 00, I B Probabilities in a
of Exceeding any Probabitity of Each Scenario, |

Value - THE CCDF Exceeding any Value

Single Large Array

APU) WOSAY ¥



DATA ARRAY FOR SYSTEM CODE INPUT

W —. —

N




L i
|
|
|
]
|
|
1

5.1 Introduction

The demonstration of the performance-assessment
methodology depended in part on developing or adopting
& source term model that could consider the rate of re-
lease of the radionuclides from the engineered barner
system. The stalf reviewed several assessments of the
Yucca Mountain site performed for the U.S. Department
of Energy (DOE) by national laboratories. Other source
term models not for the Yucca Mountain case
were reviewed also. Appendix B provides a synopsis of
these reviews. None of the models were completely satis-
factory, because important data on actual spent fuel un-
;‘;‘re thie expected repository conditions was not yet avail-

The staff’s model drew on features found in these assess-
ments. In many cases, it was necessary 10 make simplifying
assum These assumptions were believed to lean on
the side of conservatism.

5.2 Review of Important Issues for
Selecting Source Term Models

‘The radioactive waste, consisung mainly of spent light-
water reactor fuel, will be stored in metal canisters. A
al canister, according to current DOGE plans, is about
B meters long, 0.66 meters in diameter and has a wall
thickness of 1 cm (Site Characterization Plan (SCP), Sec-
tion 7.3.1.3) (DOE, 1988) Small amounts of nuclear
wastes in other forms, such as vitrified defense wastes,
may also be stored in the repository, but the demonstra-
tion focused only on the spent fuel wastes. The source
term model must account for the processes in the near
field that determine the rate at which radionuclides are
released, including corrosion and physical destruction of
the . asic package, oxidation of the cladding and the spent
fuel, pascous releases, contact betwe n liquid water and
the fuel, and transport of the releasad radionuclides be-
yond the confines of the enginecred barrier.

5.2.1 Waste-Package Lifetime

The canisters will be scaled and most probably filled with
an inert gas. They must first be breached belore there can
be any release of radionuclides. Several measures will be
used 1o reduce the likelihood of camister breaching:
(1) the wantsters will be made of corrosion-resistant mate-
rial; (2) there will be £n air gap between the canister 2nd
wne host rock to prevent any direct contact with pore
water; and (3) the decay heat may ore ste a dry zone for
several hundreds of years afier emplacement, furthet
isolating the canisters from contact with hiquid water.

19
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Irrespective of these measures, canisters may still fail.
Some of the mechanisms that might lead 10 latlure are:

®  Mechanical damage by excavation falure, carth-
quakes, magmatic Intrusions of human intrusions

e Corrosion by hot steam or water dripping through
fractures

e Corrosion by direct contact of canister with rock;
€., loss of air gap because of spallaiion of rock or
infilling by water-borne sediment

e  Corrosion by immersion because of rise in regional
water table or perched water table

®  Heal pipe effect
8.2.2 Cladding Failure

Maost of the spent fuel will be protected by thin cladding,
usually zirconium alloy, but in some cases stainless steel.
In a small fraction of the cases, the cladding will be flawed
by pinhole leaks or damaged (Van Konynenberg, ¢t al,
10K7). The cladding is an additional layer of corrosion
resistance for the fuel, protecting the fuel from oxidation
of water contact for a time. Since 1t s very thin (typically
0.6 mm) relative 1o the canisier thickness, cladding has
usually been ignored in performance -assessment studies.

Aside from the potential corrosion protection offered by
the cladding, the cladding itself s likely to contain C- 14,
produced by activation of impurit s in the zirconium
metal or picked up from the circuloung water in the reac
tor. Cladding corrosion thus might prove to be a source
for the release of C-14 from the waste. Releases of gase-
ous C-14 are discussed in Appendix D.

£.2.3 Oxidation of Uranium Dioxide Matrix

Uranium dioxide is unstable in an oxidizing environment
(Grembow, 1989), Because the repository will be located
in unsaturated rock, there will be oxygen available to
oxidize the uranium dioxide after failure of the waste
package and cladding, Before failure, the canisters will
most likely be filled with #n inert gas to prevent ovidation,
although it 1 possible 10 have oxidation directly from
water that might be contained in the fuel rods, particu-
larly those fuel rods that have already failed. The rate of
oxidation depends, among other things, on temperature,
50 the time that the waste package fails might be impor-
tant. Oxidation of the uranium dioxde 15 potentially
important io the performance model, because uranium in
higher valence states 15 much more soluble than in low
valence states. If the fue! is immersed in water, the rate of
oxidation may be the limiting rate for congruent
dissolution of the fue! matrix (Doctor, et al, 1992). In
addition, oxidatior of ¢ @ fuel under dry or moist steam
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conditions can cause an increase in its volume and poros-
ity, with the that the ease at which the gase-
:;“ radionuclides such as C-14 could be released might

§.2.4 Release of Dissolved Radionuclides
from the Fuel

Initially, the canisters and the spent fuel are likely to
produce sufficient heai 1o dry out their surroundings or
create a dry steam environment. Evenwally however,
mm might come into contact with the spent fuel,

it o ve and release its inventory of radi-
onuclides to the environment. Most of the inventory of
radionuchides will be entrapped by the uranium dioxide
matrix of the fuel, and will be released slowly as the matrix
disintegrates. Some of the radionuclides released from
the matrix might precipitate immediately because of their
low solubility, thereby limiting their release (O etal,
1983), or may form colloids pson, 1989), Some of
the more-volatile radionuclides such as C-14, cesium, and
idine tend to migrate from the ratrix and collect at
intergranular boundaries and in the gap between the fuel
and the cladding, particularly while still in the reactor.
These volatile radionuclides will be released more quickly
than those released by congruent dissolution,

8241 Water contact fraction

DOE plans to emplace the canisters in the host rock in a
manner that it considers can reduce the likelihood of
water coming into contact with the waste (SCP, Section
8.3.59) (DOE, 1988). A proposed emplacemesnt plan
would have the canisters stored vertically with an air gap
between the canister and the rock walls. Furthermore,
DOE considers that the heat generated by the waste may
create a significant zone of dry rock around the canisters,
solating them until such time that the water can infiltrate
the rock again. Water might still come into contact with
the canisters by several mechanisms:

Circulating water generated by the decay heat

Infiltrating water flowing through fractures and
dripping onto the canisters

®  Laoss of the air gap caused by failure of the emplace-
ment holes through mechanical and thermal
stresses, or mineral and sediment infilling

There are other possible sources of water available to the
fuel, other than vertically infiltrating precipitation, but
these were not included explicitly in the Phase 1 calcula-
tions. Two potentially important sources are: (1) lateral
inflows from areas of perched water and (2) liguid water
arculation caused by heat-driven evaporation and con-
densation. Lateral infiltration might - ivert infiltrating
groundwater, causing some of the waste packages to come

NUREG-13¢/
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0o contact with higuid water, bul at the same time, di-
recting water away from other waste packages.

The significance of the issue of thermally-driven water
circulation is difficult 1o determine at this time. I all neat
generated !'g the nuclear waste went into evaporation of
water, the flux would far exceed the likely infiltration
rate. It may be the case that these phenomena are short-
lived and unimportant during the period of canister
tntegrity, when most of the water driven off would be
diverted from the canisters rather than returning. Of
course, the relationships between heat  production,
evaporation, and circulation are far from simple, and
must be approached with sophisticated modeling 1ools.
Models such as TOUGH (Preuss. 1987) would be re-
quired to carry these arguments further. They were be-
yond the scope of the Phase 1 study, but should be
planned for subsequent studies

The water contact fraction was characierized by o ratio
relating the amount of water infiltraung the site 1o that
coming into contact with the waste canisters. Simple cal-
culations were performed to estimate the fraction of the
waste canisters exposed 1o purely vertical infiltration by
taking the ratio of the cross-sectional arca of the canigters
to the total arca of land surface projected by the reposi-
tory. This ratio was calculated to be approximately 0.0011,
This simple figure does not capture the true nature of
water contact, because, in its uminterrupted state, infil-
trating water is Pkely to flow around the canisters because
of the matrix suction of the unsaturated rock. The analysis
in DOE's environmental assessment of Yucca Mountain
(DOE,, 1986) assumed & contact fraction of 0.025, but no
basis was specified for this choice. Other analyses have
specified that all water infiltrating the site contacts the
waste (Doctor, etal., 1992). DOL design goals specify that
for the first 300 IJ'cm following closure, 95 percent of the
canisters should be essentially dry, and the remaining §
percent have contact with less than § liters of water per
year. From 300 to 1000 years after closure, up to 10
percent of the canisters can have £ liters per year contact
(SCP, Section 8.3.5.9) (DOL, 1988). Section 8.3.5.10 of
the SCP allows contact of less than 20 liters of water per
year per canister for up to 10 percent of the canisters,
however. This figure was estimated as 80 tumes the ex-
pected maximum flux for canisters emplaced vertically

5.2.5 Release of Gascous Radiouuclides

There are several gaseous radionuclides v spent fuel,
although many of these are short-lived and of no lo: g-
term concern. The most significant radionuclides are
carbon-14 and possibly iodine-129 (only at elevated t¢:9-
peratures). (14 would be released from the cladding,
the cladding-fuel gap, and the matrix. The gaseous re-
leases would be partitioned between the groundwater and
air, depending on environmental factors such as satura-
ton, temperature, and concentration of hicarbonate wons.



None of the models reviewed in Appendix B handles the
releases of C-14 in a very sophisticated way. The models
cither (reat the C-14 as a component of the fuel released
1o the groundwater by congruent dissolution of the fuel
matrix, or all is released instantaneously upon fadure of
the waste canister,

The release of C-14 from the repository is of interest to
disposal in unsaturated 1ock because there s at least the
possibility of a fast pathway to the accessible environment
through ures, excavations, and tunnels, Two models
of transport of C-14 in the geosphere of Y ucea Mountain
indicate that the time for C-14 released at the repository
ievel 10 reach the atmosphere would be on the order of
hundreds to a few thousand years, 100 short a time 1o
depend on decay to diminsh the tmportance of C-14
cumulative releases 10 the accessible environment
(Knapp, 1987; Amter, et al., 1988). An assumption of
insiantaneous release from a fuilled canister may 100 pes-
simistic. On the other hand, the assumption that ail C-14
15 contained in the matrix and released only as the matrix
dissolves may be too optimistic, because a substantial
fraction of the C-14 may be contained in places other
than the matrix, e.g., the cladding. Laboratory data on the
location of vanous radionuchides in spent fuel under dif-
ferent conditions will reduce this modeling uncertainty.

5.3 Model Selection and Justification
§.3.1 Model for Dissolved Radionuclides

The source term model provides ealculations of radion-
uchide releases to the flow and transport calculations, For
this study, the source term model incorporated in the
Network Flow and 'n-amgun (NEFTRAN) computer
vode (Longsing, et & i7) was adopted. Radonuclide
releases would ocow ...y after failure of the waste pack-
age, characterized as a single failure time 4y (it was recog-
nized that waste-canister lailure would probably be dis-
tributed in time and space, but the NEFTRAN model was
incapabie of dealing exphicitly with the source term i this
manner).

Upon failure of the enginecred barrier at ume 1y, racho-
nuchde release would be poverned by either the leaching
rate determined by the rate of dissolution of the waste
form, or limited by the solubility of the individual radi-
onuclides, §; . For the former, the rate of release would
be:

Ri(t) = 4, My(v), (5.1)

where M = the inventory at ume ¢ of the radionuchide in
the waste.

21
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The leach rate A1 was determuned by the comtnation of
the infiltration rate (1), the fraction of water contacting
the waste (1), the surface area of the repository (A), the
solutulity of the waste form (8y), and the initial inventory
of the waste form (Mq):

AL = Ixfx AxSg/Mg (8.2)

I the solubility timit would be exceeded by the release
calculated by Equation 8.1, 1.e., if Ri(1) > §{1AT, then the
release rate was cut off a1 the solubility limit:

Ri(t) = SjIAL (5.3)

where §; = the solubility of radionuchide |

The release rate Ri(1) became a flux boundary condition
tn the transport equation.

5£.3.2 Limitations of Model for Dissolved
Radionuclides

The most significant hmitations of the dissolved radio-
nuchde source term model are believed 1o be:

¢ The model ignores the diffusion-limited case, where
there might be the buildup of a boundary layer imit-
ing the release of solubility-limited radionuchides
(this mechanism would apply only of there were a
continuous ligukl water path between the fuel and
the rock),

®  Porlarger infiltration rates, the mode! cannot repre-
sent phenomena that would tend to limit the rate of
rele. s, such as the forward rate of reaction for oxi-
dation of the spent fuel, and the possibility that oxi
dants might not be available in unlmited quantities
because they would be consumed within the canis-
ters,

¢ The model assumes intimate contact between the
groundwater and the waste, ignoring features such
as the air gap, designed to prevent such contact. Itin
effect assumes there is no protection for the fuel
from the water, even though the fuel has maltiple
layers of protection, including the air gap, waste
package, and cladding.

®  The madel incorporates a single time to failure, even
though it 1s more likely that waste packages would
fail in a distributed manner in time and space.

®  Releases from the matnx of low-solubility radi-
onuchides might result in collowd formation rather
than precipitation.

®  [he model does not take into account radionucides
that might not fit neatly into the three compart-
ments (unleached, undissolved, and dissolved), such
as those collectng in the graim boundarnics and in the
cladding gap.
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relatively higher-conductivity virrc facie (CHnv) of
the CHn unit. At low fluxes within the TSw unit,
lateral flow may be produced by capillary-barnier
effects within the matrix of the TSw unit where it
overlies the CHnv unit. At high fluxes, efficicat frac-
ture flow in the TSw unit may produce lateral flow as
well as vertical flow where the low conductivity CHn
unit underlies the TSw unit.

3. Flow in both the JHav and CHnz units i predom-
nantly vertical through the matrix (although alateral
component may occur paraliel 1o the bedding within
the vitric CHny unit) and continues directly 1o the
water table wherever the latter transects the CHn
unit. Where the CHn unit lies above the water table,
flow is presumed to proceed vertically downward o
the water table through the Crater Flat undifferenti-
ated unit (Chu),

4. ‘T'he nearly vertically oriented fault zones and their
associated fracturing may be highly effective path-
ways for vertical moisture flow, especially in the
competent TCw and TSw units. But faults may im-
pede lateral flow and may thus produce perched-
water bodies where the faults transect zones or hori-
zons of significant lateral flow.™

Additionally, very littie data are available on estimated
infiltration rates and deep percolation rates past the re-
pository, Estimates of deep percolation rawes past the
repository horizon are ducﬂ::d on page 3208 of the
SCP (DOE, 1988) as:

“Wilson (1985) reviewed available siie and re-
gional hydrogeologic data in order to set con-
servative upper limits on the present. net verti-
cally downward moisture flux below the
repository horizon at Yucca Mountain and on
the present rate of net recharge 1o the sato-
rated zone in the vicinity of Yucca Mountam.
Wilson (1985) concludes (1) that the liguid-
water percolation flux, directed % ally
downward in the matrix of the TN« . 0%
the repository horizon, probably © < than 0.2
mm/yr and (2) that the area averaped rate of
net recharge to the saturated zone in (he vicin-
ity of Yucca Mountain probably is less than 0.5
mm/yr. Although Wilson (1985) considered a
number of processes, such as upward water.
vapor flow in the fractures of the TSw unit at
the repository horizon, these upper bounds on
percolation and recharge fluxes must be re-

garded as preliminary estimates that have as-
yet-unknown limits of uncertainty.”

