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FOREWORD

This report covers the progress during FY 78 by the Waste Management Technical
Support Project of the Lawrence Livermore Laboratory in developing a technical
base for the nuclear Regulatory Commission (NRC) to use in formulating guides
and regulations for the disposal of nuclear waste in suitable repositories.

This report is intended as an end-of-year progress report as required by
SOW FIN A-0277-8.

Any analyses or conclusio.s contained herzin are to be regarded as preliminary
and do not reflect NRC positions.
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ABSTRACT

This report covers the progress made during FY 78 in the various tasks of the
Waste Management Technical Support Proiect which the Lawrence Livermore
Laboratory is conducting for the Nuclear Requlatory Commission (NRC)., The
project's goal is to develop a technical base to be used by the NRC in
developing requlations and requlatory guides for the disposal of radioactive
waste in deep geologic repositories. The report covers primarily the ongoing
work of Task I: Waste Form Performance and Task II: Site Suitability.
Results from these and other tasks are summarized and referenced, A1l
analyses and conclusions are preliminary and do not refiect NRC positions.
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INTRODUCTION

The Lawrence Livermore Laboratory is under contract to the Nuclear Regulatory
Commission, Office of Nuclear Material Safety and Safeguards, to provide
technical support for the development of regyulations and regulatory guides for
the disposal of high-level and transuranic wastes in deep geologic

repositories. This report summarizes the technica) accomplishments during
FY 78.

REPORT ORGANIZATION

The report is organized along the lines of the major technical support areas
or tasks, as specified in FIN A-0277-8. Task I is concerned with waste
performance, Task Il with site suitability, Task III with certain thermal
considerations for repository design performance, and Task VI with
radiological performance objectives. Task VII develops a geoscience dita
handbook, and Tasks IV, V, and VIII were not funded during FY 78.

The body of the report provides a summary of the important technical issues
studied during FY 78 in Tasks I, 1I, an* VI, and only these tasks are
discussed in this introduction. To provide the reader with more detailed
discussions, appendices on selected topics are included. Detailed technical
discussions can also be found through references to original technical reports

shown in the reference section. Similarly, references are given at the end of
each appendix. .

PROJECT OVERVIEW

A hierarchical objective diagram is useful in defining our systems analysis

approach to the overall nuclear waste mainagement system problem. This

approach is shown in Fig. I1. Consideration of the objectives for the

national wasie management program through the Federal agercy implementation

allows us to structure the overall problem into two basic sets of models:
xv



ECTIVES PROVIDE FOR ADEQUATE

NATIONAL PUBLIC HEALTH AND SAFETY
FROM NUCLEAR WASTE

g ; 1

REGULATE WASTE DEVELOP, BUILD AND
NRO MANAGEMENT SYSTEMS - OPERATE WASTE
SO THAT RISK IS MANAGEMENT
EPA MANAGED IN THE I SYSTEMS
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|
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TO EVALUATE SITING & LICENSING PROPOSED AID RADIOLOGICAL
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PERF ORMANCE CAN BE BASED DESIGNS | OBJECTIVES

FIG. I1. Overall waste manaaement systems prohlem.




waste management system (WMS) models and societal models. The individual
tasks develop more detailed models. Specific risks are derived from the WMS
models and the evaluation of the societal impact of these risks is made
possible through the societal models developed by the radiological performance
objectives task. These impacts will be used in future technical support work
for establishing requlatory guidelines.

PROJECT REDIRECTION

A major redirection of our effort occurred during FY 78 as a result f the
Presidential decision to defer reprocessing of spent fuel. Work on solidified
high-level nuclear waste was suspended during the second quarter of FY 78.

The storage/disposal of spent fuel in geologic media was emphasized during the
remainder of the year.

TASK 1

In Task I, three general areas of pre-emplacement radiological risk for
solidified h 3h-level wast  were studied. Human factors in accidents were
investigated at the reprocessing plant, du-ing transportation between
reprocessino plant and repository site, and at the repository. Completion of
the numerical data needed to quantitatively evalu=*e the impact of human error
on expected radiological dose was not completed due to p >gram redirection, so
the analysis to date summarizes the qualitative impacts ¢ ° human errors on
expected doses. Interim storage at the reprocessing plant included two

areas: loss of coclant accidents involving loss of coolant c.:culation and,
more importantly, loss of coolant by poo' drainage in the event of poci
rupture by severe earthquake. Pool drainage accidents can lead to significant
radiological releases for closely-spaced storage racks. The seismic analysis
reached only a preliminary stage, but produced an outline for a methodology
for evaluating seismic risk from a severe earthquake to an interim storage
pool.

For the management of spent fuel, work on a number of technical areas was
initiated. Potential hazards from the radionuclides in spent fuel as ¢
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function of age were calculated. Note was taken of the gaseous radionuclide
content of spent fuel, activity that is not present in solidified high-level
waste, A three-dimansiona)l thermal analysis was conducted for disposal of
spent fuel in a repository. This analysis provided an evaluation of the
near-field thermal environment, an important variable in other repository

studies. The most sensitive parameter was the spent fuel heat generation rate.

Studies on design concepts for retrievaiuie packages have produced a reference
package design, identified the most importani failure modes that will require
studies to ensure integrity, and allowed development of a risk methodology for
container structural integrity.

Work was started on the development of a model to identify and evaluate
parameters affecting spent-fuel dissolution, and radionuslide release rate and
migration. Preliminary results show significant ground-water effects on
solubility for different radionuclides

Initial work on a survey of corrosion data on candidate container designs in a
haiite brine solution has identified a number of potential useful materials.

A testing program will be ne ary to confirm the suitability of these
materials.

Modeling studies on brine migration are underway. Results to-date suggest
that as much as 40 1 of brine could accumulate around eas“ canister during a
10 y period. Thermomechanical effects of this brine accumulation are being
modeled. These effects include accelerated creep 1ue to possible pressure
solutioning and coupling oetween the salt and the canister,

The major components cf the transuranic (TRU) waste management program include
(1) the identification of the inventory and sources of transuranic waste,

(2) the development of a functional definition for this waste, (3) the
identification of {he waste form and package, and (4) the evaluation of the
resultant waste management package in a deep geologic waste repository with
emphasis on developing radioactivity release functions. CSignificant progress
was made in (1) and (2) with reports being issued. Work in (3) will define

xviii 31§

R ———



both current and future technology with emphasis on final TRU waste

characteristics. A methodology was developed for (4), but at present we have
only incomplete information.

xix i



TASK 11

Fy ) saw a significant change in the long-term objective and goals. Whereas
earlier work was directed toward regutations, these changes refléct the need
to obtain information and tools needed for regulatory guide development. In
particular, a licensee in oreparation for obtaining a license for a deep
geolcgic repository site requires:

e A checklist of qualitative criteria for each host geology

e A list of possible measurements and their uncertainties

e A knowledge of che licensing tools and Lhe methods of translating these

measurements into a prediction of site perfcrmance.

During FY 78 emphasis was on site characteristics and modeling. Specifically,
other site media were investigated, future efforts were scoped, and geophysical
measurement uncertainties were analyzed. The modeling effort involved
development, revision, and improvement of models. The new goals suggested
that the modeling work should first focus on individual barriers to waste
migration.

SITE CHARACTERISTICS
Work on site characteristics focused on three general areas: quaiitative
description, geological/geophysical data, and geological/geophysical

measurement technigues and associated errors.

Qualitative description

Simple models were developed to incorporate necces<ary assumptions about
repository design and operation and to identify the probable ranges in design
parameters that might affect long-term repository behavior. Generic settings
for repositories sited in basalt, granite, and salt domes were devcloped. The
feasibility of modeling waste repositories located above deep-seated water
tables (vadose zone) is being investigated. The characteristics of
unsaturated regimes present modeling requirements that are different from
those developed for saturated flow conditions. Potential sites in unsaturated

S
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media may be found at the Nevada Test Site, the Snake River Plain of Idaho,
the Columbia Plateau of Washington, and the Colorado Plateau of Arizona.

Geological,geophysical data

This area of investiga..on encompas.es the following:
Retardation factors used in the mass-transport model.
The geochemical ae* ~ase.

Physical and ch> irs .. ocesses that affect pu osity.

A chemicai ;»ii*' . jur code to define suiubility limits for fu._..e use
in the mass-", o “aort nodel.
e Sorpti®n ¢ -2 <.ristics of granites and basalts.

Geological/geophysical Measurements

We investigated the applicability of various measurement techniques for
porosity and hydraulic gradient to the evaluations of generic repository
sites. Practical applications, limits, and errors associated with geophysical
exploration and drilling techniques were evaluated. Uncertainties associated
with exploration and exploitation of mineral resources in bedded salt
environments were also evaluated with respect to the hazards posed to a
repository.

MODEL ING

Systems models are being developed as the principal instruments of long-term
risk assessment. Models for dissolution, recharge/repressurization, local
migration, regional migration, and dose were revised. These models, some of
which were discussed under Task 1, correspond to various barriers to the
migration of waste from the repository to the biosphere. Work was begun in
revising these models to accomodate probability distributions as input and
output.

Progress has been made in the development of two methods of uncertainty

analysis: a probabilistic calculation technique and a Monte Carlo technique.

Future-history modeling was begun by developing a preliminary framework for
xxi - a4
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the evaluation of the potential risks associated with loss of administrative
control (LOAC). Two modeling approaches, represented by the discrete-events
model and the Markov-chain model, were compared. Results indicate that the
discrete-events model may be more appropriate and more manageable than the
Markov-chain model and would ~rovide information for determining key factors
in evaluating post-emplacement risks.

Local waste migration models are being developed on the basis of baseline |
repository designs to describe the geological barrier presented by the |
repository environment. Preliminary evaluations of the relative significance

of various factors were performed. These factors include non-Darcy flow

behavior, steam and thermal convection pathways, and earthquake effects.

The output of the local migration models will be a source term for the
regional migration models, for which hydrology and transport models are being
developed. Work was done on generic and numeric models for a large
sedimentary basin. Preliminary models were developed for each rock type.
Work continued on understanding how future climatic changes will affect
groundwater flow.

The dose model does not actually represent a real barrier, but is a way to
translate release into biological effect. The BIODOSE code uses a reference
river system that closely resembles the Columbia River Basin. Analysis of
other water systems was begun to investigate the sensitivity of calculated
hazards to the choice of reference system.

A simple procedure was developed for approximating the radiation dose release ;
that tiie systems model calculates. Contours of dose for spent fuel were 1
calculated using a waste release function parametrized by a mean arrival time

and pulse width as input to the BIODOSE code. A method of computing net

whole-body-equivalent doses was developed to to simplify output and make i
results more meaningful. |

x4



TASK VI

During FY 78, Task VI developed radiological performance objectives (RPOs)
that can evaluate a waste management system (WMS) in a way that accounts for
the probabilistic nature of its consequences and addresses several value-laden
issues that are important to the determination of its acceptability. These
issues include temporal risk allocation and occupational vs. non-occupational
risk. RP0Os are summary performance indices that are specifically designed to
provide a defensible and understandable basis for regulations and reg guides.

A Risk Evaluation Index was developed as a basis for generating RPOs. The
Risk Evaluation Index is a single number designed to evaluate the overall
social risk of a WMS. It provides a quantitative definition of risk, a single
scale on which risk can be measured and limited. It also incorporates social
values where those values are appropriate: value tradeoffs between different
types of risk, and attitudes toward uncertainty. Incorporation of social
values is important to the defensibility of any set of regulations regarding
nuclear waste management.

The most fundamental conclusions to be drawn from Task VI work, aside from the
Ris Evaluation Index and RPOs themselves, are that RPOs incorporating
uncertainty can be defined and that a Risk Evaluation Index incorporating
uncertainty and based on social values can be developed.

The work of Task VI was scheduled for completion in November 1978. The reader

is referred to the end-cf-project report (UCRL 52574) for detail beyond that
provided in this report.

Xxiii



TASK 1: WASTE FORM PERFORMANCE

INTRODUCTION

The objectives of Task I, Waste Form Performance, are to provide an
information base for the NRC to set waste periormance criteria, to develop
regulatory guides, and to evolve a methodclogy for licensing. During FY 78 we
investigated various aspects of management of solid high-level waste (SHLW),
spent fuel, and transuranic (TRU), non high-level, waste. The work conducted
15 briefly synopsized in this introduction with further details provided in
subsequent sections.