It was considered that the defintion of a conceptual
model for flow ard transport in unsaturated fractured tall
depended on fracture-matrix interactions and the rate of
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infiltration. The current review indicated that the effucts
of [ractures on groundwater Now and of Row diversion at
layer boundanes will need 1o be assessed and their sensi-
tivity to infiltration rates determined. However, for the
present study, it was assumed that groundwater flow
would be one-dimensional and in the vertical direction.

The role of fractures and flow diversion at unit bounda-
ries could have significant affects on flux rates through a
repository. Although flow diversion was the subject of a
limited auxiliary analysis (see Appendix (), future analy-
ses will need to consider fracture-matr interactions and
further consider flow diversion where fractures can alfect
the flow.

6.2.2 Pathways

The assessment of a repostory in the unsaturated zone
could involve the following three pathways: (1) lignid,
(2) as, and (3) direct. The most obvious release path for
radionuclides away from the repository 1s the Tiquid path-
way. For the present study, it was assumed that radio-
nuchides would be transported vertically in the unsatu-
rated zone toward the wiier table, and releases were
calculated at the water table.

The gas pathway s a8 potential concern for a repository
located in the unsaturated zone because of the presence
of carbon- 14, It is present in the emplaced waste in guan-
Lities at least one order of magnitude greater than the
release lir - specified in Appendix A of the EPA stan-
dard. 1t can exist as one of several gasses (CO,, methane,
acetylene), and could therefore move relatively rapidly
comparcd o itx half-life (5720 years) through the unsatu-
rated fractured rock and along pathways such as access
tunnels and excavations. In addition, unlike most of the
other radionuclides i the waste, transport in the peo-
sphere is not likely 10 deperd strongly on the influx of
water 10 the repository, and can proceed under totally dry
conditions. (However, release from the waste may de-
pend on the water influx.) .

Finally a release pathway could occur as a result of a
“direct” release. The “dircet™ release pathway encom-
passes a couple of possible scenano types such as a re-
iease due to drilling into the repository and a release due
1o & disruptive event like a magmatic eruption. The con-
sideration of the consequences due 10 voleanic activity
was oo involved 1o be included in the current study;
therefore, the direct release pathway considered only re-
leases due to dritling. Releases resulting from volcanism
will need to be addressed n future work,

6.2.3 Flow and Transport Pathway
Phenomena

Performance assessment of potential releases o L adioac-
tivity from nuclear waste requires an understanding of a

NUREG-1327
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6. Flow and Transport Models

number of complicated transport phenomena for the
&thnys under consideration. The transport pathways to

analyzed are the liquid pathway, the gas pathway (pn-
murily involving the transport of carbon-14), and a direct
release pathway (due to a drilling scenario). This section
describes, in a preliminary way, some phenomena assoct-
ated with the transport of radionuclides in groundwater
and the phenomena considered in this study.

62.3.1 Liquid transpert

A common starting point in the development of a trans-
port model is a Qualitative statement of the conservation
of mas: in the liquid phase for an elemental /olume
(Freeze, 19/9):

net qate of flux of flux of loss or gain
chwgeof = solute outl - solute into +  of solute mass
me s within of the the due o reac-
the eiement clement element tions and sinks
and sources.

The processes that control flux into and out of the ele-
mental volume * e advection (transport via the bulk mo-
tion of the groundwater) and hydrodynamic dispersion
(transport resulting from mechanical mixing and molecu-
lar diffusion). Chemical reactions and radioactive decay
will atfect the loss or gain of solute mass (for the present
analysis, phenomena such as Knudsen diffusion and cou-
pled proces ‘es were considered of minor importance).

The transformation of the aforementioned qualitative
statement into differential equation(s) typically involves a
number of simplifying assumptions with respect to dimen-
sionality, variability, and processes associated with the
intended application. This section will review some of the
processes associated with the pathways to be considered
in this study.

(a) Physical Processes

1t is assumed genera . that the bulk movement of fluid
will be the primary source of transport away “rom an
HLW repository. In a porous medium, 1t is assumed ~om-
monly that the average rate of solute transport by advec-
tion is equal to the average linear velocity of the flud
multiplied by the concer**ation. The presence of a frac-
ture system complicates w.¢ advective flow system by pro-
viding a high permeability flow path separate from, but
interacting with, the matrix path.

In the unsaturated zone, water is held in the pore space by
surface tension. Geologic media are comprised of a van-
ety of pore space and fracture dimensions; therefore,
these volumes will not empty at the same suction. During
drainage, the large pores (or larger fractures) will empty
at low suctions, whereas small pores (smaller radius of
curvature) will empty at higher suctions. Most models of
unsaturated flow in fractured media. therefore, assume
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that under high suction. the dominant groundwater path-
way will be in the matrix (L.e., the fractures will be dry).
However, it is worth pointing out that many factors (1 n-
sient infiltration rates, fracture coatings, fracture dimc: -
sions, and the presence of perched water) can dramati-
cally influence the degree of fracture flow and validity »f a
single continuum mode! for unsaturated fractured media.
Many assumptions that precinde fracture flow under un-
saturated conditions have not been substantiated by labo-
ratory or field data and, therefore, cannot be ruled out as
a possible transport pathway in unsaturated, fraciured
rocks (Parsons, et al., 1990),

Based on the lack of information to support a detailed
fracture flow model. a steady-state flow model was as-
sumed, where the fractures contribute 10 flow only when
the infiltration rate exceeds the saturated conductivity.
Further work will need to determine (e degree of con-
SErVatism or pessimism in this assumption.

Whereas advection moves solute in the direction of 1w

hydrodynamic dispersion and matrix diffusion affect sol-
ute concentration along its flow path. Hydrodynamic dis-
persion includes dilution due to mechanical mixing and
molecular diffusion. Mechanical miing (a direct result of
& tortuous path, variation in pore sizes or fracture aper-
tures, and surface roughness) is 1 ated to the heteroge-
neity of the geologic media and is typically characterized
by the dispersivity.

For the present analysis, it was assumed that dispersivity
can be represented with a single dispersion length. This
treztment was assumed adequate, because the perform-
ance measure of interest (cumulative release at the acees-
sible environment over 10,000 years) would generally be
insensitive to longitudinal dispersion, when the cumula-
tive releases include a majority of the waste, and small
cumulative releases are not as important as large re-
leases. The degree 1o which this was or was net a consery-
ative assumption will need to be examined in further
work.

Matrix diffusion couples the solute concentration in the
fracture and matrix systems and is generally thought to
provide a retardation of radionuclide transport in the
fractures. As with the flow of water across the fracture-
matrix interface, a large uncertainty in evaluating this
phenomenon is determining the effect of fracture coat-
ings on the diffusion rate. Quantification of the effect of
fracture coatings will be needed to better determine the
best approach foi performance assessment. For the pre-
sent study, matrix diffusion was assumed not to oceur,
This assumption should be conservative for the situation
when contaminant being transpert~ 1 in the fractures is
diffusing into the matrix. However, this assumption may
not be conservative when contaminant s ddfusing from
the matrix into the fractures.
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(b) Chemical Processes

There are several chemical processes that affect the
movement of radionuciides in groundwater. One of the
most significant chemical processes that occurs is sorption
(Parsons, et al., 1990) Solute species adsorb to the mattx
or fracture surfaces b forming bonds with the molecules
on the solid surface. The strength of these bonds and the
kinetics depend on many chemical faciors such as:
(1) electne charge of solute and solid, (2) saturation of
bonding sites, (3) pH. (4) oxidation and reduction poten-
tial, and (5) teniperature and pressure of the hydroge-
ologic system (Freeze, 1979),

Adsorption can be physical (generally considered a re-
versible process) or chemical (generally considered an
irreversible process). At any moment, some of the s ‘ute

icles are bonded to the solid surface and some are
ree 10 move with the groundwater. The adsorption-
desorption process has typically been represented in most
groundwater transport models, using a retardation equa-
tion that employs a distribution coefficient. The assump-
tions in this model include instantaneous and reversible
adsorption and desorption (equilibrium), lingar sorption
isotherms, and single-valued - “ption isotherms (i.¢., no
hysteresis effect) ussen and Evans, 1987). The dis-
tribution coefficient mode! was adopted for this study.
Future work will need to perfcom supporting geochem-
ical analyses, to determine the degree of validity of the
present approach.

The model ignored precipitation of radionuclides along
the flow path, although solubility was taken into account
in the source term. Tais assumption is conservative be-
cause it would overestimate the cumulative release,

Table 6.1

Identification of Liquid Pathway Processes
and Estimated Effect on Calculating
Cumulative Release from the Liquid Pathway

Estimate of

Processes Importance
1. Advection High
2. Sorption High
3. Radioactive Decay and Production High
4. Fracture-Matrix Interactions High
5. Matrix Diffusion Medium
6. Preaputation of Radionuclides Low
7. Dispersion Low

6232  Gas transport

The gas pathway is an alternauve pathway for radio-
nuclide transport to the accessible environment. Further-

6. Flow and Transport Models

more, gas-phase source terms (Le., carbon-14, tritium,
krypton-88, and wdine-12"  «id potentially be re-
leased ¥ 1 spemt fuel buv “weea Mountain, Gas-
phase carpon-14 in the fon © m dioxide appears to
be the most important for @ ations of performance
assessment. The half-lises of wuaum and krypton-85 are
relatively short (12.3 years and 10,7 years, respectively),
and it is possible that elemental iodine could quickly par-
tition into the liquid phase. Because of the complexity of
the issue and the relatively poor state of knowledge about
gaseous release and transport, carbon-14 release 1o the
atmosphere was not included in the total system analysis.
An auxiliary analysis for carbon-14 release to the aimos-
phere is presented in Appendix D,

6233  Direct transport

Potentially significant scenarios {for the assessment of re-
pository performance involve the possibility of volcanism
i the form of a disruptive event such as a magmatic
eruption, or an intrusive event involving human dritling
activities. Both scenario classes involve events whose esti-
mated likelihood of occurrence and consequences are
very uncertain over the regulatory period of performance
for the repository (i.¢., 10,000 year.). Considerations for
magmatic events and human intrusion are discussed next.
However, due to the complexity in understanding and
predicting magmatic evenis, simulation work in this area
was not performed in this study.

(a) Magmatic Events

Basaltic eruptions are noted to have occurred near the
Yucca Mountain site and west and south of it during the
Quaternary period. Basalt flows and cinder cones have
been observed on Crater Flat, and volcanic centers in
Amargosa Valley have deposited ash falis as recently as
20,000 to 30,000 years ago. The consequences, assuming
that a magmatic eruption Occurs, are very uncertain; how-
ever, it 1s believed that this class of scenarios would need
to consider the following in estimating consequences:
(1) entrainment of the waste and deposition on the sur-
face, for example, as a result of a physical (steam) expio-
ston; (2) dispersal of fine-grained ash and radioacuvity
into the atmosphere; (2) mechanical and thermal loading
that can affect rock stresses and permeabilities and flow
conditions for radionuclide migration from the repository
10 the accessible environment, even if the event does not
compromise the structural integrity of the repository;
(4) the relative amounts of radioactivity that would be
released due solely to the occurrence of this natural
event: (5) potential barriers to flow or water table level
changes; and (6) the source term

The source term depends upon many factors, including:
e  Mixof waste forms for the repository (spent fuel and

high level waste from defense activities)
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3 Table 7.1 List of Processes and Events®
L g R
L Tectonic

:. A.  Volcanic

N 1.  Extrusive

) a.  Onste

2 I Years 0-1{X)

! . Years 101-1,000

[ ai- Ym I'ml"10|m
b.  Off-site

| 2. Intrusive

3 a.  Upgincient
b.  Downgradient

¢ Intersecting repository
B. Regional Uplift & Subsidence
1. Increased rate of uplift
2. [Subsidence]
C.  Fault Movement
1. Fault within controlled arca
a.  Within underground facility
b, Outside underground facility
| 2. Fault outside controlled area
1 a. Location alierz groundwater flow
- b, Effects limited to ground motion
. Climatic
A. [Current climate—extreme weather phenomena)
B. [Increase in frequency or intensity of extreme weather phenomena)
C.  [Glacation)
1. [Covers site with ice|
2 [Causes sea level change)
D.  Change in precipitation
| 1. Piuvial period
i 2. Drier penod
. Human-initiated
A.  Greenhouse effect
1. Increased precipitation
;, 2. Reduced precipitation
| B [Climate control]
C. [Weapons testing at Nevada Test Site (NTS)]

b e St e faan 2 anl A e 4

D, Duilling
1. Intersects cansier

|

i

| 2. Misses canisters
|
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9. Analysts and Results

calculating the travel time of particies confined 10 a senes
of one-dimensional columns that represented the path-
ways from the repository to the water tabic. For each
column, they varied the correlation length by changing
the spatial step size, but keeping the hydraulic properties
constant within a given step. They found from this analysis
x longer step sizes lead 1o a wider arnivai-time distribu-

“The implicit vortical correlation length (10 fect)
ol the baseline case is much less that the thick-
ness of any of the hydrogeologic units. This re-
sults in a large number of independent random
variables (travel times through each of the calcy-
lational elements) which are added together to
obtain a travel tme through a column. Conse-
quently there is a low probability that fracture
fiow will occur through a large number of ele-
ments w any single column from the disturbed
zone (o water table. . . .

+«« ;Longer correlation lengths affect the havel
time distribution, especially at the tail ends of the
distribution, because of the increasing probabil-

of fractare flow through a significant number

elements that make up each of the columns. ..
These results indicate high sensitivity of the
travel time distribution to the as vet undeter-
mined correlation length for velocity in each hy-
drogeologic unit. Generally the sensitivity of the
travel times to the correlation lengths suggest
how prudent it is to perform a car fully designed
lesting program for determinung the correlation
leny b 7 an key parameters influencing flow ve-
locwes.”

Long correlation lengths led to an overly broad distribu-
tion for arrival time, with some very shart travel times at
the tail of the dis.ribution. At the other exireme, the
assumption of zero correlation length led to the conclu-
sion that there is only a single groundwater travel time per
column, The aforementioned conclusions apply equally
well to radionuclide transport; and therefore, the deter-
mination of spatial correlation scales, especially for kg,
was important to this demonstration.

9315  Effective values of flow and transport

coefTicients

The NEFTRAN code simulates flow and transpon
through a network of connected tubes. For the present
case, the flow and transport model was represented by up
10 six tubes in series, with each tube representing a major
hydrogeologic unit; for example, the Topopah Spring
welded unit. Within each tube, the unit was represented
by coeflicients expressing us physical properties for flow
and transport, namely hydraulic conductivity, porosity.
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cross-sectional area, and the retardation coefficicnts for
cach of the radionuchides considered in the present analy-
SIS,

As described in Section 9.3.1.2, proundwater transport
was assumed 10 be either entirely in the matrix a1 low
rates of infiltration, or entirely in the fractures at infiltra-
tion rates that exceed hy. Since vertical flow under un-
saturated conditions was assumed, the primary factor for
determining whether the flow 1 the present analysis is in
the matrix or the fracture was the saturated hydraulic
conductivity, ks. If infiltration exceeded kg, then the
excess flowed in the fractures.

Geostatistical analyses of the kg data presented in Ap-
pendix F indicate that thre was no apparent spatial cor-
relation beyond about 10 meters separation distance, the
smallest interval evaluated. As longer correlation lengths
are more conservative, kg was assumed to be completely
correlated at a distance of 1. meters. Each tube in the
column was represented by a connected series ol sub-
t.bes, cachof length 1. Each sub<iube had uniform prop-
erties, but was uncorrelated to the next subtube in the
series. The value of kg for each sub-tube was picked by
the Monte Carlo method from the lognormal distribution
derived from the available core data presented in Table
9.5.

The analysis was based on the assumption that the flux of
infiltrating water passed through cach of the sub-tubes.
The travel ume across each sub-tube depended on
whether the flux was greater or less than kg:

forl > ks,
Ay = ng Al/(1-kg) (9.8)
Al-u L Al‘ Rdj.f: (9.9}
forT < ks,
Ay = @ A/l (9.10)
Atl-l = Ay Ry, (9.11)

where At = the water travel ume for subtube 1

Al B the travel ume for radionuchide ) in subtube 1

ng = the effective porosity of the fracturcs
{taken to be 0.0001)

¢ = the water content of the matrix of subtube |

Al = - the length of the subtubes

= the infiltration rate



9.4 Farameters
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Table 93 lnput b, .atin Sampling Program
(m .

Retardation Coefficrents for Mainx
Uniform 100 TO 1.0E + 04 Am
Uniform 3000 TO A0V 404 Cm
Uniform 3 T0 2000 Ni
Uniform s TO 100 Np
Uniform 10 TO 100 Pu
Uniform 01E+04 TO  35E+04 Ra
Uniform 02E+04 TO  04E+04 Sn
Uniform § TO 10 Te
Uniform 200 TO 0.5E + 04 Th
Uniform 5 O 30 U
Uniform 10 TO0 1.OE +04 Zr
Uniform 20.0 TO 0IE+4 Pb
Solubilities, gmigm water
Uniform 20E-10  TO 20E-0/ Am
Uniform 10E-09 TO 2.0E-07 Cm
Uniform 20E-04  TO 1.0E-03 Ni
Uniform 20E<05 TO 3.0E-04 Np
Uniform SOE08 TO  3.0E-06 Pu
Uniform 10E-08 TO 1.0E-07 Re
Uniform SOE-12  TO 5.0E-10 Sn
Uniform 0.5 TO 1.0 Te
Uniform 10E-11  TO S.0E-10 Th
Uniform 20E-11 TO 1.2E-10 Zr
Uniform 10E-04 TO 2.0E-03 Ph
Uniform 20.0 TO 50.0 Correlation length, ft.
56
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Table 9.4 - Infiltration Estimates

locztion

Methodology

source

4 mm/yr Yucca Mt. precipitaticn and Rice, 1984
elevation data Rush, 1970
1-10 mm/yr Yucca Mt. drill hole thermal data Sass, 1982
2 mm/yr Yucca Flat hydrogeologic parameters Winograd, 1981
0.5 mm/yr Yucca Mt. precip. and elevation Czarnecki, 1985
data
<0.5 mm/yr Yucca Mt. core and insictu Wilson, 1985
hydrogeologic parameters
0.5 mu/yr Yucca Mt. maximum for matrix k, data | Sinnock, 1984
0.1 - 0.5 mm/yr USW UzZ-1 core and insitu Montezar, 1985
hydrogeologic parameters
107 - 0.2 mm/yr USW UZ-1 core and USW UZ-2 insitu | Montezar, 1984

hydrogeclogic parameters
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9. Analyss and Results

rates 3todordersaf mgp 4 cater than those used in
this demonstration, anc 4 < ‘¢ may be pessimistic.
Furthermore, the resui: ; ivity studies presented
in Section 9.5 indicate tim. 1 the present study, retarda-
tion coefficients for plutonium and amenicium are rela-
unimportant, indicating that factors such as low

and long half-life may be more important than
retardation for these nuclides. Values used in this study
are typical of thise used previously in Yucca Mountain
performance studies (Lin, 1986). Althoush most of the
retardation cocfficients are sampled by LHS from the
distributions ted in Table 9.3, the retardation coef-
fients for a few of the elements were taken 10 be con-
stants. These retardation coefficients are 1.0 for wodine,
10,000 for cesium, 1,000 for strontium, and 1.0 for carbon.

Retardation coeflicients for the fractures were taken
from the study by Lin (1986), and are orders of magnitude
smaller than the matrix retardation coefficients. The val-
ues of retardation coefficients for fractures were not sam-
pled, but remained fixed for all realizations. The values
used are given in Table 9.8, For both the matrix and
fractures, no distinction was made for the variation in
retardation between different hydrogeotogic units. How-
ever, those units that have low values of saturated hydrau-
lic conductivity will tend to have lower effective retarda-
tion coefficient values because of the greater proportion
of the flow to be expected in the fracture zone (as calcu-
lated by the procedure presented in Section 9.3.1.5),

Table 9.4

Retardation Coefficients for Fractures
Element Ry
Curium 1.4
Plutonium 1.1
Urarium 1.0
Americium 14
Neptunium 1.0
Thorium 32
Radium 28
lead 1.0
Cesium 100
ladine 1.0
Tin 1.3
Technetium 1.1
Zirconium 20
Strontiym 10.0
Nickel 1.2
Carbon 1.0
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94211 Solubitities

Values for the solubthties of radionuchides were taken
primatily from DOE references. including several pre-
liminary performance assessments. They reflect those re-
ported in previous performance assessments from Yucca
Maountain (Lin, 1986).

9.43 Dircct-Release (Drilling) Pathway

The drilling program was developed to calculate the con-
sequences from an expected number of boreholes intes-
cepting the repository (see Appendix H). The following
values were needed: drilling rate, wu * and number of
waste packages, area of tepository, time of dritling, and
radius of the borehole. Additionally, the following data
from the liruid pathway were used: time of waste-package
failure, volumetric flux, water contact fraction, and soly-
hility limits (these values were discussed in the previous
section and will not be discussed here).

Rased on conceptual repository designs, the dimensions
used for the repository system were: area of repository »
8.1 square km, number of waste packages = 18,000,
borehale radius = 6 e, waste-package racius « 0.34 m,
and waste-package length « 4.8 m. The time for com-
mencement of drilling was set 1o a arbitrary vialue of 100
years, and the drilling rate to 0003 drillings per square km
per yeuar, based on EPA average drilling rates (FPA,
1955).

9.5 Sensitivities and Uncertainties for
Liquid-Fathway Analysis

9.5.1 Introduction

This section covers the sensitivity and uncertainty analy-
508 of the biGuid-pathway calculations on a scenario by
scenario basis, It does not cover either the drilling or gas
pathway analyses. The CCDFs presented in this section
for the base-cuse and pluvial scenarios take into account
the uncertainty in the values of the coefficients for each
scenano, but not the scenario probabilities. The sensitiv-
ity 10 variations in parameters using rank regression and
ad hoc variations of single parameters (including those
parameters relating o the NRC gudelines of 10 CFR
60.113) arc also presented. Total system results, which
incorporate the probabilities of the scenanos, are covered
in Section 9.6, Formal sensitivity and uncenainty analyses
on these total system results were not performed.

9.5.2 Statistical Uncertainty Analysis

An important part of conducting a performance assess-
ment Tor an "1 W repository is quantifying the uncertain-
tes associated with the probabilities of ocourrence of
crechible soenarios and those associated with the offsite
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and onsite consequences (both radiological and nonradi-
ological ).

Many risk and environmental impact assessments apply
single or best-estimate values for model parameters and
assert that these valuations are reasonable and conscrva-
tive (Le., lead to overpredictions) without quantifying the
degree of conservatism inherent in the assessments. A
variety of technigques is available, to quantify the uncer-
tainty in complex models for assessing radiological impact
on man and the envitonment that may include nonlin-
carities and time-varying phenomena. These include: the
Monte Carlo method (Helton, 1961); fractional factorial

(Cochran, 1963); LHS (Cranwell and Helton,
1981; Iman and Conover, 1979; McKay, et al., 1979%
response surface (Meyers, 1971); differential sensitivity
analysis (€.g., adjoint (Baybutt, et al., 1981, Oblow, 1975,
Cacuci, et al., 1980)); and Vast Probabilistic Performance
Assessment (CNWRA, 1988) methodologies. A pre-
ferred technical approach would be flexible, economical
10 use, easy 1o implement, provide a capability to estimate
an output distribution function, and rank input vanables
by different criteria,

9521  Latin Hypercube Sampling (LHS)

In this study, the LHS scheme was chosen 1o be used on
the flow and transport model in the performance assess-
ment of the HLW repository. The advantages and proper-
ties of the LHS techniques are:

®  The full range of each input variable is sampled, and
correlation coefficients betweer all pair-wise input
variables can be specified.

® It provides unbiaied estimates of the parameters
(means and variances) of cumulative distribution
functions and mear: for model output, under mod-
erate assumplions.

The LHS method is @ member of the class of sampling
techmgues that includes Monte Carlo and stratified ran-
dom sampling. Several risk assessments for nuclear wasic
repositonies (Campbell, et al.. 1979) have applied LHS
techniques. Furthermore, LHS has been applied to the
madel for atmospheric transport of reactor accident con-
sequences and recently used for the severe reactor acci-
dent calculations in NUREG-11580 (NRC, 1989).

Differemt types of uncertainty associated with the madel
ing of physiochemical processes can be distinguished - in
particular:

& The statstical uncertainty due to inherent random
nature of the processes, and

®  The state of (perhaps “lack-of™) knowiedge uncer-
Lainty
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Thus lanter state-of knowledge uncertanty may be suhdy.
vided further into model and parameter ancertanty. Pa-
rameter uncertainty is because of insufficient knowledge
about what the input to the code should be. Modeling
uncertainty is because of simplifying assumptions and the
fact that the models used may not accurately model the
true physical process. This study deals primarily with pa-
rameter uncertainty.

» shown in Table 9.9, o et of key Pmmelcrs in the
raode! under study must be Wentified first. For each cho-
sen vanable, a set of quantitative information s devel-
oped regarding the mnge of variation and probability
distribution, as well as correlations among the variables.

Table 9.9
Steps to Perform Uncertainty and Sensitivity Analysis

1. Specify Maximum-Minimum Ranges of Probabili-
tigs

2. Specify Correlation Matrix

1. Run Latin Hypercube Sampling Code

4. Run Source Term and Flow and Transport Models

q

Seatistical Analysis (fitting distributions, regression
analysis; graphical display and analysis)

For thus demonstrabon, no correlations between inpul
variables were used. The data input to the LHS program
is provided in Table 9.3, which shows the distribution and
range of input for each vanable. The basis for choosing
these inputs was discussed in Section 9.4, This informa-
tion was used as input 1o the LHS code (Iman and Shor-
tencarner, 1984; Iman and Davenport, 1984). LHS is used
to penerate what is called a design matrix. Specifically, if
N computer runs are 10 be made with k parameters under
study, the design matrix has dimensions N x k. Each row of
this matrix contains the input valuations of each of the
chosen k parameters (independent vatiables) for the N
computer runs. The sample size N is specific to the prob-
lem being investigated (Iman, 1980). Appendix D
presents i sensitivity study on the sample size for one
SCUNArio.

9.5.3 Ad Hoc Sensitivities

In this section, results of the NEFTRAN runs for the
base-case and pluvial liquid-pathway scenarnos are pre-
sented, with the intent of demonstrating the effects of
individual variabies on the resultant cumulative radio-
nuchde releases (0 the accessible environment.

The NEFTRAN computer code, as modified for this dem-

onstration, calculated cumulative releases, for the base-
case scenania, over cither 10,000 years or 100,000 years,
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and for the pluvial scenario, over 10,000 years. For each
simulation, & list of 47 variables was genvrated, using
LHS. The list of variables for each simulation is called a
“vector.” The input constants, ranges and distributions
for generating the vectors are presented in Table 9.3,

9531 Sensitivity to infiltration

Figures 9.5 and 9.6 show the resultant conditional CCDFs
for the base-case soenario at 10,000 and 100,000 years,
respectively. Also plotted on these figures are CCDFs
composed only from vectors having infiltration rates less
than limits set at 2.0 or 1L.O mm/yr, to demonstrate the
particular significance of this parameter to repository
performance.

The ﬁw sensitivity to infiltration rate can be partially
explained by the next two figures. Figures 9.7 and 9.8
show the CCDEs for the base-case scenano at 10,000 and
100,000 years, respectively, comparing the contribution
of Column D 1o the contribution from all four calumns
Column D contains just 10 percent of the waste, but has
the shortest pathway 1o the water table. In addition, Col-
umn D contains just two units; the Topopah Spring
welded and Calico Hills zeolitic. Both of these units have
relatively low saturated hydraulic conductivities, which
would make them prone 1o fracture flow for higher infil-
tration rates. Fracture Nlow can lead to short radionuclide
travel times alorg the liquid pathway, because the overall
radionuclide retardation is low. Figure 9.7 shows the ef-
fect most dramatically, as virtually all the contribution 10
the high uence portion of the curve  caused by
Colurua D, alone; retarded radionuclides have not yet
started to arrive from the other columns. Travel times
through the other three columns would be (oo long 1o
contribute much to the CCDF within 10,000 years. Fig-
ure 9.8 shows that more of the contribution to the CCDF
comes from the other three olumns over the
100,000-year period, because the long-lived radionuchides
begin to arrive.