For SHLW, we studied the effects of human factors and interim storage
accidents on waste management risk during the pre-emplacement period.
Preliminary work was also done in interim storage seismic analysis. We are
analyzing the transient thermal field resulting from emplacement of SHLW in a
deep geologic medium with a highly versatile 3-D finite difference heat
transfer code. We have completed a detailed cost comparison of solidification
processes for the uranium/plutonium recycle fuel cycle. We heaan to study
other fuel cycle costs when the work direction was changed. Finally, we
evaluated the poteatial hazards of SHLW from different fuel cycles,

In the development of an information base for spent-fuel package performance
criteria, we began work on package designs with conciderations of disposal and
retrieval operations. Studies initiated inciude spent fuel/packaage
interactions and parkage/medium interactions. Detailed studies of the
fc'lowing have progressed to varying degrees: repository thermal analysis,
package design concepts, corrosion, dissolution, and hrine migration. We have
also computed the potential hazards from spent fuel radionuclides,

The development of an information base for TRU waste form performance criteria
began with the data needed to define the waste manayement problem. The basic
Jata to be compiled are those on waste inventory and classification systems.
ke have completed a survey of the data for the former and a report on the
latter is being prepared. They provide the basis for determining the waste
form and package requirements. anally, a formal probabilistic radionuclide

relesce function methodology has been developed,
1 -



SOLID HIGH-LEVEL WASTE
RISK FROM PRE-EMPLACEMENT ACCIDENTS

During FY 78 three general areas of pre-emplacement risk were investigated as
part of Task I. They have been summarized below under the headings of human
factors, interim storage, and interim storage seismic analysis.

Human factors in pre-emplacement accidents have been considered at the
reprocessing plant, during transportation between the reprocessing plant and
the repository, and at the repository. Interim accidents include handling
accidents and, more importantly, accidents involving loss of coolant or loss
of coolant circulation. The seismic analysis reached only a preliminary
stage, but produced an outline for a methodology for evaluating seismic risk.

Human Factors

We made a preliminary effort to define the risks asscciated with human errors
in the HLW management cycle.1 This effort concenirated on activities at the
fuel-reprocessing plant, during transportaticn, and at the repository prior to
emplacement. Quantitative analyses of each operation were not attempted, in
part because the necessary data were not available and in part because of the
much higher level of effort that would be necessary. Instead, incident
reports from the nuclear power industry were reviewed to identify the
situations in which human error is most likely during waste management
operations.

The analysis indicated that critical operations exist in the design,
installation, and maintenance of air filtration systems and in the
cask-sealing tasks tha’ precede transportation of wastes by train and truck.
Filter failure caused vy human error is most likely to have serious
consequences if the sturage pool circulation system also fails, causing pool
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boiloff and cani ter failure. Circulation system failure can also be promoted
by human error. Human errors during cask-sealing tasks, which occur at a rate
of about 10’5 per cask shipped, have se. ious consaquences when coupled with
truck or train impact accidents. The compilation of r.aerical data needed to
quantitatively evaluate the impact of human = ,or on expected dose would
require resources greated than those available.

Interim Storage Accidents

We completed a risk analysis for interim storage accidents,1 to which
refinements in the thermal analysis have recently been added.2 A summary of
the approach taken and of the results appears in the following paragraphs.

Accident Scenarios. Figure 1 shows the event tree that describes the two most
important accident scenarios for waste stored in a water-filled pool. These
accidents can be described as follows:

o Boiloff accident--loss of coolant circulation in the pool and boiloff
of the makeup supply.

¢ Pool drainage accident--a severe earthquake of Mercalli IX intensity
or greater, rupture of the pooling lining, and rupture of the
containment building.

Either of these accidents can cause breaching of the canisters as the waste
overheats, followed by release of volatile radionuclides. A1l released
volatiles are assumed lost to the biosphere in the drainage accident.

Expected Doses. The expected release during interim storage accidents depends
on pool-loeding methods and the canister configuration in the pooi. lhe
following normal conditions were chosen: batch-loading method, caniste-

m
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segregation by ace, and 1.5-ft canister spacing. Table 1 summarizes the
expected whole-body dose from all pre-=mplacement accidents. (The results for
transportation accidents have been taken from Ref. 3). The results show that
transpor.ation accidents dominate the total risks for spray and fluidized-bed
calcine, and that the drainage accident is most important for multibarrier and
glass waste forms. The boiloff accident is inconsequential for all four waste
forms.

Sensitivity analyses, in wnich critical parameters were varied to obtain high
and low estimates for the expected dose, indicate that the probability of
failure for glass and multibarrier wastes can be reduced to zero under the
following conditions: continuous loading, aggregation of ages, 2.0-ft
canister snacing, and waste ages of at least 1 y.

Interim Storage Seismic Analysis

We developed an outline for the analysis of the risk ot failure associated
with seismic events. The projected analysis has four major elements, namely,
pool description, failure mode identification, seismic risk analysis, ind
failure analysis. The pool description depends upon the pool site, ac well as
the pool design. Typical parameters can be chosen for each, (thus de:cribing
a generic site), but account should be taken of the characteristics ot likely
sites. Identifying the failure modes requires study of a three-dimensional,
“inear modei of the storage structure in a simulated seismic environment. The
seismic risk analysis produces a probabilistic assessment of critical
earthquake parameters, namely, peak acceleration, velocity, and displacement.
The final element of the analysis requires nonlinear modeling techniques and
produces estimates of the peak acceleration required to cause failure.
Combining the results of these last two elements provides an estimate of the
risk of failure.
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TACLE 1. Normal expected whole-body doses (in man-rem/MWe-y) from pre-emplacement accidents.

Accident Type Total
Interim Truck Train Other Shipment Shipment
Waste storage transpor- trarspor- pre- by by
form pool tation tation emplacement truck train
drainage
Spray
calcine 0 1.2 2.8 x 10-2 2.0 x 10-13 1.2 2.8 x 10-2
Borosilicate
glass 0.99 8.0 x 10-3 4.9 x 10-3 1.1 x 10-11 1.0 1.0
Fluidized- :
bed calcine 0 0.25 7.2 x 10-3 2 x 10-13 0.25 7.2 x 10-3
Multibarrier 1.3 1.3 x 10-5 1.6 x 10-7 1.8 x 10-11 1.3 1.3
LA
{
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A probabilistic approach has been taken to the analysis of seismic risk, the
third element in the complete seismic analysis. This approach quantifies the
uncertainty in the number, size, and location of future earthr -kes, and
presents a picture that makes clear the trade-offs between . y storage-pool
designs and the social or economic impact of failure.

The basis of these risk calculations is the total probability theorem

PA] =IIP [A/m and r) fM(m)fR(r)dmdr

Where P[A] is the probability of event A, P(A/m and r] is the urobability of
A, given events m and r, and fM and fR are the independent » obabilities
that variables M and R will have the values m and r. For xample, if A is
taken as peak acceleration, M and R would be earthquake magnitude and
epicentral distance. Then P[A/m and r] would be a probability distribution
(derived from attenuatior data) that depends on M and R; fM(m) would be an
actual or postulated frequency distribution; and fR(r) would be an
analytical or numerical distribution of distances.

A computer program has been developed that carries out the integration of
probabilities numerically, which makes possible the evaluation of complex site
geometries.

REPOSITORY THERMAL ANALYSIS

LLL is performing a thermal analysis of a geologic repository for SHLW. A
three-dimensicnal unit cell model has been decvelcned and the transient
near-field tamperature distribution is being evaluaied using the TRUMP heat
transfer computer code.4 At the close ot FY 78, work is continuing on a
series of six cases. The first two cases consider ventilated and unventilated
salt repositories; the third and fourth cases, ventilated and unventilated
repositories in a series of salt and shale layers. The final two cases
consider salt repositories ventilated for 5 y and 25 y, then backfilled with

salt.



The initial heat generation rate in the waste canister is assumed to be 3.5
kW. The canister size is 8 ft in length by 1 ft in diameter. Canisters are
buried at 18 ft intervals, 10 ft below the floor of the repository room, wnich
has a cross section of 18 ft by 18 ft. The salt support pillars of the room
are 70 ft wide. The pruperties of the salt are temperature dependent.

Since analysis is in progress at the close of FY 78, results are not yet
available.

COST COMPARISON OF SOLIDIFICATION PROCESSES

Before environmental impact statements can be prepared for SHLW alternatives,
process flowsheets must be developed, capital and operating ccsts must be
estimated, and a cost/risk analysis must be conducted. The results of the
cost evaluations that have been completed are summarized here.5

Differential cost estimates of the annual operating and maintenance costs and
the capital costs for five HLN solidification alternates have been made. To
produce these estimates it was necessary to generate conceptual system designs
and process flow diagrams for each alternate. Equipment-sizing calculations
were performed for the major components based on the processing flow rates and
the required equipment capacities.

The annual operating and maintenance cost estimates included the cost of
labor, consumables, utilities, shipping casks, shipping, and disposal at a
Federal repository. The capital cost included the cost of the component,
installation, and building. A1l estimates are presented in constant 1977
dollars. The differential cost estimates do not include equipment and
facilities that are shared with the reprocessing facility or are common among
all of the alternates. Table 2 (rail shipments) and Table 3 (truck shipments)
present a summary of the total annual cost differential among the five waste

form alternates.



The borosilicate glass alternate has the lowest total annual cost and,
therefore, was used as the base fo~ comparison. The other alternates are more
costly by $7.4 to $11.9 million per year. The major items in the cost
estimates are the dispos ' costs (in the operating cost estimates) and the HLW
storage tanks (in the capital costs estimates). The supercalcine multibarrier
alternate ships 180 canisters per year more than the other alternates and
consequently has a significantly higher operating cost. Offsetting this, the
supercalcine multibe ier alternate does not require HLW storage tanks for
decay because of the high heat conductivity of this product. Thus the capital
cost for this alternate is significantly lower than tre others.

URA*IUM-RECYCI E/PLUTONIUM-DISPOSAL FUEL CYCLE

The uranium-recycle/plutonium-disposal fuel cvcle is summarized in Fiq. 2.
The spent fuel is stored at the reactor for 6 mo, then transferred to the
reprocessing plant, where plutonium waste is separated from recyclahle
uranium. The plutonium is solidified with the HLW, then cent with fuel
residues and transuranic wastes to a Federal repository.

We developed process flow sheets for this fuel cycle for five waste form
alternates: salt cake, spray calcine, fluidized-bed calcine, bornsilicate
glass, and supercalcine multibarrier.6 A methodology has also been

developed for comparing annual operating and maintenance costs and capital
costs for the five alternate waste forms. The underlying assumptions of this
cost comparison appear in Ref. 6, but calculations will not he made because
work on HLW was terminated during FY 78.

10



TARLE 2. Cost comparison in 1977 dollars of five waste form aiternates (rail shipment).

RN R W S e— RS R R R R R BT~

Salt Spray Fluidized- Supercalcine Borosilicate
cake calcine bed calcine multibarrier glass
Differential annual
operating & main. cost 1,774,000 1,844,000 1,939,000 7,571,000 base
Differential annualized
capital cost? 9,483,000 9,709,000 9,933,000 (205,000)b base

Total annual cost
differential 11,257,000 11,553,000 11,872,000 7,366,000 base

3pifferential annualized capital costs were computed using a fixed charge rate of 12% per year.
Pparentheses ( ) indicate negative differential.

TABLE 3. Cost comparison in 1977 dollars of five waste form alternates (truck shipment).