Figure 9.9 shows the CCDF for the pluvial scenario. In

case, the water table is shallower and infiltration rates
are higher than for the base-case scenario, so rado-
nuclide travel tmes are shurter for all columns, A rela-
tively larger portion uf the cumulative radionuchde re-
leases comes from Columns A, B, and C than in the
base-case scenario. These two scenanos are not directly
comparable, however, because long computer-run times
led 10 the necessity of reducing the number of vectors
from SO to 95 for the pluvial scenario. It should also be
pointed out that the 98 vectors for the pluvial case were
generated from a truncated run originally intended to
contain 200 vectors, The desirable property of statistical
independence in the 1LHS procedure can only be ensured
when the final sample size matches the intended sample
size. When this is not the case, as with the pluvial scenar-
10, statistical independence cannot be onsured, as the

NUREG-1327

potential for spunious correlations between parameters is
much greater.

9.5.4 Sensitivity Analysis Using Regression

As shown in Table 9.9, following the execution of the LHS
program and the source term and flow and transpory
models, the next step involves performing a sensitivity
analysis on the caloulated results. The aim of this analysis
15 10 determing and quantify the relative contabutions of
a particular variable toward the output variability. Sensi-
tivity analyses can be very fruitful in preliminary studies
such as this ong, since sensitivity analyses can help to
identify which parameters and models should be refined
in future studies. In addition, sensitivity analyses may
allow the analyst to check his intuition about the ":(r)n‘fnr-
tance of the parameters and phenomena of the el

Sensitivity can be determined by performing step-wise
linear regression analyses on either the raw results of the
model analysis (i.e., the EPA ratios) or the ranks of the
raw results (e, replacing the “raw” data values with their
ranks). Ranks may be preferred when highly nonlinear
relationships are present between the model outputs and
inputs, but the correlations obtained have less signifi-
cance than those obtained from the raw data. Both
graphical analyses and statistical-distribution fitting pro-
cedures may also be useful in identfying patterns in the
data. The present report shows only the regression analy-
ses on raw results; Le., the EPA release ratios,

The sensitivity of the cumulative release was anayzed ;
several cases using a modified version of the STEPWISE
program from SNL. (Iman, 1980). The STEPWISE pro-
gram was modified 1o read the data file of input vectors
generated by the LHS procedure and the combined re-
sults for Columns A through ) generated by NEFIRAN
for those input vectors. The regression coefficients are
presented in Table 9.10 for both the base-case and pluvial
scenanos. There were 500 vectors for the base-case sce-
nario, but becavse of excessively long computer-run
times, only 98 vectors for the pluvial seenario. The paucity
of vectors led 1o more equivocal results for the pluvial
scenario. Only the most significant regression coeflicients
O, in some cases, those regression coetficients pointing to
an apparent lack of sensitivity to particular parameters.

The sensitivity analyses proved to be very revealing, both
for the sensitivities to some parameters and apparent lack
of sensitivities to others. The parameters consistently in-
fluencing to the EPA ratio were: contact fraction, infiltra-
tion rate, solubility of the matrix, and saturated hydraulic
conductivity of the Calico Hills vitrie unit. Of these, high
infiltration rates, combined with the tow kg, led 1o radio-
nuchde release along fast fracture flow pathways with low
retardations in Column D, which contributed most of the
high-consequence releases in the base-case scenano.
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Regression of MTM'MIM Releases
(Raw data correlations)

Variable Base-case  Basecase  Pluvial
10,000 yrs 100,000 yrs 10,000 yrs
W.P. Lifetime L0458 -0.049 -
Solubtlity VO, 0.09 0.13 0.32
Infiltration 0.10 0N 0.23
Contact Fraction - 0.1%8 0.44
Mean log ky TSw - <0.11 -
Mean log kg <. 14 .22 .28
CHne
Retardation Coelf. - - 0,20
Cm
R;uumuon Coefl. - «0,23 £i22
Retardation Coeff, - 0.18
Ra
Solubility Cm - 017
Solubility Pu .27
Correlation (IR} - -
Length

9,85 Average Importance of Radionuclides

The average importance by radionuclide to the cumula-
tive radionuclide release for the scenarios was calculated
l:'y taking their a contribution (o the EPA ratio for

| vectors, Table 9.11 shows this contribution for the
base-case scenario at 10,000 and 100,000 years, and the
pluvial scenario at 10,000 years, In addition, the base-case
scenanio results are broken down by infiltration rate, in-
cluding only those vectors with rates less than 1.0 mm/yr,
2.0 mm/yr, or 5,14 mm/yr, 10 demonstrate the sensitivity
of the results to this parameter. The isotopes Pu-239 and
Pu-240 stand out as the most important contributors (o
the EPA ratio because of their large inventory in the
source term, long half-lives and potenually low retarda-
tion in the rock. Nearly all tae contribution of these radi-
onuclides comes from the initial source-term inventory
rather than from the chain decay of heavier radionuclides
(e.g.. Am-243). Other radionuclides arc important in a
few cases. For example, 1-129 appears for the 100,000
year base-case scenario, for infiltration rates of less than
1.0 mm/yr, because it has an exceedingly long half-life,
The isotopes 1-129, C- 14, and T¢-99 would take on high
relative importance if the groundwater flow were always
restricted to matrix, rather than fracture, flow. This would
have been the situation for the base-case scenarios, ex-
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cept for the influence of fracture flow in Column 1D, as the
saturated conductivities of most of the hydrogeologi
units in the other columns was sufficient 10 ensure reten-
tion of most of the significant, but retarded, radi-
onuclides.

9.5.6 Sensitivity to NRC Performance
Criteria

NRC defines a set of performance criteria for particular
barners in 10 CFR 60.113%:

“60.113(a)1 (11 A) Containment of HLW within the waste
nackages will be substantially complete for a period to be
determined by the Commission . .. that such period shall
not be less than 300 years nor more than 1,000 years after
permanent clasure of the geologic repository; .. "

“60. 113(a)1(i)B) The release rate of any radionuclide
from the cnfinecred harrier system {ollowing the contain-
ment period shall not exceed one part in 100,000 per year
of the inventory of that radionuchde calculated to be
present at 1,000 years following permanent closure, ... "

“60.113a)2 The geologic repository shall be located so
that pre-waste-emplacement groundwat=r travel time
ailong the fastest path of likely radionuchide travel from
the disturbed zong to the accessible environment shall be
at least 1,000 years . . . "

These himitations imposed by NRC have the intent of
pmvadm%a set of critersa for the repository independent
of the EPA release limits specified in 40 CFR Part 191,
and prevent reliance on a single barrier to the release of
radionuclides to the accessible environment.

9560  Effects of NRC performance criteria on
CCDFs

The relationship between compliance with the NRC
standards and lgc outcome of the performance-assess-
ment calculations was examined in terms of compliance
with the cumulative release limits. This was not intended
to be a demonstration of the effectiveness or lack of
effectiveness of the NRC subsystem performance cnite-
ria, but was instead a demonstration of the usefulness of
performance-assessment modeling in making future deci-
sions on regulations. The conditional CCDF for the base-
case scenario was recalculated by using the original set of
S00 input vectors and output releases, but screening out
those vectors that did not comply with the NRC ceieria
stated previously. The subset of vectors that “passed” the
criteria were then used to plot a CCDE and compared (o
the CCDF plotted from all of the vectors for the base-
case scenario, unconditionally. The screening procedure
1s described next:
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Figure 9.7 CCDF for 100,000 Years, 500 Vectors. This graph presents results from an initial
demonstration of staff capability to conduct a performance assessment. The graph, like
the demonstration, is limited bty the use of many simplifying assumptions and sparse data.
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presents results from an initial demonstration of staff capability to conduct a
performance assessment. The graph, like the demonstration, s limited by the
use of many simplifying assumptions and sparse data.
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see caption
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9. Analysis and Results

®  Substantially complete contamment — Vectors with
@ waste- Iifetime less than a specified time
were sore out. For this demonstration, only a
duh;l'e representative cutoff time of 500 years was
chowr n,

®  Release rate limitation - The release rate mode! in
NEFTRAN accounts only for the congruent release
of radionuclides contained in the uranium dioxide
fuel. The maximum rate is controlled by the dissoly-
tion rate of the matrix. For this demonstration, the
release rate was assumed equivalent to the dissoly-
tion rate of the matrix. Releases of some of the
radionuclides might actually be smaller than the
congruent dissolution rate  because they are
solubility-limited:  thus, the screening criterion
might be slightly over-restrictive. The dissolution
rate calculated in NEFTRAN s a function of ura-
nium solubility, infiltration rate, and water-contact
fraction. It should be noted that, for this demonstra-
tion, the assumptions used do rot correspond pre-
cisely 1o the rule. Specifically, the rule states a limit
of “one part in 100,000 per year of the inventory of
that uclide present at 1,000 years,” with a
limitation on those radionuclides that might have
decayed 1o very low levels at 1,000 years. The dem.
onstration wr's therefore only an approximate com-
parison to the miations of this subsystem require-
ment.

®  Groundwater travel-time limitaiion - For this dem-
onstration, rfldionuclide transport was assumed 1o
occur along four separate liquid water pathways:
Columns A, B, C, mﬂ in part to simulate the spa-
tial variability inherent in the Yucca Mountain re-
positorv. Column D was the shortest pathway, and
contained Mlogic units that would saturate
more quickly at increased infiltzation rates, thus
ing 1o fracture flow, Therelore, the mean travel
time Column D was taken 10 be the “ground-
water travel time along the fastest path of likely ra-
dionuclide travel”. In this demonstiation, ground-
water travel time is defined as the average ume for
ﬁ:“‘ Nlow through the column and is a function of in-
tration rate, porosity, saturated hydraulic conduc-
tivity, and correlation length.

Figure 9.10 shows the conditional CCDF for the base-
case scenano for all vectors, and for vectors limited by the
EBS release rate, the waste-package lifetime, or the
groundwater travel-time restrictions, No relationship was
assumed between waste-package lifetime and the EBS
reicase rate. In this demonsteation, all S00 vectors had
release rates less than 10841, so the CCDF curve for
vectors under that restriction was coincident with the

NURLEG-1327

curve for all vectors. Servenang based on o waste-package
lifetime of SO0 yvears or greater caused a shift toward
lower radionuchde releases, but only for the low
probability. high consequence relcases.

Screening on the baws of groundwater travel tmes had
the most dramatic effect. All the high-consequence re-
Irascs were essentially eliminated when vectors leading 1o
travel times shorter than 1,000 years were eliminated
from the CODL. This 18 because Now (and accompanying
radiwnuclide (ranspori) along Column 1) was controlled
by the fractures, for infiltration rates higher than the
Kgs of the units in the column. Fracture flow was faster
than flow through the rock matrix, and, because retarda-
ton in the fractures was less than in the matrix, radi-
onuclides could be transported more quickly. Therelore,
chiminating the vectors with higher infiltration rates al-
lowed transport only through the matr under unsatu-
rated conditions, with commensurately longer ground-
water travel times and slower transport.

VE62  Average contributions by radionuclide

Table .12 tlustrates the average contribution by cadio-
naglide for the unrestricted vectors and for those vectors
meeting with: (1) the S00-year waste-package lfetime,
and (2) the groandwater travel ume of 1,000 years. For
the unrestricted and waste package lifetime cases, the
major contributors 1o cumulative radionuchide release are
the isotopes Pu-239 and Pu- 240, However, for those
releases with groundwater travel tmes of 1,000 years of
greater, the radionuchides €14 and 1-129 are the main
vantributors. These radionuchides were unretarded in this
demonstration and therefore could move  relatively
quickly through the matrix.

9563  Ad Hoe Sensitivities to NRC Criteria

The results of the 500 runs for the base-case scenano
(hiquid-pathway analysis) were plotted apainst the values
of the individual NRC subsystem performance ¢riteria of
groundwater travel time, waste-package Wetime, and re-
lease rute from the EBS. The results, presented in Fig-
ures 9.11, 9.12, and 9.13, show that, for the assumptions
inherent in this demonstradion, imposing the NRC per-
formance criteria could have & favorable impact on the
total radionuclide releases 10 the accessible environment,
For the scenano considered, imposing the 1000 year
groundwater travel tme limitation virtually ehminated
any non-compliance with the FPA containment require-
ment in 40 CER Part 191 Additionally, none of the vec-
tors yielded release mtes, from the EBS, greater than
10-84yr, although it was noted that cumulative release
increased with an increase in the release rate. Finally,
there was #lso a noticeable decrease in cumulative radio-
nuclide release, with increasing waste-package lifetime.
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Table 9.12
Fractional Contribution by Radienuchiue to EPA Release Ratio
for Unrestricted Vectors and Those Restricted by NRC Performance Criterta

Restricied 10

Unrestricted o S0 yr WP Restricted to
Rad’ wuclide vectors Lifetime 2 1000 yr, GWTT**
P.-240 0.41 0.40 0.0
Pu-239 0.32¢9 0.37 0.0
(14 0.094 0,12 094
Am-241 0.077 0.062 0.0
Am-243 0.014 0014 0.0
=120 0.00% 0.007 (.08

WP ik waste-package.
GWTT is roundwfs:cr travel time.

9.6 Total System Results

9.6.1 Introduction

The results presented here can only be considered as a
demonstration of a performance-assessment capability
and should not be taken as representative of the perform.

ance of a repository at Yucca Mountain, Nevada. Among
the most important limitations of the study were:

1. the lack of sulficient site data,
2. the large uncertainties in the data now in use,

3 the use of only four scenarios (o characterize
future states at the site,

4. uncertainties in the site conceptual model, and

S, uncertainties in modeling the physicochemical
processes leading to radionuclide release and
migration in the geosphere,

For this demonstration, four scenario classes were consid-
ered;

1. Undisturbed or base-case conditions,
Pluvial conditions,

Drilling under undisturbed conditions, and

gl L

Drilling under pluvial conditions.

As shown in Figore 9.14, these particular scenarios arose
from the possible combinations of two fendamental
events: & pluvial period (or not) and drilling at the site {or
not). Probabilities for cach of the scenario classes were

determined by multiplying the probabilities of their inde-
pendent constituent events. The likelihood of each event
was hased upon staffl judgment in the case of the pluvial/
nongluml events, and 40 CFR Part 191, Appendix B, for
the human-intrusion events. 40 CFR Part 191 assumes a
likelihood of drilling at the site as a set number of
hareholes per unit area over 10,000 years, based on the
geologic formations in which the repository is located.