Salt Spray Fluidized- Supercalcine Boros®licate
cake calcine bed calcine multibarrier glass
D erential annual
operating & main. cost 1,774,000 1,844,000 1,939,000 7,810,000 base
Differential annualized
capital cost? 9,483,000 9,709,000 9,933,000  (205,000)°®  base

Total annual cost
differential 11,257,000 11,553,000 11,872 000 7,60:,000 base

Apifferential annualized capital costs were computed nsing a fi 2u ~harve rate of 12% per year.
Pparentheses { ) indicate negative differential. ¢
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HAZARDS FROM SHLW FROM PLLTONIUM-DISPOSAL
AND PLUTONIUM-STORAGE FUEL CYCLES

We recalculated the radionuclide content of high-level waste from the
uranium-recycle/plutonium-storage fuel cyc le using the ORIGEN code.7’8 The
same reactor parameters were assumed as in Ref. 1 However, the nuclides
135Cs, SgNi, and 225Ra have been incorporated into the new calculations,
and smaller time steps have been used to reduce interpolation errors. The
three nuclides had previously been excluded because consideration had been
limited to a list of prescribed nuclides.1 The potential hazard, in terms
of the whole-body-equivalent population dose and the dose to a single
individual eating an avcrage diet over 50 y, is illustrated in figs. " and
as a function of the waste age. The potential hazards for the HLW from the
uranium-recycle/plutonium-disvosal fuel cycle are prese .ed in Figs. 5 and
Potential hazard is defined as the total dose to the population tha® would
incurred if 1 MWe-y of waste in solubic form were dumped directly into the
river at a given time after ren. 1 from ‘he r.:actor. The population dose
a1 measure of the accumulated dose to a population over a 50 y period.
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FIG 3. Potential hazard of HLW from the plutonium-storage
fuel cycle measured as whole-body-equivalent population dose.
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FIG. 4. Potential hazard of HLW from the plutonium-storage
fuel cycle measured as 50-y whole-body-equivalent dose to an
individual eating an average diet.
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FIG. 5. Potential hazard of HLW from the plutonium-disposal
fuel cycle measured as whole-body-equivalent population dose.

13 sL ¥4



0
W T T l T

1072 :
] Actinides and
daughters

Other fission
products

1076 |- 129 and 99Tc\ k

Potential hazard — rem/MWe-y

1040 1 4 1 1l -
102 10° 104 10° 108 107

Time aftey removal — y

FIG. 6. Potential hazard of HLW from the plutonium-disposal
fuel cycle measured as 50-y whole-body-equivalent dose
to an individual eating an average diet.
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SPENT-FUEL
HAZARNS FROM SPENT-FIIEL RADINNUCLTDNES

We calculated the potential hazards from the radionuclides of spent fuel as a
function of waste aqe.7 The hazards have heen calculated for both whole-
hodv-eaquivalent popiilation dose Fig. 7) and 50-y whole-hodv-equivalent dose
tn an individua) eating n average diet /Fig. R),

We alsn calculated the gas content of spent fuel using the ORIGEN Codp.8
The resiylts are tahulated in Tahles 4 and 5.

1¥ spent fuel is reprocessed, 14ﬂ hecomes a new gaseous waste. About
4.4 x ‘ﬂ'q /Mdp-y and 2.0 x 10'2 Ci/Mde-y are produced.q Carbon-14 has
a ha'f.1ifp nf 5,7 x 101 v. The quantity of 227Rn peaks at about

2 10 v. The peak content is 3,57 x 1072 Ci/MWe-y for spent fuel and
8.78 x ‘O'd fi/Mie-v for high-leyvel waste from the Pu-storage fuel cycle.

The principal vn'atiles in spent fuel! and HLW are Cs, Te, Ru, and Rh,

15 Gh7 E
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FIG. 7. Potential hazard of spent fuel measured
as whole-body-equivalent population dose.
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FIG. 8. Potential hazard of spent fuel measured as 50-y whole-
body-equivalent dose to an individua) eating an average diet.
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TABLE 4. Principal gases in spent fuel after 10 y.
Element and Half-life, y g/MWe-y Ci/MWe-y Release
radioisotopes fraction
Rn (220) LEn WY L D) 5.0 x 1074
(222) 0.01
Kr(85) 10.7 1.13 x 10! 1.86 x 10° 30%
Xe(131m) 0.3 1.7 x ]02 0 10%
(133) 0.01
1(129) 1.7 x 107 8.43 1.17 x 1073 2%
(131) 0.02
H(3) 12.3 1.3 x 1073 1.26 x 10}
He stable 2.82 x 1072 0
3The release fractionsiV

and do not assume 10-y aging.

are for waste at a spent-fuel storage facility

TABLE 5. Gases in spent fuel after various lengths of storage.
o Mass (g/MWe-y) after storage
Element 100 y 500 y 5 x 10° y
2220 3.83 x 10°12 1.25 x 10°10 6.38 x 1078
Kr 1.08 x 10} 1.08 x 10} 1.08 x 10!
Xe 1.70 x 10° 1.70 x 10% 1.71 x 102
I 8.43 8.43 7.1
3y 8.17 x 1078 1.32 x 10715 !
He 1.62 x 107} 5.11 x 1071 1.4 x 10!
eA7
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REPOSITORY THERMAL ANALYSIS

A three-dimensional theraal analysis of a deep geologic repository for spent
fuel is being conducted using the TRUMP compute- code.g"11 The model uses a

unit cell consisting of one spent-fuel canister buried in salt beneath a
ventilated room in the repository. The purpose of the analysis is to evaluate

the near-field thermal environment, which is an important variable in other
repository studies, such as analysis of thermal stress, canister corrosion,

radionuclide dissolution, and brine migration.

In the current analysis we are considering a base’ine desig.. and are
conducting parametric studies to determine the ¢ifect of changes in the

spent-fuel heat generation rate, the convection coefficient for room
ventilation, the room air temperature, and the thermal diffusivity of the

repository media. The most sensitive parameter found is the heat-generation
rate within the unit cell. Fig. 9 shows the radia: temperature distribution

around the canister at the time of maximum canister temperature for several
emplacement times.

DESIGN CONCEPTS FOR RETRIEVABLE PACKAGES

We completed three tasks related to the reference design of retrievable

storage canisters for radioactive waste.12 The three tasks were the
reference design itself, the identification of the failure modes most

important for studies of structural integrity, and the development of a risk
methodology for the structural integrity of the containers.

The reference design is a sealed storage canister based on the waste isolation

pilot plant (WIPP) design, with slight modificalions that improve resistance
to impact failures at either end of the canister. The modifications consist

of an alternate lifting yoke arrangement for the top head and a revised
bottom-head desiga for ahsorbing impact energy (Fig. 10). Welded closures

provide the seal at each end. Overpacking is a possibility, but is not
included ir the preliminary reference design.

18
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The four failure modes that were deemed the most important for the design of
the reference canister are: (1) loss of functional capability (2) ductile

rupture of the canister (3) buckling of the structural members, and (4)
stresc-corrosion cracking. Failure scenarios are provided for each of the

failure modes.
SPENT-FUEL DISSOLUTION MODELING

A major objective of the dissolution modeling subtask is to develop a computer
model to identify and evaluate parameters affecting spent-fuel dissolution,

end radionuclide release rate and migration as a result of groundwater
intrusion into a deep geologic waste repository.

A methodology was developed, and simplifying assumptions were made to obtain

an evaluation procedure that would produce numerical output. Many important
chemical and physical properties of rae repository and wastes relating to

dissolution were identified, and values were assigned during model
development. An existing computer program, MINEQL, which c:lculates the

chemical equilibrium composition of agueous systems, was selected because of
its speed, simplicity, and flexibility. Modifications were made to enlarge

the data base to include radionuclides existing in spent-fuel wastes, as well
as nuclides found in natural waters. Control logic was incorporated so the

effects of groundwater composition on waste solubility could be evaluated over
a range of system parameters.

It was determined that the groundwater effects on solubility are significant

and vary with different radionuclides. Solubilities can be computed for
specific nuclides in specific solutions, but it is not reasonable or necessary

to assign fixed compositions to any potential intrusive water. To calculate
probability values for the concentrations of significant comnonents,

statistical analyses could be performed on published data of groundwater in
different geologic media, such as salt, shale, granite, and tuff.

See Appendix A for a more complete discussion of spent-fuel dissolution

modeling, the assumptions used, and suggestions where additional work seems
warranted.
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CORROSION STUDIES

Spent-fuel canisters must isolate the spent fue® from the environment, and
must be retrievable during the first 25 to 60 y of storage. When stored in
halite deposits (salt beds), however, they will be subject to a severely
corrosive environment as hot brine inclusicns migrate to the canister. Brines
in halite deposits contain not only NaCl, but also high concentrations of the
more soluble calcium and magnesium chlorides. These chlorides hydrolyze
readily to give acidic brines that are much more corrosive than the neutral
NaCl brines. Canister corrosion rates are also accelerated by the elevated
temperature resulting from self-heating of the spent fuel and by dissolved
oxygen.

No data base exists for the corrosion resistance of materials in halite
brines; indeed, these brines have not yet been well characterized. However,
other industries have had to cope with concentrated brines, among them

geothe 'mal, refrigeration, secondary oil recovery, desalination, and varicus
chemical process industries. For preliminary design purposes we surveyed
published literature in these fields to identify the materials and protective
measures compatible with hot, acidic brines.1 These materials and

protective methods must, of course, be tested in actual halite brines.

Despite inadequacies in the available data (especially with regard to
localized corrosion such as pitting), we found several metals and alloys that
appear to be relatively resistant to hot brines. The following exhibited
uniform corrosion rates of less than 25 um/y (1 mi'/y) and were resistant

to crevice and pitting corrosion.

Metal or alloy Composition (major constituents’
Metals: Ta Ta
Ti alloys: Ti Code 12 Ti + 0.3% Mo, 0.8% Ni
TiPd alloy Ti + 0.15% Pd
Ni-base alloys: [Inconel 625 Ni + 20%-23% Cr, 8%-10% Mo, 3%-4% Nb/Ta,
1% Co

Hastelloy C-276 Ni + 15.5% Cr, 16% Mo, 2.5% Co, 3.8% W,
1% Mn, 5.5% Fe, 0.35% V
Fe-base alloy: 29-4 Fe + 29% Cr, 4% Mo

22 I L
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A1l of these materials are relatively expensive, but cheaper materials, such
as carbon steel and low alloy steels, all exhibit excessive corrosion rates.

Materials such as carbon, glass and enamel, fluorocarbons, epoxide-type
resins, and polymer cements also showed good resistance to chloride
solutions. While these materials are not suitable for constructing the

canister, thoy could be used as a protective coating applied over a base metal.

On the basis of this preliminary survey, we recommend for further study a
carbon-steel canister isolated from the brine by a chloride-resistant coating
of glass, fluorocarbon, epoxy, or polymer cement. Cathodic protection would
probably also be necessary. A testing program is essential to confirm the
suitapility of these materials and to compare them with uncoated
corrosion-resistant metals. From the results of such a program, a methodology
may be evolved to predict material performance under various adverse
conditions.

BRINE MIGRATION

We investigated processes that can lead to mobilization of brine adjacent to
spent-fuel or nuc ear waste canisters.‘4 Thermal gradients (the Soret
effect) are likely to be the dominant cause of such mobilization: the higher
the temperatures and the greater the gradient, the faster the migration.
Migration rates also depend on the size and compositic of the inclusions.
Large inclusions should generally move fastar than sma.( ones, though the
effect of size is relatively unimportant for ~lusions 1 mm or more in

diameter.

There is considerable uncertainty in the value of some of the independent
variables, especially the Soret coefficient, in the equation governing
migration. Nevertheless, calculated values for brine accumulation during
Project Salt Vault are consis 2nt with observations.]5 Velocities as high
as 4 x 10'7 m/s (1.2 m/y) are calculated at the salt-canister boundary.
Based on calculated velocity fields, as much as 40 1 of brine could accumulate
around each canister during a 10-y storage. Future work will concentrate on
two thermomechanical effects of this brine accumulation: coupling between the
salt and the canister and accelerated creep due to pressure solution.

23
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TRANSURANIC (TRU) WASTE

The major components of the TRU waste program include (1) the identification
of the inventory and sources of transuranic waste, (2) the development of a
functional definition for this waste, (3) the identification of the waste form
and package, and (4) the evaluation of the resultant waste package in a deep
geoloaic waste repository with major emphasis on potential radioactivity
release functions.

We conducted a step-by-step program that requires compilation of an extensive
amount of information dealing with both commercially generated TRU waste and
military waste. The approach has been to develop appropria‘.e working
documents that will be used throughout the program. We expect these documents
to be revised periodically to reflect an improved data base. The current
program has produced a report entitled Inventory and Sources of Transuranic
Solid Haste.16 which is summarized in the following paragraphs. A second
report, entitled Review of Potential TRU Waste Classification Systems, will be
completed shortly. A third report dealing with various waste forms and waste
packages is also bheing prepared. Further, a TRU data base is being prepared
for use in the project to ensure that all parti ipants are using the same
information.