There are two important points 10 note in Figure 9.14.
First, given the scenarios and probabilities chosen for this
demonstration, the case in which conditions at the reposi-
tory over the next 10,000 years remain as they are today
appears highly unlikely. Secondly, the two human-
intrusion scenario classes have probabilities orders-of-
magnitude greater than the base-case and pluvial scenar-
10s, which do not incorporate the possibility of drilling
events. This difference 15 due 10 the high probability of
drilling, as opposed to not drilling, as shown in the figure.

The consequences of cach scenano and of all scenanios
combined can be expressed in terms of normalized cumu-
lative releases of radionuclides to the accessible environ-
ment over a specified penod of tume. These results, dis-
played as curves of consequences versus the probability
that such consequences will be exceeded (i.e. a comple-
mentary cumulative distribution function, or CCDF), can
in turn be compared with the curve of the EPA contan-
ment requirements in 40 CPR Part 191 (Figure 9.15). The
FPA standard requires summed narmalized cumulative
releases (o the environment equal 1o: (1) 1.0 not to exceed
a probability of 0.1, and (2) 10.0 not to exceed a likelthood
of 0.001,

Compliance with the containment requirements cannol
be determined solely on the basis of the strict numerical
results of a performance assessment, As recognized in 40
CF R Part 191, substantial uncertainties are inherent in
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indicate the of: (1) the assumptions in model- tration rate; and (3) the consistency of the bias, whether
m::u ure/matrix interactions;  pessimistic or optimistic, toward the performance of the
(2) the data used in the 1otal system modeling, €.g., infil- various disposal-system components.
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Figure 9.15 Graphical representation of hypothetical CCDF with the EPA containment
requirements (DOE, 1988).
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CCDF FOR UNDISTURBED CONDITIONS
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CCDF FOR PLUVIAL CONDITIONS
(10,000 years)
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Figure 9.18 Partial CCDF for Pluvial Conditions. Phase 1 of the Iterative Performance Assessment.
Results based on 98 vectors, yielding 98 values after duplication. The graph presents
results from an initial demonstration of staff capability to conduct a performance
assessment. The graph, like the demonstration, is limited by the use of many simplifying
assumptions and sparse data.
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10, PRELIMINARY SUGGESTIONS FOR FURTHER WORK

10.1 Improvements and kExtensions to
Modeling

General
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although estimating consequences in this manner
was probably conservative, bevause retardation and
travel time in the saturated zone were neglected.
Adding consideration of transport in the saturated
zone is recommended because: (1) a more realistic
model of system performance will result and (2) syn-
ergistic effects wall be portrayed with increased con-
fidence. For example, the impact of releases from
the vertical colurmns, used in the Phase 1 effort to
describe the ‘&eomeuy of the repository, may be sub-
stantially different when the effect of transport
through the saturated zone on those releases is in-
cluded in the model,

Use a more sophisticated computational model for
transport through partially saturated, fractured
rock.

The NEFTRAN code was used to calculate trans-
port in the Phase 1 demonstration. It was developed
to simulate radionuclide migration in saturated rock.
The following analytical steps were used to simulate
radionuclide migration in partially saturated rock v
ing ithe NEFTRAN code:

i.  The saturated flow solver incorporated in the
NEFTRAN cixle was bypassed, and the flow
was calculated assuming partially saturated
flow in four one-dimensicnal columns,

ii.  If the calculated conductivity of any segment of
a column was less than the saturated hydraulic
conductivity for that segment, then the porosity
was multiplied by the degree of saturation (1o
acvount [or partially saturated conditions), and
this modified porosity was used in the
NEFTRAN code to calculate radionuclide mi-
gration.

iti. If the calculated conductivity of any segment of
a column was greater than the satarated hy-
draulic conductivity for that segment, then all
the transport was assumed 1o occur in the frac-
ture, and the propertics of the fracture were
used in the NEFTRAN code, to calculate radi-
onuclide migration.

Improvement in the transparency, accuracy. and ro-
bustness of the modeling of transport through un-
saturated, fractured rock could be achieved by taking
a more direct approach to modeling phenomena
such as: (1) flow in the partially saturated rock:
(2) the transition from matrix flow to matox plus
fracture flow: (3) transport in the partially saturated
matrix; and (4) the exchange of mass between the
fractures and marrix.

Exphicitly mode! fracture/matrix coupling.

L
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In the Phase | demonstration, the coupling between
groundwater flow in the fractures and the matrix was
modeled by assuming that: (1) flow was entirely a
the matrix, if the infiltration was less than or equal to
the kg of that segment; and (2) flow greater than the
ks was carried by the fractures, if the infiltration
through the segment was greater than the kg, Al-
though the NEFTRAN cods has the capability to
treat matrix diffusion, this capability was not exer-
cised for the Phase 1 demonstration. A more com-
plete, precise treatment of the coupling between the
rock matrix and the fractures, for both groundwater
flow and radionuclide transport, would improve the
completeness of the model and would provide fur-
ther insight into the importance of these couplings
and the parameters influencing the coupiings.

Source Term

1.

3

Attempt to develop or use a previously developed
mechanistic model of waste-pockage failure.

In the Phase 1 demonstration, a distribution was as-
sumed to describe the time of waste-package failure,
and all waste packages were assumed to fail at the
same time. The assumed distribution was not related
10 any of the parameters that are usually thought to
influence waste-package failure, such as; repository
temperature as a function of time, the rate and man-
ner of water contacting the waste packages, the geo-
chemustry of the groundwater, and the stress field to
which the packages are subject. These factors can be
a function of the repository design, the evolution of
repository conditions with time (primarily thermal
and hydrologic conditions), and the occurrence of
substantially changed conditions produced by vari-
ous scenarios. A mechanistic model of waste-
package failure would relate the source term to
these factors. Incorporation of such a mechanistic
maode! can help 1o reveal the interactions between
the source-term behavior and the behavior of other
parts of the repository system.

Develop a mechanistic model of contact between
groundwater and the waste.

In the Phase 1 demonstration, the fraction of gro-
undwater contacting the waste (and thereby brought
up to the appropnate limiting concentration for
each radionuclide) was assumed (0 be a random vari-
able, selected from an assumed distribution. A
mechanistic model for the fraction of groundwater
raised to the limiting concentration of radionuclides
could relate this fraction to parameters generally
thought to influence such mass transfer, e.g., the na-
ture of flow near the repository (including, the flow
rate, the degree of saturation, and the flow profile
near the waste packages), the degree of mixing
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induced by the repository design, the thermai condi-
tions in the repository and the potential for ther-
mally driven flow. An even more direct approach
would dispense with the concept of the fraction of
groundwater contacting the waste and instead,
would calculate m ss transfer from the ensemble of
waste packages to the geosphere, based on the ap-
propriate physical and geometrical parameters.

i 3. Treat the reposit ty as a source of radionuclides
| distributed in time and space.

In the Phase 1 den oustration, all the waste packages
were assumed to fail at a single time, rather than the
more realistic assumption of waste-package failures
disuributed in time, and therefore, space. The re-
lease rate of the inventory from the containers was
assumed also to be limited by the solubility of the
U0, matrix. Some of the spatiaily distributed nature
of the repository was treated in Phase 1 by partition-
ing the waste unvto four groups of packages overlying
four columns for radionuclide transport. However,

. because all waste packages were assumed to fail si-

‘ multaneously, the variance in radionuclide releases
may have been underestimated. A more inclusive
and mechanistic model of the repository distributed
in space and time should provide a more realistic puc-
ture of the dependence of repository performance
On vanous parameters and on various components.
Improved modeling co :1d be accomplished by ex-
tending some of the methods used in the Phase |
demonstration,

10.2 Improvements and Extensions to
Auxiliary Analyses

The following are recommended improvements to and
extensions of the auxiliary analyses. These appear to be
important aspects of a performance assessment, requir-
| ing more detailed study, which were not within the scope
; of Phase 1.
| 1. Perform detailed gecchemical analyses to investi-
| gate:
i

a. The use of Kps (distribution coefficients) in
estimating radionuclide transport.

! In the Phase | demonstration, Kps were used
[ in estimating the transport of radionuclides.
Because of the complex and time-consuming
nature of detailed geochemical analyses, which
are an alternative to the Kp approximation,
additional modeling efforts are likely to use the
Kp approximation. Therefore, an auxiliary
analysis to show how appropriate this approxi-
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mation 1§ and under what conditions 1t 15 more
or less accurate would be useful.

The effects of spatially varying saturation on
radionuclide migration.

In the Phase 1 demonstration, the effects of
spatially varying saturation were assumed 1o be
limited 10 changing the amount of groundwater
available for advection and dispersion, as the
groundwater moved through various hydroge-
ologic units. The possibility of a more complex
influence of the varation in saturation along
the migration path on radionuclide transport
was not considered. For example, some reac-
tions, such as those resulting in precipttation,
may depend on the amount of water available,
An auxihary analysis to determine how well
approximations useful in fully-saturated Now
can be extended to model partially-saturated
fiow would be useful.

The waste form/groundwater/tuff interactions.

In the Phase 1 demonstration, the dissofution
of the waste form was based on a simple model
of the solubility of a particular radionuclide in
the groundwater, A more complewn, compre-
hensive, realistic treatment of the dissolution
of the waste form, that considers the complex
interactions of the waste form, the host rock,
and the proundwater, would help to determine
the accurayy of the simpler modeling ap-
proaches.

The degradation of the waste package.

In the Phase | demonstration, a non-
mechanistic mode! of waste-package degrada-
tion was used, An essential ingredient of a
more realistic treatment would be to consider
the geochemical interictions among the canis-
ter, host rock, and groundwater. An auxiliary
analysis of this type could indicate important
parameters outstanding questions regarding
phenomenology, and the directions for addi-
tional work to take.

The exidation of the spent fuel mairix.

In the Phase | demonstration, oxidation of the
spent fuel matrix was a phenomenon important
in determining the behavior of the source term,
especially the gaseous phase releases of C-14.
Various empirical and semi-empiricai ap-
proaches were employed to d=scribe this phe-
nomenon. Detailed geochemcal analyses of
the rate of spent fuel matrix o idation and its
dependence on temperiatere and geochemical
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conditions would help to determine how well
this phenomenon is understood and whether
the madeling should be improved.

f. ‘rhe geochemical behavior of plutonium.

In the Phase 1 demonstration, plutonium ap-
peared to be a major contributor to the total
system performance measure, the CCDF. An
auxiliary analysis, 10 evaluate the adequacy of
the modeling of plutonium transport and to
determine whether the geochemical data base
for plutonium interactions with tuff s ade-
quate, would be useful. The geochemical be-
havior of plutonium in the near field would also
be a useful subject of study.

Evaluate heat effects at early times and estimate the
thermal, hydrologic, and geochemical environment
of the repository at early times.

In the Phase 1 demonstration, the calculated per-
formance did not explicitly take into account the
thermal, hydrologic, and geochemical conditions of
the repository at early times, and how such condi-
tions might affect performance. Consequenily, the
design, environmental, and site conditions that in-
fiuence these conditions were not explicitly mod-
eled. An auxiliary analysis of these complex interac-
tions could help to determine which phemomena
and parameters should be included i improved
models of repository performance.

Evalpate the importance of thermally- and
barometrically-driven ain flow on repository per-
formance at Yucca Mountain,

In the Phase 1 demonstration, the flow of ground-
water was calculated using a simple, one-
dimensional flow approximation that did not include
interaction with fluids in the gaseous phase. The
SCP, NRC's Site Charactenzation Analysis (NRC,
1989), and other documents (including several re-
viewed as part of the Phase | effort) indicate that the
barometrically- and thermally-driven flow of air and
water vapor at Yucca Mountain may have a signifi-
cant impact on the movement of groundwater and,
therefore, may have a potential impact on repository
performance. An auxiliary analysis on the nature of
such gas flows and their impact on the movement of
groundwater at Yucca Mountain could indicate
whether these effects should be included explicitly
in models of repository periormance.

Perform detailed hydrologic analyses for Yucca
Mountain, to provide a better mput to the transport
analysis and to examine, in more detail. various al-
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ternative hypotheses regarding hydrology at Yucca
Mountain,

In the Phase 1 ucinvastration, the hydrologic analy-
sis consisted of a one-dimensional, steady-state ap-
proximation of the unsaturated flow conditions at
Yucca Mountain. Detailed hydrologic analyses that
evaluate the apphcability of these and other assump-
tions (e.g., vertical flow downward, a fixed water-
table location) and the effects of regional flow condi-
tions could suggest ways {0 improve modeling of
repository performance.

10.3 Recommendations for Additional
Scientific Input

The following are recommendations for additional scien-
tific input, some of which could be performed by either
DOE or NRC, whereas others are clearly the responsibil-
ity of DOE). These suggestions were clearly beyond the
scope of the Phase 1 effort, but were identified as gaps in
knowledge, as the work in Phase | progressed.

1.  Develop and demonstrate a mathematically ngor-
ous, scientifically robust method for scenario analy-
SIS,

In the Phase 1 demonstration, an attempt was made
to follow the methodology for scenario analysis de-
veloped by SNL. Conceptual and logical problems
were encountered when attempting to define, enu-
merate, and screen scenarios. A more mathemati-
cally ngorous, scientifically robust approach to sce-
nano analysis would streamline the interactions
between modelers and various scientific disciplines
and would permit a more transparent, direct deriva-
tion and presentation of results.

ro

Obtain geoscience input fo, modehing volcanism.

During the Phase | demonstration, some considera-
tion and evaluation was given to the scientific bases
available to model the - _urrence and manifestation
of volcanism. Alt» ,ugh some mformation was wden-
tified regar*.ug previous occurrences of volcanism
al Yucca Mountain, the physical mechanisms for
predicting site-specific volcanism at Yucca Moun-
tain appear to be poorly understood. Additional in-
formation was identified regarding how different
types of volcanic events might be manifested within
or near to a repository. It would be useful to perform
a comprehensive review of potentially valuable ln-
erature, as well as to consider what additional gen-
eral and site-sp fic information and original re-
search are needed to estimate the likelihood and
consequences of volcanism at Y ucca Mountain.

NUREG-1327
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Obtain geoscience and hydrologic input for model-
ing faulting, uplift, and subsidence at Yucca Moun-
tain.

During ihe Phase 1 demonstration, tectonic events
and processes such as faulting, uplift, and subsi-
dence were identified as potentially important fun-
damentai events that should be consitered in defin-
ing and selecting scenarios for a performance
assessment of a Yucca Mountain repository. Al
though some substantial information has been com-
piled (e.g., in the SCP) on these processes and
events in the tectonic province and in the immediate
vicinity of Yueca Mountain, additional field data and
other original research may be needed. A more com-
prehensive review of applicable literature and the
identification of additional data needs would be use-
ful.

Obtain laboratory chemical analyses to determine
the partitioning of radionuclides in various compart-
ments of the spent fuel waste form.