INVENTORY AND SOURCES OF TRU SOLID WASTE

We prepared a report to support the development of standards and criteria for
TRU-contaminated wastes.16 Highlights of the report, which preseats an
overview of TRU-contaminated waste generation, its sources, and past practices
dealing with it, are presented below.
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Sources of TRU Wastes

Pending numerical definitions being developed by the NRC, the potential
soirces of radioactive wastes that require geologic repository disposal are as

follows:

HLW and TRU wastes generated by the operation of such Department of
Energy (DOE) facilities as Manford Works, Savannah River Plant, Rocky
Flats, the ldaho Nationa)l Engineering Laboratory (INEL) and referred to
as military wastes.

Reprocessing of fuel discharged from light water power reactors.
Fabrication of mixed-oxide fuel.

Unreprocessed fuel discharged from 1ight water power reactors.

HLW and other wastes generated by the Nuclear Fuel Reprocessing Plant
operated by Nuclear Fuel Services, Inc., at West Valley, N. Y.
Radioactive wastes from decommissioning reactors, independent

spent -fuel storage basins, fuel-reprocessing plants, and mixed-oxide
fuel-fabrication plants.

DOE Facilities

. TRU waste is currently separated into waste containing greater than 10
nCi/q of TRU alpha radioactivity and those containing less. These TRU wastes
are also designated as retrievably or nonretrievably stored. The estimated
total volumes of TRU waste buried or stored each fiscal year from 1973 to 1976

at DOE sites show a factor of nearly 2 decrease from 4,695 m3 to 2,240 m

3

in nonretrievable storage while the average annual volume in retrievable form

remained roughly constant at 9,600 m

3 3

, with a volume range of 7,630 m” to

11,800 m3, over the same per‘ioﬁ.]7 An increase in waste Pu stored or
buried rose from a cumulative total of 820 kg in 1972 to 1,030 kg in 1975 and
to about 1,135 kg in 1977 (Fig. 11).

Table © presents an estimate of future TRU waste burial volumes. These values
are somewhat different from the generation rates and reflect the use of volume

reduction technology.
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TABLE 6. cstimates of future annual TRU solid waste
buried volume from DOE facilities.

Site TRU waste volume,mj
Hanford Reservation 1,105
Los Alamos Scientific Laboratory 510
Idaho National Engineering Laboratory? 4,700
Dak Ridge National Laboratory i3
Savannah River Plant 170
Other DOE facilities 28
Total 6,626

3Includes Rocky Flats.

Commercially Generated TRU Waste

The commercially generated TRU waste includes the waste generated in the
nuclear fuel cycle as well 1s numerous miscellaneous R&D activities and small
commercial use of TRU radioisotopes such ar 24]Am and 244Cm. At present
there is no commercial reprocessing of spent fuel. Existing TRU from
reprocessing of spent fuel is limited to that generated at the Nuclear Fuel
Services, Inc., facility.

A second category of solid wastes, which includes a wide variety of materials
such as cladding hulls and miscellaneous wastes from fuel-reprocessing and
refabrication steps, represents a problem comparable in importance to that
posed by isolation of the actinide component of the HLW. Such wastes can be
classified into the following general categories: cladding hulls,
intermediate- and lcw-level waste (ILW/LLW), general trash, equipment, and dry
chemicals. Table 7 gives the estimated volumes of TRU wastes for each
category.

i
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TABLE 7. Estimated volumes of solrd TRU waste.

Waste type Vo lume range.m37t(°) Probable average
Cladding hulls 0.3 to 0.55 0.4

[LW/LLW 0.06 to 0.4 0.2

General trash 0.03 to 10 b

Equipment 0.03 to 0.3 c

Dry chemicals 0.1 to 0.3 0.15

3yslume of actua) waste. Packaging, shielding, and the irregular shape of
packages may increase the space required for storage by a factor of up to 3.

Byolume of general trash is independent of processing rate. Assumed to be
1,200 m3 per y per plant.

CVolume of equipment waste category is independent ot processing rate.
Assumed to be 150 m3 per y per plant,

The projection of commercial TRU-contaminated waste from fuel cycle activities
is typically performed by using such fuel-cycle romputer models as NUFUEL,
ENFORM, ORSAC, KWIK PLAN, FLYER, and ALPS. These models typically emphas ize
such items as: material and process flow, isotopic composition, mass, vo lume
and composition of process waste streams, economics, etc. For the purpose of
our report, we reviewed a number of projects and presented a projecting basis
that most closely reflects the present U.S. nuclear energy policy. It is
understood that the NRC is presently developing a modularized, integrated
computer model for projecting the quantities, physical characteristics, and
associated storage/dispnsal costs of commercial nuclear wastes generated on a
regional basis through the year 2000.
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RELEASE FUNCTION METHODOLOGY

We have developed a release function methodology by which the probabiiity and
extent of radioactive release from nuciear waste can be estimated.18 The
methodology takes account of the conditions leadirg to release, the variation
in the fractior of the waste release. from the waste form, and the variation
in the fraction of the waste that breaches the containment barrier.

In general, we have incomplete information about the values and distribution
functions of the parameter: in the risk calculations. We are currently making
sample calculations .o investigate the effects on the calculated risk of
having only estimates of expectation values and some general information about
tha distribution functions.

OTHER fRU WORK

We 1re now preparing a report entitled Review of Potential TRU Waste
Classification Systems to provide a concise overview of the problems & (k!
wastes. The purpose of this report is tc briefly identify waste
clussification schemes that have been used in the past and to determine their
current applicability. In addition, the report will address work performed by
others regarding the development of a more defensible and workable definition
of TRU contamination. In general, three levels of TRU contamination or
cotertial contamination will be discussed. The first of these is due to

innocuous waste in which TRU levels are effectively zero. At this level, the
potential waste would be handled as a totally unccntaminated waste and
discarded in a sanitary landfill or by other commercial means. At levels
above this innocuous level and below some value of tk2 order of 300 to 400
nCi/g, the material would be considered suitable for disposal in present
commercially operated (or equivalent) shallow-land burial sites used for
low-level radioactive wastes. At still higher levels, the material would
require disposal in a Federal waste repository.

U
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A second report on the waste forms and packaging requirements for TRU is also
being prepared. This portion of the program will define the variations in the
present TRU wastes as well as future wastes. In addition, new technologies,
including such volume reduction techniques as incineration, acid digestion,
fluid-bed driers, etc., will be addressed with special emphasis on the final
waste characteristics. Furthermore, the report will discuss various
solidificetion techniques that might be employed and will consider the
constraints imposed on package design by Department of Transportation
regulations and by the tentative repository designs. This information will
subsequently be used in the LLL program to determine the potential
requirements of the repository design and to assess the performance of the TRU
waste package.

30
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TASK II: SITE SUITABILITY

INTRODUCTION

Before FY 78, the Site Suitability Task emphasized the identification of
physical processes and parameters important to the success of a bedded salt
repository as a container of nuclear waste. A pipe model was constructed to
study such repositories and to perform the sensitivity analysis and limited
uncertainty analysis required. The model was adequate for this job.

During FY 78, a more comprehensive approach to the probiem of Site Suitability
was initiated. The goals of Task Il were reassessed, which resulted in
restructuring of the task. Neverthaless, while this more comprehensive
approach was being developed the work left over from FY 77 was continued.

FY 78 thus became a year of transition in which both the original and new
goals and objectives were pursued.

Because classification and revision of Task II goals was a major effort during
FY 78, a summary of that work follows.

LONG-TERM 03JECTIVES/GOALS

The long-term objective of the Site Suitability Task is to provide a sound
technical base for the NRC to write Regulatory Guides for the siting of
nuclear waste repositories in selected geologic media.

Long-term goals are more easily identified if the point of view of the
repository licensee is taken. The licensee must locate a site for a nuclear
waste repository that will "protect the public health and safety". The
site-selection process will involve two stages: (1) a preliminary selection
based on qualitative criteria, and (2) a final selection based on measurements
and performance calculations. e
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During the preliminary selection process, a list of potential host media with
qualitative criteria for each is generated. The qualit:tive criteria are
judgmental statement: made by experienced geoscientists and other experts.
These statements may deal with such items as groundwater flow, fracturing,
topography, etc. In summary, a checklist of features and attributes judged
important for the success of the site as a containment medium must be produced
for each medium. This checklist of qualitative criteria is used to select a
small group of sites for more detailed measurement and assessment.

During the final selection process, measurements followed by detailed
calculations are maue. “"Which measurements are possible?" and "What
confidence can be assigned to predictions of site performance based on these
measurements?" are key questions *hat must be answered. By implication, a
model that translates si*e measurements and their uncertainty into a
probability distribution for site performance must be created.

What then does the licensee require to select a "suitable site"? He needs:
e A checklist of qualitative criteria for each host geology
A list of possible measurements and their uncertainties

A knowledge of the licensing tools and the methods of transiating
these measurments into a prediction of site performance.

PROGRAM ORGANIZATION

Because of the above requirements, The Site Suitubi ity Task is divided into
the three areas: qualitive criteria, measurements and models.

Qualitative Critera

A checklist of site attributes should serve as a guide in the initial site
selection process. Parts of the checklist will be unique to the geologic

medium considered for repository siting.



]

Measurements

It is necessary to idertify both the measurements pertinent to each medium and
to ascertain the types and degrees of the associated uncertainties. The
measured data must be related to parameters of the site performance models.

- lels

Models are used as the primary site performance tool. There are two basic
levele of modeling in the Site Suitability Task. Systems level models are
simple probabilistic rapid-running models for assessing the post-sealing site
contributions to total risk. More detailed models serve as guides in the
construction of systems models and are used to assess the modeling
uncertainties in the systems models. The level of detail required in the
supporting model is go.erned by the uncertainties in the input parameters, the
level of knowledge of the model sy<tem, and the degree of complexity of that
system. The systems and detailed models are used to determine the range of
measured and design values which may lead to acceptable site performance.

FY 78 EMPHASIS

The emphasis during FY 78 was model support, revision, and improvement. Later
in the year a restructuring of the modeling effort took place. The
restructuring took the form of focusing on individual barriers to waste
migration as study objects. Activities outside of modeling included
formulation of long-term site suitability goals (see above). scoping of other
siting media, and analyzing geophysical measurements uncer:.ainties.

The materials in this report include summaries of work both completed and
still in progress. Much of the work reported here appears in more detailed
reports issued during the year. The reader is directed to these reports if
more detail is required.

A7 70\
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SITE CHARACTERISTICS
QUALITATIVE DESCRIPTION |

Repository Design Models

To properly evaluate site suitability and long-term risks, certain assumptions 1
must be made about the design and operation of the repository.

We developed simple design models to identify the probable ranges in design

parameters that might affect long-term repcsitary behavior.19 We also

developed generic settings for repositories sited in basalt, granite, and salt

domes. These settings are described in detail in Ref. 20. (See also “Generic

Models" under "Regional Waste Migration Modeling" below.) Since these data

are well documented elsewhere and their results are implicit in the discussions

which follow, further elaboration was not considered necessary here.

Vadose Zone Repositori

We are investigating the feasibility of modeling waste repositories located
above deep-seated water tables (See Appendix B). The flow of groundwater 1n
unsaturated regimes has several characteristics suggesting that a repository
located deep in an unsaturated region will stay dry as long as the water table
remains below the repository. While these characteristics may permit a viable
waste repository to be constructed, they also require models that are quite
different from those developed for saturated flow conditions. The extensions
of such models to geologic time scales may require additional research into
unsaturated flow phenomena. Potential sites in unsaturated media may be found
at the Nevada Test Site, the Snake River Plain of Idaho, the Columbia Plateau
of Washington, and possibly the Colorado Plateau of Arizona.
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GEOLOGICAL/GEOPHYSICAL DATA

Geochemistry

The following para.-aphs together with Appendix C cover the follec:ing:

1. A discussion of the reta  dation factors used in the mass-transport
mode |

2. An expansion of the geochemical data base incorporating the results of

recent research

. A survey of the physical and chemical processes that affect porosity

. An evaluation of the uncertainties in the retardation factors

5. The development of a chemical-ejuilibrium code to define solubility
limits for future use in the mass-transport model

6. A brief discussion of the sorption characteristics of granites and
basalts.

S W

A brief summary follows, and details can be found in the appendix.

Retardation Factors. In FY 77, a literature survey provided data for
estimating retardation factors for the hydrologic model.21 In the past

year, further review of the data has suggested that revisions in the
underlying assumptions and minsr changes in the retardation factors would
improve the model. The changes are discussed in Appendix C. In general,
retardation factors have been increased for the salt repos ury to account for
both contamination of the salt layers with layer silicates and the possibility
of sorption in the shale layers in the presenc2 of saline groundwater. A
small retardation factor has been assigned to the negative species (Tcoi. ")
to account fo+ possible .on filtration in the shale layers.22

The relative effects of the various physical and chemical parameters on the
porosity, permeability, and sorption characterictics in sedimentary rocks are
strongly atfected by rock heterogeneity. Local variations in grain size,
sorting, mineralogy, mineral alteration, cementation, or dissolution create
loc 41 cnanges in retardation. Therefore, the use of a range of parameter

values rathe-~ than Z single value will more accuraggl;,gescnjbe_a site's
24L L0
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characteristics. Baseline values used in the curr-.t hydrologic model must be
considered only average values for the flow pathway. A more complete
discu.>.on of the variations in porosity and sorption characteristics appears
in Appendix C.

We can define three levels of uncertainty in the retardation factors (for
actinides and fission products) according to the amount of data available. At
each level the uncertainty values are merely estimates based on technical
judgment. The uncertainty (U) corresponds to one standard deviation in the
logarithmic distribution of the retardation factor. Thus the probable range
of a retardaticn factor Kf can be thought of as extending between K./U and
KfU. The three levels of uncertainty correspond .u the following types of
available data:

1. A literature survey only; that is, no experimental data for a
specific site (U = 100)

2 Laboratory measurements for a specific site, but ro in situ Jata
available for comparison (this assumes that the laboratory
approximates in situ conditions) (U = 10)

3. A combination of laboratory and in situ data (U = §)

Curreatly the uncertainty in the retardation factors used in the
mass-transport model represents not only the uncertainty in the sorption data,
but also our lack of knowledge about how retardation is affected by chemical
and physical parameters. These parameters include, in likely order of
importance, exchange capacity, solution chemistry, oxidation potential, flow
rates, surface area, rock heterogeneity, and thermal effects. Even with
accurate and extensive laboratory experiments, but without in situ
measurements, the level of uncertainty in the retardation factor may remain
unacceptably high. With in situ measurements, we pelieve that the
uncertainties can be reduced to those associated with experimental error, rock
heterogeneity, and changes in retardation due to future environmental
variations in the system (e.g., changes in the groundwater composition or the
exte~t of fracture flow).

bR
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Solubility Limits., We are currently developing a chemical-equilibrium code

designed to identify the major aqueous radionuclide species present in various
groundwater systems and to estimate their solubilities. Modifications to an
existing code, MINEQL, has oroduced a code that plots concentration maps of
aqueous species for a range of Eh and pH characteristic of natural waters.
Preliminary results for uranium23 show that concentrations are highly
dependen’ on groundwa'.er chemistry. Concentrations varied from 10'35 to
79"13 f.r total dissolved uranium. Future work will include the
investigation of the solubilities of other elements, the development of a
dissolution model for spent fuel, and a parameter sensitivity analysis to
identify which parameters are important in minimizing solubility and
maximizing retardation. This woik overlaps with Task I objectives.

Sorption Characteristics of Granites and Basalts.

Granites. As discussed in Appendix C, sorption data for granites are
limited. However, recent results indicate that granites may have better
sorption properties than was originally thought. In fact, the distribution
coefficients for fresh g-anite compare surprisingly well with those used at
LL to calculate retardation factors for shale. The major concern in modeling
4 granite repository, however, is estimating retardation factors for fracture
flow. Since groundwater flow through granite is almost entirely along
fractures, it 1s important that future experiments be designed to measure
sorption in terms of surface area as well as mass.

Basalts. With the excepti >f Sr and Cs, sorption data for basalt are
nonexistent. However, current geochemical research funded by DOE at Battelle
Pacific Northwest Laboratories should give useful results scon. Considering
the variation in mineralogy in basalts, we expect that sorption
characteristics may be site specific. Retardation factors for a hydrologic
mode! of a basalt repository will depend on the flow regime used to describe
the generic site. Groundwater can flow along fractures or layer boundaries,
through vesicular layers, nr in sedimentary sequences that lie between
successive basalt flows. As with granite, we will have difficulty translating
experimentai distribution coefficients to in situ conditions. A more
extensive discussion of basalts appears in Appendix C.
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Data Base Deve]opment23s 25,26

An on-going GEI project is to update parameter values used by the various Task
il models to reflect improvements in basic geological data. Part of thiz work
is to provide a data base of geotechnical and mining information needed to
develop credible models and reach realistic conclusions. An exhaustive
state-of-the-art study was rot intended. Rather, the iniLent was to provide a
basic framework of data and, interfacing with the LLL model results, further
investigate those areas that appear to affect long-term risk most
Jdgnificantly.

The data base work also included the following:

® A comprehensive listing of geologic, hydroiogic, and mining/rock
mechanics factors that mioht affect long-term risk.
A discussion of the more significant of these factors.
A literature survey consisting of a compilation of reagional geologic
and hydrologic data on bedded salt, salt domes, shales, granites, and
basalts. This documentary information was supplementcd with GAI's
professional experience.

® A subsurface natural resource survey rrlated to siting of the
~epository in areas of minimum existing or potential subcurface
mineral resources.

e A discussion of available hydrologic testing techniques in low
permeability rock.

@ A discussion of rock mechanics information and current mining
techniques related to repository construction and performance.

3e
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GEOLOGICAL/GEOPHYSICAL MEASUREMENTS

Geological/geophyscial measurement techniques (and associated errors) that may
be applicable to the evaluations of generic repository site527 and field

tests conducted indecondently of this program including borehole, surface, and
in-mine procedure: .. well as some applicable laboratory tests are briefly
discussed below. Porosity end hydraulic conductivity measurements in the
field and in the laboratory, hydraulic gradient, seismic reflection and
refraction, radar, electrical resistivity, gravity and magnetic surveys, and
drilling are summarized. The practical applications, limits, and measurement
errors are described. In addition, uncertainties caused by exploration ani
exploitation of mineral resources in bedded salt environments are d.scussed.

Selected Geotechnical Measurements

Porosity. Relatively accurate laboratory meas irements of effective gorosity
can be made by choosing a sufficiently large sample size. These measurements
are representative of field conditions only where interstitial porosity is
much larger than fracture porosity, such as in a porous sandstone.

Field determinations of porosity can be made with borehole logging devices or
by tracer tests. Logging devices sample only a small zone near the borehole,
and no quantitative analysis of total measurements uncer ..., has been
published. Tracer tests can be used only where the hydraulic conductivity is
large enough that the tests can be done in a reasonable length of time. No
Juantitative analysis of test errors has been published. Typically, no test
uncertainty is reported with field determinations of porosity.

Hydraulic Gradient. Uncertainties in hydraulic gradient are due mainly to (a)
errors associated with the measurement of water levels in wells, (b) spatial
variations in gradient due to hydraulic inhomogeneities in the rocks, (c) the
time period required for water levels to stabilize in rocks having very low
permeability, and (d) the gradient changes due to mai's removal of water, oil,
and gas that may or may not result in permanent gradient changes.
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Geophysical Exploration and Drilling Techniques

seismic Reflection and Refraction. To study subsurface characteristics,
seismic techniques are often used which include sending an acoustic pulse or
wave train into the ground and measuring thc resultant reflection o
refraction of the pulse. The reflections or refractions are caused by
acoustic impedance discontinuities in the ground and they can yield a
two-dimensional profile of the subsurface. Measuring seismic reflection gives
more detail than measuring refraction, which is generally used for
reconnaissance purposes only. Seismic technigues are most useful in locating
subsurface structural or stratigraphic anomalies, and such anomalies can then
be drilled for more accurate characterization. Seismic techniaues do not
endanger the integrity of ,Jtential repository layers.

Radar. Radar techniques, specifically designed to explore relatively dry
rocks such as salt, have successfully detected small water hazards, such as a
brine-filled borehole, at distances of 50 to 80 m. One fault was located

400 m from a mining face. Radar probing is most accurately performed from
mines. Borehole radar devices have been tested, but their usefulness is
limited, and directional control has not yet been develcped. Radar probina
from the surface is not feasible because the radar "“eam is severely attenuated
by any soil or rock strata containing more than about 0.5% water hy volume,

Electrical Resistivity Surveys. Electrical resistivity surveys are made by
modeling a best fii between the field data and an assumed subsurface
resistivity. The results are characterized by non-unique and commonly
oversimplified solutions. Resistivity methods have performed fairly well in
detecting near-surface features as large as 700 m across, hut they have failed
to detect potential hazards such as vertical columns of breccia, at depths of
a few hundred meters. A target whose depth is greater than its lateral
dimensic..s cannot be detected. Thus, a spheroidal brine cavity generally
cannot be detected from the ground surface.

Gravity Surveys. The resolution of aravity surveys is sevorely limited by
variations in topography. Minor variations, of the order of -everal neters,
obscure the gravity anomalies generated by small targets at any depch.

40 e "., L‘, ’

NS
-

&
S




Therefore, gravity surveys appear to have little value for detecting ' _.al
repository hazards.

Magnetic Surveys. Magnatic surveys, like resistivity and gravity surveys, are
based on a modeling process and yield inherently non-detailed information
about the geometry of subsurface structures. Because they respond principally
to contrasts in the iron content of rocks, magnetic surveys are most useful
for detecting igneous dikes and other intrusive features in sedimentary
basins. They are generally not effective in detecting anomalies such as
breccia pipes or brine cavities because these features do not create a
magnetic contrast with the surrounding rocks.

Drilling Programs. Drilling is not useful for detecting local hazard. because
the probability of hitting a small target is low for reasonable drilling grid
spacings. Drilling is most useful for characterizing potential hazards, once
their przsence has been inticated by remote survey techniques. Drilling has
the inherent limitation that it creates a potential leakage path for
radionuclides.

Uncertainties Associated With Exploration and
Exploitation of Mineral Resources

Features associated with resource ¢xploitation in bedded salt basins include
petroleum exploration and productiol wells, mineral exploration boreholes,
brine wells, solution cavities, min: shafts, and underground excavations.
Evaluating the hazards to a repositiry posed by each kind of feature has two
aspects: determining the potential offects of a given feature, and determining
the location of existing features or the likelihood of unknown features
occurring near the repository site. The former problem can be approached by
examining case studies, which can, a' least, indicate a probable maximum radius
of influence for each feature. The lifficulty experienced in locating
exploitation features and adequately demonstrating the absence of unknown
features depends on several factors: the kind of feature, the local
exploitatior. history, and the state in which the study is being made. The
danger of known features can be minimized by placing a repository far outside
their maximum observed radius of influence. More danger is posed by unknown

features. & 4 3
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MODEL ING METHODS
OVERVIEW

The backbone of long-term risk assessment is the systems model, or Long-Term
Risk Model (LTRM). [t is an assembla2ge of submodels that correspond to
various barriers to the migration of waste from the repusitory to the
biosphere. These submodels are dissolution, recharge/repressurization, local
migration, regional migration, and dose. The dose model does not actually
represent a real barrier, but is a way to translate release into biological
effect.

Systems models are the principal instruments in the definition of that portior
of parameter space which leads to acceptable performance. To support and

validate systems models, more detailed models are constr icted.

Figure 12 illustrates the relationship among the various system models in the
LTRM.

During FY 78 revisions in the systems models were planned so that they will
use probability distributions as input and output.
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UNCERTAINTY ANALYSIS

Development of a Probabilistic Calculation Technique

I e S S L e T T oy B iy

We worked Lo bring the overall repository performance modeling activities into
sharp focus. Progress is reflected in three documents that are synops ized
here.

The first report28 presents a conceptual framework for the definition and
study of long-term risk. A methodology is presented for the propagation of
uncertainty through the LTRM. The LTRM is expressed as a convolution of
Green's functions.

The second ~emortZ? clarifies the idea of a finite probability distribution
(FPD) and details the algorithms required for performing all neccessary
operations involving FPD's. An analogy with ordinary arithmetic and calculus
operations is pointed out. These algorithms corstitute the basic
computational methodology required for handlinc un sinty in the prediction
of performance of waste disposal systems.