During the Phase 1 demonstra,'on, an important is-
sue regarding the behavior of speot fuel as a waste
form was the quantity of various ratonuclides in
various compartments of this complex w..ste form.
Spent fuel can be considered to consist of a '~ast
five different compartments (proceeding from ous

side in): (1) crud adhering to the outer surface of the
cladding, (2) the cladding, (3) the gap between the
cladding and fuel pellets, (4) the intergranular
spaces in the fuel matrix, and (5) the fuel matrix it-
self. The rate of release of a particular radionuclide
depends on the compartment in which it 1s located,
because of the physical and chemicai form it may be
in and because compartments closer to the geo-
sphere may release their radionuclide inventory
first. This consideration appears to be important in
determining the rate and guantity of C-14 relcase.
However, very little data on the inventory of various
radionuclides in these different compartments were
wentified. This lack of data Imited the Phase 1

Obtain field and laboratory data on phenomena im-
portant to the near-field behavior of the repository,
especially the effects of heat.

Although the Phase 1 demonstration explicitly took
into account the thermal, hydrologic, and geochem-
ical conditions in the near-field of the repository and
how such conditions might affect performance, con-
siderations of such compiex, near-field interactions
was limited to rudimentary. {requently nonmech-
anistic, modeling. Although an auxihiary analysis of
these complex interactions could help to determine

NUREG-1327

which phemomena and parameters 1o include in im-
proved models of repository performance, execution
of such auxiliary analyses appears 10 be limited by
the lack of phenomenological information and data
available for tuff. Adduional field and laboratory ex
periments could provide needed data.

Obtain more data on plutonium geochemistry.

In the Phase 1 demonstration, plutonium was a ma-
jor contributor to the total system CCDF. An expan-
sion of the geochemical data base for plutonium in-
teractions with tuff may be useful.

Obtain a better understanding of waste-package cor-
rosion in the unsaturated zone.

In the Phase 1 demonstration, a selected distribution
of waste-package fallure was used, in large part be-
cause few analyses and data exist that treet the cor-
rosion of waste packages in a partially saturated re-
pository. On the basis of the literature .eview
performed as part of Phase 1, it appears that addi-
tional phenomenological data are needed before
waste-package corrosion in the unsaturated zone
can be modeled.

Obtain field and laboratory data and perform analy-
se8 10 investigate the issue of non-vertical flow at
Yucca Mountain.

An assumption used in the Phase | demoustration
transport calculations was that flow moved vertically
downward in four columns underlying the reposi-
tory. An auxiliary analysis, performed in Phase 1 to
evaluate the potential for non-vertical flow (Appen-
dix ), indicated that non-vertical flow might occur,
under certain conditions. Nonvertical flow could af-
fect radionuciide transport and groundwater travel
times. Therefore, it appears that additional field and
laboratory data and additional analyses on the po-
tential for non-vertical flow would be useful.

Obtain field and laboratory ¢ta on the transport of
gaseous radionuclides, especally C-14, at Yuocca
Mountain.

In the Phase | demanstration, the release of C-14
and other gaseous radionuclides along the gas path-
way was not explicitly incorporated into the totai sys-
tem CCDF. An auxiliary analysis executed in Phase
1 (Appendix D) indicated that the release of these
radionuclides in the gas phase may be important. An
obstacle to the realistic modeling of such releases is
the lack of general and site-specific data on gascous
radionuclide transport. Additional data would be
useful.
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APPENDIX A —SYSTEM CODE REVIEW

A.1 Introduction

The following discussion provides summaries of several

programs evaluated by the staff to determine their suit-

ability, as a whole or in part, for use as a system code for

the Phase 1 demonstration. Not all the programs pre-

sented are system codes per se, but each contained ele-

en;ms considered necessary to the approach used in this
ort,

A.2 Program Summaries

A.2.1 AREST

The AREST code (Engel, et al., 1989) was developed by
Pacific Northwest Laboratory for the U.S. Department of
Energy (DOE). The program takes a modular approach
10 the problem of making preliminary, quantitative per-
formance assessments of the engincered barrier and
near-field systems. Input varables to the code include
values assigned to the spent fuel waste package, as well as
to variables describing the physical and chemical environ-
ments of the repository/near-field system and the waste

package.

AREST models the performance of the assemblage of
individual waste packages from repository closure to the
failure of the canister, the release of radionuclides from
the failed packages, and the subsequent movement of the
radionuclides away from the waste packages. Average
release rates and cumulative releases over time can be
calculated from successive waste-package simulations.

The code cannot be considered as a total system code,
since it treats only various failure mechanisms for the
waste packages and 1ot the possible scenario classes cre-
ating the conditions for failure.

A.2.2 SPARTAN

SPARTAN (Lin, 1945) is a simple performance-
assessment model developed by Sandia National Labora-
tories to support DOE’s Environmenta! Assessment of a
potential repository at Yucca Mountain, Nevada. Input,
consisting of repository, hydrogeologic, waste-package,
and spent fuel characte istics, 15 used to simulate the
one-dimensional, dispersionless transport of radio-
nuciides in both a porous matrix and a fractured media.

Radionuclide release rates and cumulative curies re-
leased are calculated. From this, the performance of the
repository can be measured relative to the U.S. Nuclear
Regulatory Commission’s (NRC) performance objectives
and to the U.S. Environmental Protection Agency (EPA)

standard. The code does not take into account various
SCENarios.

A.2.3 TOSPAC

Sandia National Laboratories developed TOSPAC (Dud-
ley, et al, 1988) for DOE, specifically for the Yucca
Mountain, Nevada site. The model considers the one-
dimensional, transient, unsaturated flow and transport of
soluble waste materials with coupling between the matrix
and fractures.

The code is a FORTRAN 77 program that uses various
modules 10 manage the input and output tasks and to
model the differential equations governing water flow,
radionuclide transport, and liquid-phase mass transport.
A management driver oversees the interactions between
these modules. Input to the code covers the matena
properties of the geologic strata, the radionuclide proper-
ties, and different boundary conditions. Output consists
of release over time, radionuclide concentrations in the
matrix and fractures versus time, and three-dimensional
plots of concentration versus ime versus distance.

A.2.4 REPRISK

REPRISK (EPA, 1983) is an k1 M program that models
the long-term radionuclide release anu population health
effects associated with the disposal of high-'#vel radioac-
tive wastes in mined geologic repositories. It a8 ongi-
nally developed for a repository located in a saturated.
porous salt media and can address variations in geologic
setting, radionuclide inventories, radionuchde-release
mechanisms and pathways, time frames. and dose-uptake
pathways,

The code handles four designated “release mechanisms:™
(1)direct impact of a waste package with release to air and
land; (2) direct impact of a waste package with release to
an aquifer; (3) disruption of the repository with release 1o
land: and (4) disruption of the repository with release to
an aquifer. REPRISK does not treat radionuchde decay
chains and does not incorporate a random sampling pro-
gram (like Latin Hypercube Sampiing (1LLHS)) or any sen-
sitivity and uncertainty analyses.

Consequences of a release 1o the accessible environment
can b2 expressed as somatic or genetic health effects, a
ratio of release amount to limits set in 40 CFK Part 191,
and/or total curics released per radionuclide.

A.2.5 SUNS

The Sensitivity and Uncertainty Analysis Shell (SUNS)
{(Campbell and Longsine, 1989) is a Sandia National
Laboratories genenc software shell created to perform
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Monte Carlo and LLHS analyses. It is a modular, menu-
driven code with a flexible input editor that can incorpo-
rate a variety of application models suitable for such
analyses. The user provides replacement statements 1o
equate madel vanable names 1o locations in the various
SUNS arrays. The program is designed for parametric
analyses and correlation studies.

SUNS performs all file-management operations. Qutput
is available in both statistical and graphical formats.

A.2.6 Code Coupler Programs
Sandia National Laboratories developed the Code Cou-
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pler programs (Bonano, et al,, 1989) 1o provide linkage
between a suite of Sandia codes for a total system per-
formance assessment. This linkage 1s given on two scaies:
(1) between the regional and local flow models; and
(2) between the local flow model and the radionuchde
transport model.

LHS is used to create a common database for mput in
order to maintain a consisient description of the system
for each of the models. Programs are available to plot
estimated flow paths, discharge rates (in curies per day)
versus time (in years), and complementary cumulative
distribution functions (CCDFs).



APPENDIX B~ SOURCE TERM CODE REVIEW

B.1 Introduction

This appendix presents reviews of source term models
used in previous US. Department of Energy (DOE)
analyses of the Yucca Mountain repository, and of other
modeis related 1o source-term considerations, in general.
It covers both dedicated source-term codes such as
ARE.T, as well as source-term routines in systems codes.
This is not a comprehensive list, but represents a sam-
m of codes whose references were available to the

B.2 Review of Available Source-Term
Models Used for Assessing the
:incca Mountain Project (YMP)
Site

B.2.1 Early DOE Assessment Models for
Yucca Mountain

DOE performed several preliminary, simplified, scoping
assessmeats of the Yucca Mountain sue performance.
Two models used in these assessments were the Environ-
mental Assessment model and the TOSPAC model.

B2.1.1 The Environmental Assessment model

The Environmental Assessment (DOE, 1986) model con-
sidered the repositary to be composed of three compo-
nents: the waste package, the engineered barner, and the
geological barrier. The lifetime of the waste package was
3000 to 30,000 years, before which time there would be no
liquid releases of radionuchdes. The 3000-year lower-
bound lifetime was adopted to achieve “some degree of
conservatism." The source-term model used in this as-
sesement assumes that there would be congruent dissol -
tion of the uranium dioxide (UO;) matric, and that the
radionuclide release rate is proportional to the water flow
past the fuel and the solubility of the matrix. DOE esti-
mated that for an infiltration rate of 0.5 mm per year, a
fuel matrix solubility of 0.05 kilograms per cubic meter,
and an infiltration arca per canister of (1.33 square meters,
there would be a fractional release rate by congruent
dissolution of 2.5E-9 per year. The mode! does not take
into account sofubility limits for released radionuchides,
but assumes that with the exception of carbon, cesium,
technetium and iodine, all solubility values would be less
than or comparable to the value of the UO, matrix. The
authors recognize that there are other sources of radi-
onuclides, e.g., in the pellet-cindding gap, the hardware,
angd the cladding, but that except for O~ 14, they argue that
the radionudclide inventories wouid not significantly affect
their results for comuiative release. All C-14 releases are
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assumed 10 be from the matrix also, neglecting contribu-
tions from the cladding and gap compartments. Interest-
ingly. a DOE screening analysis indicated that most of the
radionuclides would never reach the accessible environ-
ment, except for carbon, technetium and iodine. Since
these are the very elements that tend to collect outside of
the UO, matrix, neglecting the other compartments may
be a weakness in this approach. This model appears 1o be
virtually identical to that presented by Lin and Tierney
(1986).

B2.12 The TOSPAC model

The Total System Performance Assessment Code
(TOSPAC) (Dudley, et al,, 1985) is a more sophisticated
one-dimensional model developed by Sandia National
Laboratories that considers transient unsaturated flow
and radionuclide transport, with coupling between the
matrix and fractures. The source-term maodel considers
cither the complete dissolution of the UO, matnix, with
release of all radionuclides (an extremely conservative
assumption) or the more realistic congruent release
model. The congruent release model assumes that: (1)
the fractional release rate of radic.uchides from the spent
fuel inventory is equal to the fractional leach rate of the
uranium dioxide matrix; (2) the rate of the matrix dissolu-
tion 1s a function of the solubility limit of uranium dioxide
and the availability of water: and (3) the transport of
dissolved species to ine source boundary is instantaneous,
and the transport behavior in the near-field region of the
waste package (where the rock s thermally and mechani-
cally disturbed) is similar in the adjacent undisturbed
rock. The authors neglect radionuciide releases from
compartments other than the UO, matrix, but acknowl-
edge the potential importance of these compartments.
The amount of radionuclide release is limited to being
less than or equal to the nuclide's solubility in the water
contacting the waste. The authors claim that, in most
cases, the solubility limit would be greater than the con-
centration, therefore, the release is truly congruent. This
madel would not appear to treat daughter products for
chain decav unless all daughters had the same sotubility.

Dudley, et al. recognize that the assumptions about how
liguid water contacts the waste 1o begin the release proc-
ess is not well understood. They assume that all the water
intercepted by a container (which is equal to the product
of the infiltration rate and the cross-sectional area of the
canister) becomes saturated with waste. They also recog-
nize that additional mechanisms may limit the dissolution
of the matrix, e.g., diffusion out of the waste container,
and thet the advection-only model may be pessimistic,

Waste canisters arc assumed to fail at a uniform rate, for
tack of any data on actual failures.
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B.2.3 Other Models Not Developed
Specifically for the YMP Sitg

Bnidil NEFTRAN




-\ ¢ : g N



APPENDIX ( FLOW AND TRANSPORT CODE SUMMARIES

C.1 Regional Flow Program
Summaries

(.11 SUTRA
(.1.3 TRACER3D

(.1.2 VAM2D C.2 Two-Phase Flow and Heat

Iransport Program Summaries
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TOUGH solves three non-linear partial-differential
equations simultancously. These are the conservation
equations for air, water, and heat. Air and water ¢an be
transported in either the liguid phase, the gas phase, or
both. The dissolution of air i water 18 represented by
Henry's law and flow (gas and hquid) by Darcy's law.

The code can simulate flow in one, two, or three dimen-
sions, because the method of soluaon is based on & gen-
eral integrated finite-diffcrence method. Time-stepping
is accomplished by a fuily impliait procedure. The result-
ing non-linea difference equations are linearized by the
Newton-Raphson technique.

The linearized equations are solved by the Harwell matrix
solver, that stores only the non-zero elements of a matri
thus reducing core storage requirements for the code.

.2.2 NORIA

NORIA (Bixler, 1985) is designed to simulate iguid, va-
})ﬂt. air, and cnergy transport in partially saturated and

ully saturated porous media. The foliowing mechanisms
are included in NORIA: (1) transport of water, vapor,
and air due 1o pressure gradients; (2) transport of water,
vapor, and air due to density gradients; (3) binary diffu-
sion of vapor and air; (4) Knudsen diffusion of vapor and
air; (5) thermo-diffusion of vapor and air; (6) conduction
of sensible heat; (7) convection of sensible heat
(8) evaporation and condensation; (9) a nonequilibrium
and equilibrinm vapor pressure model; and (10) capiliary
pressure. Nearly all the thermodynamic and constitutive
properties in the code can be defined nonlinearly in terms
of the remaining dependent or independent variables by
the user.

NORIA solves four non-linear partia! differential equa-
tions governing the flow of water vapor, air, and energy
These equasons consist of a water-pressure equation, a
vapor partial-pressure equation, an air partial-pressure
equation, and a heal equation. The equations are solved
by the Galerkin finite-element method. Time-stepping s
accomplished by a two-step time integrator with auto-
matic time-step selection. The non-linear difference
equations formed by application of the finite-clement
method are solved simultancously by Newton-Raphson
iteration. Normally, a one-step iteration is used; however,
a multistep iteration is used if the correction on the first
iteration s larger than a specified amount.

C.2.3 PETROS

PETROS (Hadley, 1985) is designed to simulate prob-
lems similar to those handled by NORIA, PETROS
solves the same number and types of non-linear equations
and handles the same physical processes as NORIA, but
in a slightly diffcrent manner. The main difference be-
tween the two codes is that PETROS salves only one-
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dimensional problems, either in linear, radial, or sphen-
cal coordinates, and solves the equations with the
finite-difference method. There are also some differ-
ences between the codes in the way the time integrations
are performed. PETROS uses a modified version of ¢
time integrator in NORIA,

PETROS solves three mass-conservation equations and a
heat-conservation equation, just as NORIA. However,
the hguid-conservation ¢ ;uation in PETROS is formu-
lated with respect to saturation rather than pressure, asin
NORIA. The characteristic curves and the thermal con-
ductivity, as @ function of saturation and temperatare, are
supplied to PITROS through user-written function sub-
programs. Other parameters such as diffusion coeffi-
gients, waler viscostty, saturation vapor pressure of water,

and default vatues of the charactensiic curve - © 4 ther-
mal conductivity are supplied internall i v e as
function subprograms. Constants suc. SCosity,
specific hoats, and water density can be . ter at de-
fault values or supplied by the user. The - er can also

choose between equiltbrium and nonequilibrium vapor-
pressure models.

The aforementioned equations are solved numerically by
a finite-difference method. The equations are differenti-
ated in both space and ume. Differentiating in time
results in fully implicit equations. The saturation and
temperature equations are solved with a tn-diagonal ai-
gorithm. Because the vapor and air-pressure equations
are strongly coupled, they are solved with a block tri-
diagonal algorithm.

(.3 Geochemical Program Summaries

C.3.1 PHREEQE

PHREEQE (Parkhurst, 1980) was developed to model
geochemical reactions between water and rock material.
Based on an ion-pairing agueous madel, the program
calculates pH, redox potential, and mass transfer as a
function of reaction progress. The program performs a
mass balance of elements in terms of their cancentrations
in the agucous phase and uses electrical neutrality and
clectron balance relations to complete the set of equa-
tions needed to solve a given problem,

The program solves a set of non-linear algebraic equa-
tions, using @ combination of a continued-fraction ap-
proach for mass balance and a Newton-Raphson teration
technigue.

C3.2 EQ3/6

EQ3/6 (Wolery, 1979) was developed to compute equilib-
riurn models of agaeous geochemical systems. EQJ per-
forms distribotion-of-species caleulations for natural
water compositions. BQ6 uses the results of BQJ o



predict the consequences of heating and cooling aqueous
solutions and of irreversible reactions in rock-waler sys-
tems. Reaction path modeling is useful in analysing com-
plex systems where analytical data do not permit the
definition of reactions by mass balarce alone.

The program uses a Newton-Raphson method to solve
the algebraic governing equations of chemical equil™
rium.

C.3.3 WATEQF

WATEQF (Plummer, 1976) simulates the thermody-
namic speciation of inorganic ions and complex species in
solution for a given water analysis. The program provides
a general capability to calculate chemical equilibria in
natura! waters at low ter peratures.

WATEQF uses a successive approximation method to
solve the mass action and mass balance equations

€34 CHEMTRN

CHEMTRN (Miller, 1983) was developed to simulate
one-dimensional transport of chemical species in ground-
wvater. Equilibrium is assumed in all chemical reactions,
and thermodynamic activities of all reacting species are
related by mass-action expressions. The program includes
the effects of dispersion and diffusion, advection, sorp-
tion via ion exchange or surface complexation, agu2ous
complexation, precipitation and dissolution of solids, and
the dissociation of water.

The governing equations are approaimated using a finite-
difference approach. A Newton-Raphson iteration tech-
nique is used to to s lve the system of equations.

C.4 Transport Program Summaries

C.4.1 SPARTAN

The SPARTAN code (Lan, 1985) is a simpie performance
assessment ¢ ade developed at Sandia National Laborato-
ries. The model employs a simplistic hydraulic mudel "r
flow of water infiitrating the surface and reaching the
water tab'e, This model has little in the way of a mechanis-
tic explanation for the way water would flow at Yucca
Mountain. The rate of infiltration in the matrix 15 as-
sumed to follow Darcy's law, with a grawent of unity, a
fixed permeability and fixed effective porosity. For nfil-
tration rates less than 1.0 mm/year, the speed of ground-
water movement is proportional strictly to the infiltration
rate and does not take into account the change of hydrau-
lic conductivity with moisture content. For infiltration
raies greater than 1.0 mmiyr, the model assumes that a
fraction of the water infiltrating will move through the
fracture zone faster than through the matrix, with trans-
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port properties typical of {ractures. The transport model
lakes radioactive decay and a lincar sorption (Kd) into
ac~ount. It allows different retardation factors for daugh-
ter, and parents.

The SPARTAN code was used for some very preliminary
acsessments of a proposed repository at Yucca Mountain.
In the test cases that the authors demonstrated, there
were either two or three pathways for radionuclide trais-
port, which was supposed to represent the different
lengths from the repository to the water table, For an
infiltration rate of 0.5 mm/yr, there were two pathways for
matrix flow. In this case, only 1-129, C-14, and Te-99
reached the accessible environment within 100,000 years.
For a rate of 5.0 mm/yr, it was assumed that the water in
excess of what the matrix could carry would travel through
a third pathway as fracture flow. Many more of the radi-
onuclides were released to the accessible enviror nent for
LS case.

C.4.2 TOSPAC

TOSPAC (Dudley, 1987). the Total System Performance
Assessment Code, is a computer program designed to
simulate water flow and transport of soluble waste in
fractured, porous unsaturated rock. The groundwater
flow module solves either the transient or steady-state
partial-differential equations for an equivalent porous,
fractured medium, in which the properties of the matrix
and fractures are combined into one constitutive relation-
ship {or saturation versus hydraulic conductivity (or ma-
trix potential versus hydraulic conductivity). The site s
represented as a serics of one-dimensional flow tubes
with no lateral interchange. Within any single flow tube,
gither the steady-state or transient flow equation for the
equivalent matrix-fracture relationship is solved. For the
steady-state situation, the solution is iterative, to allow for
the self-adjustment of the hydraulic cenductivity and
saturation vaiues to correspond to the constitutive rela-
tionships for cach layer. Once the solution reaches
steady-state, the aydraulic conductivity is known, and con-
sequently $o is the net downward flux and groundwater
velocity that can then be used in the transport calcula-
tions. The transient solution solves for pressure head,
with a numerical solution of Richard's equation nsing
Pickard iteration.

The module for radionuclide transport uses the velocities
calculated from the flow module. First, the code esti-
mates the fraction of flow in the matrix and fracture flow
paths Concentrations of each radionuclide are calculated
for the matrix and fracture compartments, with a dynamic
coupling between them.

(.43 NEFTRAN

NEFTRAN (Longsine, 2t al,, 1997)is a network flow and
transport  code  developed by Sandia  National
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APPENDIX D~ GASEOUS RELEASES OF CARBON-14

D.1 Introduction

Carbon-14 (C~14) is produced in nuclear reactors by the
activation of nitrogen impurities in the fuel cladding, and
by the activation of oxygen-17 (0O-17), particrlarly in ihe
uranium dioxide fuel and in the circulating water of tight-
waier reactors. The release of C-14 from the waste pack-
ages may be of concern because there is at least the
possibility of a fast gas pathway to the accessible environ-
ment through the unsaturated fractured rock, excava-
tions, and tunnels. Although in this Phase 1 demonstra-
tion, the release of C-14 was treated in the Liquid pathway
analysis by inclusion with the total release into the ligud
phase, this treatment would not be conservative from the
standpoint of the gaseous release pathway. This appendix
presents models for the gaseous release of C-14 from the
waste package ar 4 its transport to the accessible environ-
ment.

D.2 Source Term

C-14 is found in quantities an order of magnitude greater
than would be allowed under 40 CFR Part 191, if all were
released. For the 70,000 metric tons heavy metal as-
sumed, the inwial inventory of C-14 for tais study was
98,000 curies (Doctor, et al., 1992), whereas the allowed
release under 40 CFR Part 191 is only 7,000 curies, C-14
has a half life of 5720 years. The majority of environ-
mental C-14 comes from interaction of cosmic ray neu-
trons and nitrogen, although it is also created by activa-
tion of the rare O-17 sotope in the atmosphere (van
Konynenberg, 1987). It is produced in great quantities in
atmospheric nuclear explosions through neutron activa-
tion. Once in the atmosphere, C-14 is removed from the
snvironment mainly by absorption in the bicarbonate ions
in seawater with an »pparent relaxation time (i.e., ume for
half to disappear from the biosphere) of approximately 9
to 15 years (Killough and Till, 1978). A portion of the
('~ 14 recycles through the food chain and ts very biologi-
cally active. The combination of biological actvity and
long half-life leads to relatively large population doses
per curie released.

In reactor fuel, C~14 is produced by the same mechanisms
as in the atmosphere, The main routes to production are:
(1) activation of nitrogen impurities in the metallic struc-
ture of the reactor and the fuel cladding, and (2) activa-
tion of O-17 in the uranium dioxide fuel and in the circu-
lating water of the reactor, with subsequent deposition
onto the cladding and other structural material.

Measurements indicate that about one-third of the total
C-14 inventory resides in or on the cladding of
pressurized-water reactor (PWR) fuel, but similar meas-

D=1

urements for boiling-water reactor (BWR) fuel are not
available (van Konynenberg, 1987). It is expected that
measurements for BWR fuel may be different because
the oxidation potential is different in these reactors. The
remainder of the C-14 1s dispersed in the fuel, cladding
gap, and the intergrain boundaries. There 1s little or no
information on C-14 inventories for other non-fuel parts
of the reactor,

The two mechanisms for producing C-14 in the reactor
are important to understanding its availability. Presum-
ably, C-14 created by activation of nitrogen would be
dispersed in the cladding, because the nitrogen may also
be dispersed. Much of the C-14 appears to be from the
oxygen-activation mechanism, and is adsor s onto the
cladding, fairly close to the surface. ".us fact may be
important because it ailows the C-14 to be more readily
accessible to the environment than if it were uniformly
dispersed in the cladding (SCP, Sections 8.3.5.9, 8.3.5.10)
(DOE, 198%8).

D.2.1 gossible Release Modes from Spent
uel

Upon failure of the canister, gaseous C'-14 could be re-
fcased to the geologic setting. Most of the C~14 in the
canister is apparently in the form ol elemental carbon,
metal carbides, or oxycarbides (van Konynenberg, 1987).
In inert nitrogen and helium atmospheres, spent fuel
does not readily release its C-14. Upon exposure 1o air,
however, some of the C-14 oxidizes and i1s usvally re-
leased to the immediate atmosphere as “C0O,. About 1 to
2 percent of the available C-14 inventory, mainly that
portion deposited on the surface of the canisters as crud
or collected on the intergrain boundaries of the fuel,
could be released quickly by this mechanism (van
Konynenberg, 1987). For elemental carbon, release could
depend on oxidation to carbon dioxide and carbon monox-
ide, the rate of which s extremely slow at low tempera-
trres. Elemental carbon is known 10 be extremely stable
under normal conditions, as is evidenced by the presence
of graphite in schists exposed {or thousands of years at the
earth’s surface. There is some experimental evidence to
suggest, however, that carbon will oxidize to carbon diox-
ide a1 a temperature of 275°C within a radiation field of
10,000 rods per hour (van Konynenberg, 1987). Tempera-
tures of the fuel may be in this range for the first few
decades alter storage, but are likely to be considerably
cooler near the time required for mizimum canister life.
Radiation levels of 10,000 rad/hr are likely to be present
for up to about 100 years. Although the radiation field
diminishes with time, no experimental evidence is avail-
able to indicate that there s a threshold below which no
oxidation would occur. For the gake of conservatism in
this analysis, it was assumed that a mechanism is available
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D33 C<14 Transport Modcl

I. the Phase 1 demonsiration, the stafl used the esi-
mated travel times calculated by Amter, et al. (198K), as
shown in Figure D.3, to develop a ng model that
accounts e ransport of carbon dioxide from the reposi-
m 1o the surface of the carth. The model considered
radh e decay using the average travel time for C-14
from the repository Lo the surface. Amter, ¢t al. (1988)
calculated the trave! times along a transect of the reposi-
tory at zero, 2000 years, 10,000 years and 50,000 years.
The fractional release, £, at the carth’s surface lor a

of C-14 released at time 1, was vetermined by

ting along the path from ﬂ:e repository to the
U assuming that the velocity of the parcel would be
everywhere equal, but varying with time according 10 a
:i\t:u interpolation of the four umes calculated by

prer.

This i not necessarily a good assumption, because the
velocity is known 1o vary in space within the complicated
%vecﬂon currents predicted by ‘Tsang and Preuss,
1987):

1
L) -f vit) dt (L 2.%)
o

where L) 1s the normalized distance that the parcel has
teaveled relative (o the distance 10 the surface, vit) i the
normalized veloeity, defined here as the reciprocal of the
travel time at time * “nd 1, 18 the time of release. The
integral was evaluatea graphically to find the time 1 when
L{1) = 1. The abject of the integration was 10 find the
trave! time of the parcel and to determine whether it
could reach the surface within the stated tme limit, ie.,
10,000 years. Once the travel time, (;, was determined
for each parcel with relcase time 1, the fraction, 1,
released af the carth's surface was defermined by radioac-
tive decay:

f;=exp t-Ay) (D.9)

whered =In 2/ty/2 . The results of these calculations are
summarized in Table 1.2 for releases at $00 10 6500 years,
‘The fractional release ranges from a maximum ol 091 1o a
minimum of .65, 1L is interesting 10 note that because the
upward velocity approachcs a maximum value, the earli-
est release shown in Table 1.2 does not result i the
highest fraction cscaping. Releases after about 6500 ycars
do not armive at the surface of the earth before 10,000
years,

Appendix D

Table D.2 Release P‘uc‘t_m s Function of Release

Time of release Fraction Reaching
years Surface
S0 .86
1500 091
2500 (.86
3500 082
4500 (.5
§500 0.7
6500 0.6
beyond 6500 none © « WO yrs

DALY Limitations of C<14 gas transport model
Some of the limitations of the transport model are:

®  There s the possibility that gaseous releases from
the repository level may follow the shortest path,
and that there ay be ample ground transport be-
tween one part of the reposttory and another be«
couse of the network of drifts, shafis, and fractures.
The cffective truvel nme for C-14 released any-
where in the repository may therefore be more char-
acteristic of the shortest travel time caleulated.