The third report30 presents a blueprint or flow chart (Fig. 13) of the
procedures and software modules required to predict repository performance
according to the approach outlined in the previous two reports. These three
reports are expected to serve as the basis for the development of a new
aggregated or macro model during FY 79.
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Monte Carlo Analysis

Monte Carlo techniques were used to perform a parametric uncertainty analysis
of the NUTRAN simulation system, a long-term risk mode1.1'7'31 It is

assumed that as part of the repository site selection process approximately 50
boreholes will be drilled in the vicinity of a candidate site to estimate
hydrogeologic and geochemical characteristics. Considerable uncertainty in
estimates of site parameters can result when the anount of data is limited.
Such parameters as effective permeability of the overlyina aquifer can be
estimated to within a factor of ten at best. Hence, the performance
predictions for the repository based on such simulation models as NUTRAN are
similarly uncertain. The Monte Carlo analysis evaluates the effect of site
parameter uncertainty on the uncertainty of the repository performance
predictions.

The repository is characterized both by engineered and natural factors t °t
determine its hydrology and thuc the patterns of waste-migration flow. :lIso
required for evaluating repository performance are models for nuclide
inventories, dose pathways, ani radionuclide intake by human populations.
Although all these model components are uncertain, the Monte Carlo analysis
during FY 78 considered only the repository site characteristics that were
considered to be random variables specified by probability distribution
functions (PDF's) that reflect the parameter estimation uncertainty. A
computer program, WSRAND, was developed to generate random site characteristic
parameters according to specified POF's. Sets of random site characteristic
parameters were then put into the NUTRAN simulation system and a statistical
analysis was performed on the ensemble of outputs.

Monte Carlo studies for shale and bedded-salt repositories have provided
information about the nature of the performance prediction uncertainty.

Figure 14 presents a typical norma’ized histogram and sample statistics of
integrated population dose (IPD) for 50 Monte Carlo trials. The repository is
assumed to b. an unflawed shale repository with interstitial flow containing
6x106 MWe-y of waste.
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FIG. 14. Sample histogram and statistics of integrated
population dose IPD for 50 Monte Carlo trails.

Refinement of the assumed input distributions for the site characteristics
will yield improved performance prediction distributions.
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FUTURE-HISTORY MODELING
LOSS OF ADMINISTRATIVE CONTROL (LOAC)

We began future-history modeling by developing a preliminary framework for the
evaluation of the potential risks associated with LOAr.32 A key feature in
such models is the way tnat state changes are handleda as required by changes
caused by future events.

DISCRETE-EVENTS VS MARKOV-CHAIN MODELING

Workers at the University of California, Riverside, examined the early approch
used for mathematical modeling of the post-emplacement risks associated with
nuc lear waste disposal. The model is intended to produce a probabilistic
description of the migration of waste material out of the reposi‘iu~y and
through the aquifer. Results indicate that the proposed Markov-chain model
for estimating expected concentration over time does not adequatelv describe
post-emplacement risks and that the model does not reflect the geoloaic
characteristics of the repository because of the limitations imposed on hoth
the state space and transition probabilities.

A discrete-events model may be more appropriate and more manageable than the
Markov chain model, and it may not involve the computational difficulties as
originally thought. It would provide more information than just a look at the
expected or average concentrations, although this type of information would
also be available, It would allow study of specified histories and couid
therefore aid in determining consequences of a particular order and timing of
events, and in determining key factors in evaluating post-emplacement risks.

Appendix D contains the analysis of the two modeling approaches. As rurrently
envisioned, a discrete-events tvpe of model will be used.

S
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LOCAL WASTE MIGRATION MODELING

Local migration models are being developed on the basis of baseline repository
designs to describe the geclogical barrier presented by the repository
vicinity. The output of these models will be a source term for the regional
migration models. Recharge modeling involves waste wetting times, the
initiation time for steady-state flow through the repository, and the
assessment of transient waste transport.

SHAFT STUDIES

Three-dimensional analytic modeling of hydrology provided a better
understanding of the degree to which the interaction of the shaft, repository,
fracture zones and undisturbed rock influence the transport of radionuclides

from a repository to an overlying aquifer through shafts, boreholes, and the
surrounding rocl:.31

Two modeling approaches have been used. The simpler approach modals a
vertical shaft and concentric fracture zone in a single layer. To partially
account for the influence of other layers on the hydrology of the modeled
layer, the {low in these layers was assumed vertical, with the magnitudes of
the flow rates computed as if the modeled layer's flow were predominantly
vertical as well. In addition, the following assumptions were made in order
to define the problam:

e The gradient is purely vertical (far from the shaft).

@ The shaft and fracture zone do not continue up into the layer
overlying the modeled region. Thus, the vertical component of flow
at the interface between these two layers is assumed continuous in the
radial direction.

o The effect of confined flow when no horizontal gradient is included in
the wodel is approximated bv two layers: one immediately above the
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REPOSITORY RTCHARGE MODEL ING

We developed several simple recharge models to evaluate the components of
resaturation and repressurization of the repository after deconmissioning.

The models and evaluations completed in FY 78 include the fo!?owing:25'26’32'34’35

o An evaluation of recharge through the rock mass assuming an average
steady-state flow but considering the effects of entrapped air. The
evaluation was validated against a case study that involved flooding
of a mine. ' gencral, it was concluded that entrapped air would have
Iittle effect in & deep repository.

® An evaluation of the transient recharge and repressurization behavior
through the rock mass only. It was found that the time required to
re-establish the original gradients (repressurization) after
saturating the repository could be significant.

® An ealuation of recharge through horizontal permeable layers only in
an oth rwise impermeable bedded salt. In general, it was found that
the rechirge time would be tens of thousands of years for any
reasonable set of assumptions.

® An evaluation of rccharge through the shaft(s) only. It was found
that it may take considerable time, depending on the tunnel back®ill
properties, for the saturation front to move through the repository.

In previous analyses, the value of repository recharge time was simply assumed
to be 2 baseline value of 100 y. To provide better understar iing, a method
for relating recharge time to the existence ®f permeable pathways between the
repository and the adjacent aquifers was developed.7

In this approach, the amount of water required for recharge is the sum of two
terms: (1) the void volume of the repository and (2) the increase of the
water content of the adjacent rock due to repressurization. The inflow to the
repository at any time is proportional to the pressure difference between it
and the aquifers. The pressure in the repository is assumed to be atmospheric
until its void space is filled and then to increase linearly with the amount
of water absorbed by the rock.
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For the baseline rep05storiesll’ with repository layer permeabilities of
10'9 cm/sec, recharge . mes calculated by this method are typically hundreds
of years. If, however, the permeability of salt is 10’12 cm/sec or lower,
recharge times of tens of thousands of years result.

REPFLO MODEL

A computer program, REPFLO, was developed to simulate the groundwater flow and
nuclide transport within the repository's storage rooms, corridors, and
shafts.32’ 36 In essence, the model consists of a three-dimensional matrix

of Darcy-flow pipes that simulates the repository and connects to an upper and
a lower aquifer.

At present work is underway to evaluate the REPFLO Model and to recommend
improvements. To perform the calculations, it is necessary to have 21
subroutine to solve a set of linear algebraic equations characterized by real,
symmetric, positive-definite banded matrices. This is a proprietary
subroutine that was not supplied. Thus a subroutine was developed and tested
using a trial problem. It icproduced the earlier resul’ . In the case run,
migration is not calculated, but the plan is to continue work to incorporate
the migration section of the code and to study the underlyi.ng physical
assumptions and their internal consistency. Close attention wil! be paid to
the extent to which the migration section can be treated as a module. If
necessary, the code structure will be changed to make this modularization

possible.

In the course of performing the above work, several auestions arose that will
be investigated in the near future. These include the following:

e To what extent can the relationship between nodal flow and drawdown
head be inferred from two-dimensional calculations applicable to
repository units?

e Should the Newton-Raphson solutions be iterated, even when it is
assumed that the nodal flows are linear in drawdown?

e Is the Jacobian matrix sufficiently ill-conditioned that rescaling may
be advicable?
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e The pipes connecting repository units are assumed to be perfectly
impervious in REPFLO. Under what conditions is this assumption
justified, and are those conditions satisfied always, sometimes, or
never in situations of interest?

We believe that the entire question of dispersion demands much closer study,
since this subject is not at all well understood at present. OQuestions that
should be answered include:
® What is the interplay between hydrodynamic dispersion and diffusion in
problems involving time scales of centuries or millennia and length
scales of many kilometers?
e Is the concept of retardation coefficients meaningful in the present
context?
@ Are Gaussian reapport onments at intersection nodes reasonable?

PRELIMINARY EVALUATIONS

Preliminary evaluations of various phenomena and factors were performed to
determine the relative significance of each and to assess the need for more
detailed local waste-migration mode]ing.zs’32
discussed below.

These evaluations are hriefly

Non-Darcy Flow Behavior

Groundwater flow in thick, deep geologic formations may not necessarily he
related simply to the hydrologic gradient as described by Darcy's law. The
actual gradient available to produce flow is complicated by salinity (density)
variations, thermal effects, possible osmotic or ionic affects, and the
possible existence of a threshold gradient in some rock types. Flow in
fractured media, especially sparsely fractured media, may not be adequatelyv
modeled using flgw models based on Darcy flow. These prohlems need further
study and evaluation.

Steam and Thermal Convection Paihways

Due to the heat generated by the waste, there is a potential for the
production of steam and convection groundwater flow. Based on a preliminary
evaluation, it appears that steam and thermal convection cells may be

- -~
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radiation release. Additional work is needed to confirm this preliminary

produced, but this production would probably not result in any significant
| conclusion.
|

Earthquake Effects

r A preliminary evaluation based on available information and empirical data
indicates that there should be minimal effects of earthquake shaking during
f repository operation. After decommissioning, earthquakes should have
virtually no effect unless the event is cauced by fault movements at or near
the repository.
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REGIONAL WASTE-MIGRATION MODEL ING

Generic hydrology ~odels are being developed for each siting medium. These
models will be capable of describing specific sites by appropriate adjustment
or parameters. The results of exercising the detailed generic models will
guide revisions of the systems level model. Hydrology models are a necessary
basic for studying the transport of radionuclides from the repository vicinity
to the biosphere. Transport r de s will be used to study the variation of
regional barrier performance as a function of repository location.

BASIN MODELING

Generic and Numerical Models

) ) .3
A generic model was developed for a large sedimentary taswn.‘7

The basin's
stratigraphy was divided into five vertical hydrologic units. Moving downward

from the surface, the units are

An aquifer, 170 m thick with a hydraulic conductivity, K = 200 m/y.
An aquitard 136 m thick, K= 20 m/y.
An aquiclude 170 m thick, K= 1 m/y.
Ar aquitard 136 m thick, K= 20 m/y.
An aquifer 136 m thick, K = 20 m/y.

A numerical model was designed to simulate the hydrologic condition of the
model basin. The model contained 1656 nodal points defining 1562 elsments.
Numerically, the rech:rge region was treated as a distributed inflow

boundary. The groundwater divide, the divergence between basin and regional
flow, and the symmetry plane at the discharge region were modeled as z ro flow
boundaries. The discharge region was simulated by a boundary condition where
pressure equals zero. By designating these conditions, groundwater was free
to leave the model.

55



ST T

A steady-state two-d mensional velocity field was calculated for the model.
The velocity field, along with other input, was used for computer-code
calculaticns of material transport.38

Material Transport

The input data controlling material attenuation are flexible enough to
represent a wide range cof stratified media. Because of the model geologic
basin size, uncertainty is great in those parameters controlling material
transport. As a result of the model's generic nature, the transport
properties assigned to the geologiz media will be required to conform with
experimental data as they become available, but such modifications are easily

made.

Analyses of Repository Locations

The release of material from a repository was simulated with a constant
release point source. The treatment of repositories as point sources was
justified because cf the large size of the basin relative to the probable size
of a repository.

From this study, 10 point sources were positioned within the cross-section of
the basin to determine the scope of the movement of material away from the
source during the first 10,000 y ~f simulation.

Future Work

Future work will includ= selection of reasonable repository locations and
simulation of transport for 100,000 y or longer. An S-shaped waste
breakthrough curve at the discharge point will be the result of the
simulation. The s*ipe of the curve and the breakthrough time are dependent on
the repository's position and on transport parameters. Varying the model's
input, i.e., dispersion, diffusion, etc., will produce a family of
break-through curves for each repository site. After analyzing the
break-through curves, statements can be made about the suitability of a
particular site under given geohydrologic conditions.