¢ There is evadence that in natural waters, CO, s not
in pquilibrium with the atmosphere, partially be-
cause of unfavorable mixing conditions and the slow-
ness of the gas transfer reaction (Sturnm and Mor-
gan, 1970}, The chemical model for C-14 behavior
was based on the assumption of equilibrium. Failure
1o attain equilibrivm would have the effect of reduc-
ing the retardation of C-14,

e In their trunsport and chemical models, Ampter, et
al. (198%) assume intimate contact between the gas
and water phases. Such contact s unlikely at Yucca
Mountain, because, under unsaturated conditions,
water would be present primarily in the smallest
rock pores, and the flow of wir would be most preva-
lent in the largest rock pores and fractures. There-
fore, the potential for close air-water contact would
be diminished, having the effect of reducing the re-
tardation of C- 14,

D.4 Conclusions and
Recommendations

The results of Amter, et al. (1988) and Knapp (1987) for
transport of C- 14 from the Y ucca Mountain repository to
the surface of the carth predict travel times ranging from
a few hundred to a few thousand years, and are shortest
duting the period where there s significant heating [rom
the rachoactive decay. This period of short trivel times
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APPENDIX E ~TESTING STATISTICAL CONVERGENCE

E.1 Discussion

The Latin Hypercube Sampling (LHS) method s an effi-
cient method for perf Monte Carlo analyses
(Iman. 1980a). As with all Monte Carlo analyses, increas
ing the number of samples increases the conver of
the staustical results. Minimizing the number of repeti-
tions is usually of interest to the analyst, particularly for
complicated, time-consuming calculations, A rough “rule
of thumb" for LHS analysis is that the sainimum number
of samples should be 4/3 the number of independent
variables for geod statistical convergence (Bonano, et al.,
1989). 1t is not clear however whether the rule of thumb is
meant 1o apply both to the generation of the Complemen:
tary Cumulative Distribution Function (CCDF) curve
and the sensitivity analysis, or st to the latter. The fol-
lowing example wiss des, 2r.$ o test whether this “rule of
thumb" applies to highly r.iear problems, such as the
present calculation,

47 independent vanables were sampled in the present
analysis. The rule would predict therefore, that about 63
samples would be sufficient to generate an acceptable
output distribution; Le., the CCDF of radionuclide re-
lease. To test this hypothesis, the 10,000-year CCDF for
the base-case scenario was generated from 500 LHS sam-
ples, 1o provide a smooth benchmark curve representing a
statistically converged distribution. Next, $ CCDF curves
were generated for the same distribution, but using only
100 LHS samples each, with each case employing a new

random seed for the LHS sampling. The results are
shown in Figure E.). Only one of the five CCDF curves
generated with the 100-point samples was close 10 the
S00-point CCDF curve. Convergence was best in the low-
consequence region, and generally poor in the high-
consequence region. The 100-point case led 1o a spread in
the release in the high-consequence portion of the curve
of about two orders of magnitude. This result indicates
that the “rule of thumb” in this case is inadequate, and
many more samples would be required. This analysis,
however, used only a single scenano, and the statistical
convergence treating all scenarios, along with their re-
spective scenanio probabilities, might behave differently.

The probable explanation for the inadequacy of the “rule
of thumb” in this case is that there were relatively few
saniples giving high radionuclide releases, and many cases
in which there was no release at all within 10,000 years,
Fot this analysis, the low-consequence samples were far
more prevalent, as demonstrated by the generally
agreement in that portion of the curve. The result of this
exercise points 10 the need for care in using the LHS
method 10 ensure that enough samples are generated for
statistical convergence. Iman, in fact, warns that the sam-
ple size is highly problem-specific (Iman, 1980b). In fu-
ture demonstrations, some of the more sophisticated
sampling methods, such as Fast Probabilie Perform-
ance Assessment methods and Importance Sampling
(Center for Nuclear Waste Regulatory Analyses, 1988),
should be purst ed.
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Appendix F

HISTOGRAM OF TOPOPAH SPRINGS UNIT
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Figure F-3 Location map of holes used in Scatter and Variogram Plots.
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Appendix H

DRILLING SCENAR'O
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APPENDIX I -SYSTEM CODE STEPS

L1 Discussion

The following is a more detailed step-by-step outline of
the system code operation than that provided in Section

Y] | W Ry

444,

1. Set parameters and determine the dimensions of the
Necoessary arrays.

2. Open input and output files.

A, EPALIM.DAT :an input file of Environmental
Protection Agency (EPA) release limits (40
CFR Part 191, Appendiv A, Table 1) for 28
selected radionuclides per 10,000 Metric Tons
Heavy Metal (MTHM)

B. SYSINP : a file of analyst-supplied system
code input for a particular run, consisting of
input/output flags, a flag denoting the manner
of execution (i.e., internal vs. external), and
information about the specific scenarios to be
modeled in this particular run

C.  SYS.DAT :adetailed output file, with the type
and amount of data placed in this file depend-
ent on the system code input flag values

D. CCDF.DAT : an output file which will contain
data needed to graph a complementary cumu-
lative distribution function {CCDF)

3. Readinto the program the input/output flags, simu-
lation time, and scenario nformation from the
SYS.INP file.

4. Readin the EPA release limits from EPALIM . DAT
and calculate a weighting factor for each radio-
nuclide (based upon an inttial repository inventory
of 70,000 MTHM) using the formula:
weighting factor |

ndion[::lide n 9% (Raiease limit for radionuclide n)

5. Sequence through the analyst-supplid scenario

classes.
A, Select the first scenarno from SYS.INP.

B. If the system code is executing internally, run
the Latin Hypercube Sampling (LHS) routine
o generate consequence module parametric
mput vectors.

C. Determine (from SYSINP) whether the
groundwater release pathway is accessed for
radionuchde release from the repository.

D. U the groundwater release pathway is accessed,

Ia) Run the groundwater flow and transport
model (NEFTRAN) (if the run is inter-
nal). 1b) Request the name of the ground-
water model output file to access (for ex-
ternal system code runs); the file name is
supplied by SYS.INP,

2)  Open the groundy, ater flow and transport
model output file.

3)  Read in the radionuclides and cumulative
releases for each parametric input vector
until all the data are input to the program.

4) Call the ORDER subroutine to

a.  Cumnpare the released radionuclide
names against radionuclide names
for which EPA limits are given.

b. Calculate the normalized radionu-
clide releases using the EPA release
limit weighting factors (see step 4
above).

¢ Place the normalized releases into a
four-dimensional array (CUMREL),
according 1o scenario class, released
radionuclide, input vector, and re-
lease pathway.

5)  Return to the main program from the
ORDER subroutine,

E. I the groundwater release pathway is not ac-
cessed for radionuclide release, continue with
step F below,

F. Repeat steps D and E above for the gaseous
release pathway and then for the direct release
pathway, if either pathway is accessed for radio-
nuclide release. (This information is in
SYS.INP). :

G.  Return to stcp A and determine, by checking
SYS.INP, whether more scenario classes are (o
be modeled. If so, continue at step H; other-
wise, continue with step 6 below.

Summing Calculations

Sum the normalized radionuclide releases in the
CUMREL array over release pathway, into the
three-dimensional PEPASUM array.
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APPENDIX J -~ DOCUMENTATION OF FILES AND PROGRAMS
ON INEL CRAY XMP/24 FOR REPOSITORY PERFORMANCE
CALCULATIONS

J.1 Introduction

This appendix dJocuments briefly some significant com-
puter programs, data files, and output files used to gener-
ate and manipulate the source term and radionuclide
transport results presented in this report.

J.2 Fortran Programs

J.2.1 NEFTRANG

This is the modified version of NEFTRAN (Longsine, 1
al,, 1987) used for this demonstration. It was modified
from the standard \ersion in the following ways:

a.  All calcutations having (o do vath the determi-
nation of the flow through saturated flow tubes
using Darcy’s law were removed. Flux was an
input variable based on infiltration and fracture
flow, as determined by saturated hydraulic con-
ductivity.

b. Most input variables needed for .he unsatu-
rated flow and transport calculations were con-
tained in subroutine GETRV. This subroutine
read the random input vectors on input file
TAPELD, as generated by the program
LHSVAX, and generated an output vector file
of radionuclide releases accumulated over time
(either 10,000 or 100,000 years), that was writ-
ten to an output file, TAPE20.

¢.  Minor changes were made to the output format
of TAPE20 to include the scenario number on
each record

J.2.2 CCDFLIM

This program was used for the sensitivity and uncertainty
analyses described in Section 2.5, The CCDFJIM pro-
gram took the TAPE20 output files generated by
NEFTRANG for the four columns and generated a com-
plementary cumulative distribution functiorn - CDF) for
each scenario. It multiplied the output cumulative re-
leases for each radionuclide by their respective Environ-
mental Protection Agency (EPA) release limit factors
(from 40 CFR Part 191) to get an EPA ratio for each
vector. The vectors were then combined for the four
columns, sorted and wiitten to a file for transmission to
the U.S. Nuclear Regulatory Commission (NRC). These
resulis were plotted with the commercial graphics

J

package, GRAPHER, on a personal computes. The
CCDFLIM program also calculated the average contribu-
tion to the EPA ratios by radionuclide and sorted them in
descending order, In addition, the program could screen
output vectors on the basis of limits imposed on the input
parameters or combinations of parameters provided to
NEFTRAN. This capability was used in the analyses that
examined the sensitivity of the radionuclide releases to
the NRC subsystem performance criteria (see Section
9.5).

J.2.3 COMBINE

This program combined the TAPE20 output files from
NEFTRAN for the four colurans into a single corhined
TAPE20 cutput file. The program was developed to
avoid: (1) sending four lengthy {iles from the CRAY sys-
tem to the National Institutes of Health system via BIT-
NET; and (2) a problem on BITNET, which caused some
of the long output lines to be clipped at 79 columns. The
revised output file was identical to the old TAPE20 out-
put, except that the long lines were no longer written in a
list-directed format, but rati. °r in formatted form with a
line length of 68 characters. 11 e output for a particular
radionuclide chain was all zeros, (he list-directed output
was still used to take advantage of t. 's format’s compact
structure.

J.2.4 LHSVAX

This program generated the LHS sample for input to
NEFTRANS. It was modified from the original version in
the following way:

a.  Arandom number generator, RAN1, from Nu-
merical Recipes, was added.

b. It read in the names of the input and output
files.

J.2.5 STEP

This program performed the stepwise linear regression
and rank regression on the outputs of NEFTRANG for
each ~~enario, to determine sensitivities and uncertainties
(see . oction 9.5 of this report). The main modification to
this program was to take the TAPE20 output from the
four ertumns gencrated by NEFTRANG and combine
them inwo EPA ratios for each vector using the EPA
release himit factors. The combived V@A ratios are writ-
ten to a temporary file and re~aint - the STEP program to
generate the regressions,

NUREG-1327



g laa o Ak G d e e S T S A S 4

Appendix J

J2.6 Cl14B

This program calculated the carbon- 14 release from the
wasic packages as a function of uime. The program
assumed that the canisters failed with a normal probabil-

ity distribution. Following failure, oxygen attacked the
fuel matrix and the C-14 inventory was released accord-
ing to & rate based on the spallation time, randomly
picked from a uniform probability distribution bounded
by two lines that are functions of temperature. To this
release rate was added the prompt refease of C-14 at the
time of canister failure. The auxiliary analysis of the re-

lease of gaseous C~14 is discussed in Appendix D of this
report.

J.3 Batch Script Files

The following batch file executed programs in the batch
mode on the Cray using the batch queune function QSUR:

The STATCONSUB batch file executed in sequence
with the programs LHSVAX and NEFTRANG, for all
four columns, and then with the program CCDEFLIM, to
generate a CCDF. The main purpose of this script file was
to simplify the multistep operation for generating a
CCDF, particularly for the statistical convergence exer-
cise that demonstrated the sensitivity of the CCDF to the
number of Latin Hypercube vectors samples chosen
(either 100 or 500) (see Appendix E for discussion). A new
random seed for LHSVAX was chosen for each of the
runs with 100 vectors.

J.4 Data Files

The following is a list of the input data files used:
ympyuc2.dat:  This lile was used for all scenarios to
generate the LHS samples for
NEFTRANG based on the distribution
and ranges specified for 47 variables.
When used in the statistical conver-
gence test (Appendix E), a new randoni-
input seed (specifiable in this file) was
chosen for each CCDF run.

This file contains the EPA release limits
by radionuclide in terms of permissible
releases per 10,000 metric tons heavy
metal, as provided in 40 CFR Part L)1,
Appendix A, Table 1.

epalim.dat:

tSinl: This was the NEFTRANG card image
input file for the basic parameters in
Column A, for the base-case scenario,

10,(KK) years, 500 vectors,
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182nl:

t83nl:

tS4nl:

tS1100;

152100:

153100

154 100:

TAPE20;

This is the same as t5in] above, but for

Column B.

This is the same as t51nl above, but for
Cotumn €.

This is the same as 151n1 above, but for
Column D.

‘This is the same as t51n1 above, but for
100,000 years. Results based on this
data was used in the sensitivity and un-
certainty analyses discussed in Section
9.5 of this report.

This is the same as (52n1 above, but for
100,000 years. Results based on this
data was used in the sensitivity and un-
certainty analyses discussed in Sectica
9.5 of this report.

This is the same as 153n1 above, but for
100,000 years. Results based on this
data was used in the sensitivity and un-
certainty analyses discussed in Section
9.5 of this report,

This is the same as *54n1 above, but for
100,000 years. Results based on this
data was used in the sensitivity and un-
certainty analyses discussed in Section
9.5 of this report.

I'he random wvectors produced by
LHSVAX {or the input file ympyuc.dat
were stored in this file.

J.5 Output Files

The following is a list of the output data files used:

tape2051.10:
tapez052.10:
tape2053.10x:
tape2054.10:

tape201.500;
tape202.500:
tape203.500:
tape204.500:

tape20cmb. 10:

These were the TAPE20 output files
from NEFTRANé for the base-case
scenario, 10,000~ cumulative re-
leases for the four columns referred to
in the text as Columns A, B, €, and D,
respectively.

These weie the TAPE20 output files
from NEFTRAN6 for the base-case
scenaro, 00.000-ycar cumulative re-
leases for the four columns referred to
in the text as Columns A, B, C, and D,
respectively. These data were used in
the sensitivity and uncertainty analyses
discussed in Section 9.5 of this report.

This was the combined output for
tape2051. 10, tape2052.1(), tape2033.10,
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