4 ooy A
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GENERIC MODELS

Baseline Case Generic Geoloric and Hydrologic

Models of Bedded Salt, Salt Domes, Shale,

Granite, and Basalt

Based on the data base information, we built preliminay jeneric models for
each rock type.20’39 Thase models incorporate features commonly encountered
in the particular geologic setting with appropriate ranges in parameter. The
intent is to present models simple enough to be synthesized into a long-tern
risk model, while also enablinr, realistic geolegic and hydrologic cenditions
to be evaluated.

Generic Flow Path Models of Basalt, Granite, and Salt Domes

Based on the generic geologic and hydrologic models, we also developed
preliminary flow path models. The purpose of these mode!- s to develop new
baseline cases for the current LTRM. Generally only unfl flow path models
were develor >d, with appropriate comments on the wore sig it flows that
need to be evaluated. We constructed models for a repository located in
basalt.40 Two baseline cases were established because che large horizontal
flow component in the basalt model makes it difficult to predict the distance
from the river to the point where the flow path enters the upper ag ifer. In
one case, the flow path from the repository went directly through the basalt
layer into a river. The other flow path included a 16 km upper aquifer before
reaching the river. In both cases the repository was assumed to contain spent
fuel, and flow through the shaft was neglected.

FUTURE CLIMATE AND GROUNDWATER

Because grouncdwater movement can have importait effects on buried nuclear
wastes, hydrologists need to know if future climatic changes will influence
the accuracy of aroundwater flow calculations. Groundwater recharg2 (and
therefore groundwater flow) depends on surface water balance. (Surface water
balance equals precipitation less losses to evaporation, runoff, and storage).
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RELEASE TO BIOSPHERE

ALTERNATE WATER SYSTEMS

The reference river system used in the BIODOSE code closely resembles the
Columbia River Basin (Ref. 1, "ppendix G). To understand the sensitivity of
the potential hazards calcuiated from this reference system to the choice of
the Columbia as its basis, other water systems are being analyzed:

e An eastern river .
® A large fresh-water lake

e A desert river

® A large midj-continental river

® An aquifer discharging directly to the sea

APPROXIMATE METHOD OF RISK CALCULATION

A simple procedure has been developed for approximating the radiation dose
release calculated using the more rigorous LTRM model.32 This method
characterizes each flowpath segment by a flow time, or mean passage time of
contaminants, and a dispersion time, or contribution tc pulse width. For
consecutive segments, the flow times are additive and the dispersion times add
in quadrature. For a repository in a sedimentary basin, this approach
indicated the following:

e The total integrated population dose over all time is essentially
constant for all repository performance conditions, provided that the
waste escapes between approximately 400 y and 3x106y.

@ For short waste release times, the canister dissolution behavior has a
significant effect on population dose.
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e If background radiation is considered for comparison, a well-designed
repository results in integrated population doses well below the level

of background radiation.

e For a host rock dominated by fracture flow and subjected to a vertical
gradient, the main containment provided by the host rock is a long
resaturation time. Transport time out of the layer would be very
brief, except for nuclides with very high retardation.

® An overlying aquifer provides a significant barrier to waste relzase
unless it is used as a groundwater resource.

GOSE OUTPUT FORMAT

Contours

.
Using a waste release function parameterized by mean arrival time and pulse
width, we used the BIODOSE code to generate contours uf dose for spent fuel.
Figure 15 shows contours of peak 50-y whole-body-equivalent dose to an average
individual from waste from the uranium-reprocessing, plutonium-stowaway fuel
cycle. The contours are calculated on the assumption that all radionuclides
move at the same velocity. Using such contours we can relate the performance
of the site and repository as expressed by mean arrival time and pulse width
to measures of hazard as expressed by dose.
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Lumped P.rameters

We found that the various geolngic parameters affect the movement of
radionuclides in the model through twn "lumped parameters". Changing one
geologic variable is entirely equivalent to changing another if both lumped
parameters are unchanged. These lumped parameters are:

Z = 2/a
T = abB
v

Physically, T may be interpreted as the time required for the peak of the
nuclide puise to travel the length given by the dispersinn constant ~, and z
is the length of the pipe divided by that dispsrsion lenath, Figure 16 shows
peak dose to an average individual as a function of T for three repositories,
which are described in Ref. 7.
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Weighting of wuscs Lo Organs by Cancer Risk

In order to simplifs output and make results more meaningful, a method of
computing net whole-vody-equivaient doses was developed. These doses are
calculated by summine the doses to each individual organ weiahted by the
cancer risk. The cancer risk factors, R(U), listed in Table 8, were developed
from Ref. 44,

TABLE 8. Cancer risk factors, R(U).

] Organ R(Y)

] WHOLE BODY 0.451
2 GI-LLI 0.158
3 THYROID 0.034
4 BONE 0.034
5 LIVER 0.014
6 LUNG 0.7223
7 KIDNEY 0.086
8 SKIN 0.0

This approach differs from that developed by the International “nammissinn on
Radiation Protection (ICRP)45 in that:

The ICRP considers both cancer and genetic risks,

The ICRP calculation places an upper hound on the net
whole-body-equivalent of certain organ doses, whereas this methnd
estimates the equivalent for a!l srgans.
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TASK I11: Repository Desian Performance Criteria

The only part of Task III that was funded during FY 78 was in the area of
tnermal analysis. See "Spent-fuel repository thermal analysis" in the Task I

section of this report.




R R R ——

L W S LRI NIRRRITNRRTNEERSS— .

TASK v1: DEVELOPMENT OF RADIOLOGICAL
PERFORMAICE OBJECTIVES

This section is a brief summary of the development of radiological performance
objectives (RPOs) for waste management systems (WMSs) by Task VI members and
subcontractors during FY 78. Most of the work f the task is scheduled to be
completed by November, 1978, at which time the final report for the tast (UCRL
52574) will be available. Until then, the reader is referred to reports
completed during the project if de.ail beyond that provided in the followina
summa“y is needed.

INTRODUCTION

RPOs are summa.'y performance indices that are specifically designed to provide
a defensible and understandable basis for requlations and req quides. During
FY 78 the task developed ' “s that can evaluate a WMS in a way that accounts
for the probabilistic nature of its consequences and addresses several
value-laden issues that are important to the determination of its
acceptability. These issues include temporal risk allocation and occupational
vs. non-occupational risk,

A Risk Evaluation Index was developed durina FY 78 as a basis for generatinag
RPOs. The Risk Evaluation Index is a single number designed to evaluate the
overall social risk of a WMS. The Risk Evaluavion Index is necessarv for
answering the following types of questions:

e Which of twc WMSs is safer?
® How much safer is one compared to another?
o Is the risk due to a given WMS acceptahle?

In brief, the Risk Evaluation Index provides a quantitative definition’ of ~
rick, a s'nale scale on which risk can he measured and limited. The Risk
Evaluation Measure incorporates social values where those values are
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e The numerical limits for average individuals are 1% of these limits.
Fig. 17 shows these four limits.

e MWhere wore than one alternative WMS meets the limiting criteria for
individual dose, the collective dose should be predicted and an
alternative WMS selectad ~- the basis of as low as reasonably
achievable (ALARA) princip’ :s.

¢ Doses to future generaticns should not be discounted (i.e., predicted
doses at any time in the future are considered to be as serious as
present doses).

e Predicted organ doses should be considered on the hasis of equivalent
whole body doses as give: bv ICRP #26.48

® Spatial allocation of risk “hcild be done such that the total
collective risk is no greater than twice that which would apply
locally or to that population receiving the benefit,

e When the hazard potential of the waste repository becomes less than
that of a 0.2% uranium-ore deposit, continued concern is not warranted,

Other work completed during FY 78 as part of the short-term effort includes:
a review of the goals and objectives developed at NRC and EPA workshops and
assessment of their applicability and rationale reqarding development of
acceptability criteria;’g and investigation of optimum conversion factors
for determination of health effects resulting from exposure to ionizina
radiaticn. The BE,R commitf°°50 estimate of about 10'4 cancers/man-rem

was found to be more consistent with ohserved data than are certain recent
higher estimates.
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LONG-TERM EFFORT

The long-term effort is developing both a Risk Evaluation Index and resulting
RPOs based on an assessment of social values as elicited from people outside
of NRC and LLL. This effort incorporates a more formally complete treatment
of proba’ ilities than did the short-term effort, though it is necessarily less
easily understood. However, the MADA methodoloay is simple enough in concept
to be described in terms of the following five steps:

STEP 1: DEVELOP THE FORM OF THE RISK EVALUATION INDEX

The Risk Evaluation Index should be expressed in terms of health effects,
which people care about and can understand. Literature review and pilot
<tudies indicated that the myriad of types of radinlogica! health effects
could most economically be partitioned into the five cateaories descrihed
along the bottom of Fig. 18. In addition, it was found that public values may
be sensitive to the type of radiation exposure that caused the health effect.
The most economical partitioning of exposure types that still cantures the
important value sensitivities is describet along the hottom of Fia. 19, These
two partitions together define a four-row, five-column twenty-element arrav of
health effects., Each element of that array, “i]’ is simply the number of

3
health effects of iEh exposure type, jzh-health effect type.

The mathematical form of the Risk Evaluation Index and its parameters are
given in Ref. 51. The Risk Evaluation Index accepts as input the probability
distribution over health effect arrays that could result from a WMS and
delivers as output a single number that is a measure of the social risk
represented by the WMS., That measure can be scaled in terms of equivalent
current occupational fatalities, or ‘n terms of any other single

.52’53 It follows that differences in the Risk Evaluatinn Index
between two regulations or their reculting WMSs can be expressed in terms of

equivaleat |ives saved, a very straightforward and meaningful measure.
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19. Cateaorization of types of radiation exposure.




STEP 2: SELECT THE PANEL OF PEOPLE WHOSE VALUES ARE
TO BE REPRESENTED BY THE RISK EVALUATION INDEX

Panel 1: National Advisors

A group of thirteen people was the primary source of values in this study.
Thev were selected because they serve on a nuclear radinactive waste advisory
body or are in some other way consulted on such matters by government policy

makers.

Three other panels were elicited in an effort to lend some perspective to
results obtained from the National Advisors panel:

Panel 2: Generally Active Citizens

This group was composed of 33 citizens who are somewhat abreast of social
issues and who have taken identifiable steps to display concern that
yovernment actions reflect the general pubiic interest. The sample was drawn
from California, New Mexico, and Massachusetts, Ahsolutely no pretense is
made that this sawple is in any way representative of the citizens of those

states.

Panel 3: Nuclear Power Advocates

This panel was composed of five people who have been identified as takinag
active stands in favor of further development of rnuclear power.

Panel 4: Nuclear Power Opponent,

This panel was composed of seven people who have heen identified as takina
active stands opposing further development of nuclear power, at least until
questions of safety have been sett’ed.

' o &\ ,‘
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STEP 3: ELICIT THE VALUES OF EACH INDIVIDUAL PANEL MEMBER

The values were elicited during the course of an interview that involved a
highly-structured set of questions. A description of those questions is
included in Ref. 51.

STEP 4: AGGREGATE THE VALUES OF THE INDIVIGUALS INTO A
‘SINGLE RISK EVALUATION INDEX.

The nrohlem of aggregating individual values is a very difficult one in the
field of social choice. '*>° Although the method of adding utilities (as
opposed to one of several other strategies) has definitely been decided upon,
the details of calibrating the utility functions across people are still under
development. Tentatively, cross-calib. ation has been achieved hv setting
equal each person's aversion toward 100 fatal cancers, since the fatal cancer
seemed to be the most uniformly understood health effect. The calibration
method under development will te included in the final report and may be much
more involved than the method described above.

STEP 5: DEVELOP THE RISK EVALUATION INDEX INTO RPOs

The development of RPOs, which will be included in the final report for this
task, will consis* of bounds on the same sort of axes as shown in Fig. 1.
except that the donse will be population dose. There will be three or four

RPOs, one for each exposure type described i- Fiqg. 3, with the two post-
sealing exp~sures perhaps governed hy the same RPO,

CAY 70
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APPENDIX A:
SPENT-FUEL DISSOLUTION MODELING

Groundwater intrusion into a deep geologic waste repository may result in
spent-fuel dissolution and eventual radionuclide release and migration to the
biosphere. Ffvaluation of tne rate of such dissolution is a prohlem in
chemical equilibrium and kinetics. It is necessary to ide~ ify the parameters
that influence the dissolving process, assign probable values to them, and
develop a model in which they can be uc¢ed to quantify the release of
potentially hazardous materials.

GENERAL APPROACH TO DISSOLUTION METHODOLOGY

The gereral approach to dissolution model development is to construct a basic
framework of methodology. Simplifyiry assumptions must be made to create a
procedure for evaluating waste dissolution in a format with numerical output.
Although many assumptions are unrealistic, they recognize the need to defer
consideration of some aspects of the problem. These assumptions, which mus.
be reconsidercd later in depth, include:

o The effects of possible interactions of water with repository
materials other than spent-fuel waste forms are negligihle.

o The rate of release of potentially hazardous elements to intrusive
water will be proportional or closely related to the dissolution of
the uranium dioxide (UOZ) fuel matrix in which they are dispersed,

® All canisters are identical, and a complete inventory of their
contents will be available.

® The rate of water inflow is sufficiently slow that it is at all times
fully equilibrated, i.e., saturated with respect to solid uranium
oxide/hydroxide phases.

® The prevailing temperatume is 298%,

The effects of the radiation field are negliigible,
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statistically. Figures Al and A2 illustrate a numerical and visual
description of <olubility; this technique can be applied tc¢ any required
system. These rxercises were specifically designed to explore the complex
reiationships between UO2 solubility, oxidation, pH, and concentrations of
chloride and carbonate ions. Fiyure A2 represents a 99% reduction in
available carbonate. The significance of this capability is twofold. Wwe can,
for any fuel component for which data exist, identify the critizal parameters
vhat determine the maximum release rate (solubility). In addition, we can
associate a numerical solubility with any arbitrary solution composition.

Log uraniurn solubility (sum of species molalities)

-14

FIG. Al. Total uranium solubility in brine.
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emphas’zed that this suggestion is based on theories that have hbeen tested
arly for short time periods, in ne.r-surface soils, and on a limited number of
5011 types. Additional research is required to extend the curraat theories to
longer time periods and to the depths and materials found in arid regions with
deep water tables.

CHAPACTERIZATION OF ARID REGIONS WITH DEEP WATER TABLES

Modeling the hydrology of unconfined aquifers with deep water tables is
important in order to understand potential escapc paths for radionuclides
deposited in thick, unsaturated zones. Because most hydrologic studies focus
on water supplies from shallow water tables, modeling of deep water tables is
made difficult by both lack of data and sometimes a fundamental lack of
understanding of local conditions. Generally, deep, unconfined aquifers have
been studied only at national facilities such as the Nevada Test Site (NTS)
and the Idaho National Engineering Laboratory (INEL).

Deep r tables are possible wherever there is : thick, highly transmissive
aquifer underlying an area of high topographic relief. At the NTS, the relief
is created by basin and range topography. A thic <equence of highly
fractured carbonate rocks acts as a regional, highly transmissive aquifer;
locally, the water table is as deep as 600 m. Groundwater flow paths from the
NTS to discharge points range up to 100 km, flow velocities are relatively
slow, and quantities of flow are small. At the INEL a *hick, highly
permeable sequence of basalt underlies the sloping Snake River Plain; locally,
the water tabl. is deeper than 300 m. At the INEL, flow paths are as long as
150 km, flow velocities are fast, and quantities of flow are large. Thus, at
the INEL, radionuclide escape times might be shorter than at the NTS, but
dilution would be greater.

Materials in the unsaturated zone at the NTS include soil, thick alluvium,
fractured and zeolitized tuff (volcanic rocks), and highly fractured carborate
~ncks., At the INEL, there is a relatively thin alluvial cover on top of a
highly transmissive sequence of basalts whose permeability is provided by
eruption features and cooling fractures.
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TABLE C1. Retardation factors for the Cycle III transport model.

l

’ Retardation factor, i(f(aT

E Radionuclide minimum preferred max imum

; Sh? e Kepository

1 todine and technetium

l Shale layers 1 2 (1)
Aquifer 1 1

’ Other fission products 1 102 103

Actinides 102 104 105

i Salt Repository

f lodine and technetium

! Salt repository layer 1 1 1

i Sha - barrier layer 1 2 (1)
Aquifer 1 1 1

|

| Other f..sion products
Salt repository layer 1 1 10 (1)

| Shale barrier layer 10 (1) 102 (1)

i Aquifer 102 103

‘ Actinides

| Salt repository layer 1 1 10 (1)

i Shale barrier layer 1 10 (1) 163 (1)
Aquifer 10 (10%) 103 (104 10% (10%)

I INumbers in pcarentheses are Cycle I1 values.
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Although the data above are meiger, they do suggest that some sorption wil’
occur in concentrated solutions. Therefore, a preferred Kf of 10 for both

the fission products and the actinides is suggested. Maximum values of 10
and 103 take into account the generally greater adsorption potential of the
actinides.

Aquifer Layer

The actual dilution factor of 70-fold, calculated as the waste enters the
aquifer layer, is smaller than originally thought A saturated NaCl solution
diluted by this amcunt would be about 0.1M, which i< still moderately saline.
At this concentration the high retardation factor of 104 for the actinides
would certainly be reduced. Thus the preferred value is now 103 with a
maximum value of 10%.

Retardation factors for the shale repository remain unchanjed. We have
assumed that a shale repository will have fresh groundwater even though
groundwaters associated with shales are often slighcly saline. The bulk of
the fine-grained sediments were deposited in saline environments, and soluble
components are likely to be retained as adsorbed ions on clay minerals or in
interstitial water that was never completely removed by flushing. Indeed,
White et al.C3 found that one of the out;tanding characteristics of shales

is the scarcity of waters with less than 103 ppm total dissolved solids.

The uncertair effect this concentration has on the retardation factor for the
shale layer contributes to the tota’ uncertainty.

lodine _and Technetium

Even very small Kd's yizld appreciable retardation factors. For example, in
shale when Kd = 0.1, Ke = 6, and when Kg = 0.01, K¢ = 1.6.

Experimental errors alone are sufficient to ,roduce what appear to be real
(although small) Kd's, thus indicating sorption where in fact none has
occurred. The Kf values greater than unity occasionally reported for
probably reflect variations in experimental conditions rather than sorption
processes. lon filtration is the only mechanism that has been demonstrated

129,
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pores. Local and regional variations in porosity can thus be expected in
response to charges in groundwater composition, since the relative intensities
of these chemical processes are determined by the reactants present in the
interstitial water.

Because of these physical and chemical variations, the baseline value of 10%
por: .ty used to mode( mass transport in sandstone should be understood as the
average of a ranage of values between 0% and 30%. Data to support this
conclusion appear in Fig. Cl.cs

Distribution Coefficients

Many of the physical and chemical processes that affect porosity also
influence the distribution coefficients, hence the sorption characteristics,
of the rock. Grain size, for example, determines the area available for
surface sorption reactions. And since the mineral composition of the rock
determinas the exchange capacity, mineral alteration, especially the formation
of clays, should enhance the exchange capacity. Local variations in grain
size, mine~al composition, or extent of mineral alteration will, tnerefore,
pruduce local variations in the sorption characteristics of the rock.

Documentation of the variability we can expect in the sorption characteristics
for a rock formation is limited. However, werk C6 has been reported that
demonstrates an inverse correlation between grain size and adsorptice for an
aqueous plutonium-quartz system (Table C3) and that provides data . plutonium
adsorption on different minerals (Tanle C4). Unfortunately, there are no
published data for a systematic study of sorption variability in a single
formation. Distribution coefficients calculated from experiments using
multiple samples from the same rock formation are available;C7 however, it

is not clear whether the reported range of Kd values was a re-ult of the
experimental approach or the heterogereity of the samples. Theoretically, an
average Kd value of 500, estimated for plutonium adsorption on sandstone,
could vary from 10, for an area composed of a pure quartz sand framework and
silica cement, to 104, for a clay seam rich in montmurillonite.c8
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TABLE C5. Average compositions of groundwater from two sampling
areas, and composition of experimental standard (pH 8-8.5). From Ref. (9.

lonic species Concentration, mg/1
Malar-1 Malar-2 standard

Na 17 23 az
K 5 i 5
Mg n 12

Ca 72 41 33
C 28 17 93
HCO, 175 239 94
50, 80 20 7
Others - - 1
Total 378 347 293

Granite Distribution Coefficients. The Swedish study reported distribution
coefficients as a function of temperature (25° C and 65Y C), water
composition (293 mg/1 and 1105 mg/1), and radionuclide content (10'5m§ and
10'3mg). Table C6 gives selected K, 's for crushed granite in dilute
solution (293 ma/1) at the two temperatures and two radionuclide
concentrations. In the set of experiments using the more concentrated
solution (1105 mg/1), Kd's were lower, often by a factor of two. A test of
Kd as a function of the cize fraction of the crushed granite produced the
results shown in Fig. C2. Cesium shows no correlation, suggesting tha. Cs
sorption is volume dependent rather than surface dependent. For a compete
discussion of the experimenta’ technique, see Ref. (9.













Measurements or. Rock Surfaces and Fracture Flow. An interesting aspect of the

Swedish work is their interest in the sorption characteristics of rock
surfaces. They tested both fresh and old rock surfaces, then calculated
surface distribution coefficients,

2 Ci/m2 rock
C;/gj water

.

as well as Kd's. However, only a few experiments were made using Sr, Cs,
and Am, a: ! the results are probably not significant.

We currently calculate the retardation factor from Kd:

= P
K 1+ §Kd

f
However, retardation in rock where fracture flow is the predominate process
may not be directly related to Kd. Instead, it may be necessary to
calculate Kf from carefully measured surface distribution coefficients and
estimates of fracture spacing. In situ studies are currently underway in
Sweden on retardation in fractured granites.

Basalts

Groundwater Composition. Groundwaters in contact with basalt have high Ca:Na

and Mg:Ca ratios. Minerals common in basalt are less stabie and more subject
to chemical attack than the minerals of granitic rocks. This chemical
instability accounts for relatively high concentrations of Si0, in

associated groundwaters. The pH, and probably the th, are oftén low; iron and
manganese concentrations are often high. As with most rock types, groundwater
compositions vary greatly both between and within rock formations.
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APPENDIX D:
DISCRETE-EVENTS MODELING VS MARKOV-CHAIN MODELING

The purpose of this report is to examine the proposed mathematical modeling of
the post-emplacement risks associated with nuclear waste disposa’ and to make
recommendations on ways to improve the modeling. The modeling is intended to
describe probabilistically the migration of waste material out of the
repository and through the aquifer. This descript on can then be used in
providing guidelines for waste management and in subsequent modeling efforts,
such as the Human Usage Model, to assess potential environmental impacts.

GEOLOGIC FACTORS AFFECTING RELEASE FROM REPOSITORY

The diffusion of radiocactive waste material over time is affected by te
geologic characteristics of both the repository and the aquifer. When waste
material is initially placed in the repository, it is assumed that there are
no pathways through which leaching of waste can begin and that there are no
pressurc differentials to cause movement of the small amount of water inherent
in the repository medium. The system is assumed to remain in this state unti)
some event or activity results in both (1) a pathway along which nuclides can
migrate to surface water and (2) the necessary force gradients to stimulate
circulation and diffusion of water near the repository into the aquifer.

The authors concluded after discussien in May, 1978, with geophysicist G.
Steiman at the University of Ca) fornia, Riverside, that once a pathwav is
open, heat generated by the waste material is sufficient to initiate
cirrulation. sfore, the primary concern in modeling focuses on geologic

113



events or activities that can result in the opening of pathways for le2aching.
Such events include eurthquakes, drilling, Jss of administrative control, and

cther such phencmena.

Steiman believed thet it was reasonable to disregard any effects that
weathering and erosion might have on the proximity of groundwater to the
repository. H2 also felt that it was unnecessary to make distinctions among
small, medium, and large earthquakes--that the end results of any earthquakes
are approximately the same.

Aquifer characteristics deemed to be of concern in wast2 transport are path
length, water flow rate, and sorptinn anc dispersion: all of these are assumed
to be determined by the geclogic characteristics of the repository. That is,
the state of the repository is assumed to be the same as the state of the
ajquifer, relative to waste transport. .* is thouj . that changes in the
geologic characteristics of the repository result in changes in flow rate,
path length. sorption and dispersion, and that these changes can be initiated
by events external to the repository, such as earthquakes, drilling, or loss
of administrative control. It is further assumed that the flow of groundwater
can be described by a network of one-dimensional pipe<. Within eack pipe,
was.e transport at a given point x and time t is descr ibed by the operator:

’ -V - v 2
g) . _g d d
S i e (01)
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