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ABSTRACT

The Basalt Waste Isolation Project has developed a method for defining in detail the work required to
demonstrate the feasibility of emplacing and providing for the safe isolation of nuclear wastes in a repository
in the deep basalts at the Hanford Site near Richland, Washington. Criteria analysis allows the identification

-. ,,of areas of significant technical uncertainty or controversy that can be highlighted as issues. A preliminary
analysis has been conducted, which, by identifying key radionuclides and allocating performance among the mul-
itple barriers in a repository constructed in a basalt, allows the design and development testing activities at

the Basalt Waste Isolation Project to be put into perspective. Application of sophisticated uncertainty analy-
sis techniques will allow refinements in the analysis to be made and to further guide characterization and
testing activities. Preliminary results suggest that a repository constructed in basalt will provide for the
safe isolation of nuclear wastes in a cost-effective and reliable manner with a high degree of confidence.

INTRODUCTION

The mission of the Basalt Waste Isolation
Project (BWIP) is to assess the feasibility of siting
a nuclear waste repository in the basalts underlying
the Hanford Site near Richland, Washington, and to
develop and design the associated facilities and
technologies required for the permanent isolation of
radioactive waste in basalt formations should feasi-
bility be demonstrated. To demonstrate the feasi-
bility of a nuclear waste repository in basalt
(NWRB), the results of site characterization activi-
ties and technology development must indicate that
he proposed NWRB will comply with the proposed per-

11 4ormance objectives and other proposed criteria found
in 10 CFR 60 And the proposed release criteria found
in 40 CFR 191.4 A project of the complexity of the
BWIP rrquires a technique for focusing work and for
making decisions about work completeness with respect
to regulatory and programmatic criteria to assure
readiness for a possible license application.

The ability to trace the project's work directly
to criteria can be coupled with a technique that
allocates waste isolation performance to the geologic
setting and the engineered subsystems (waste package
and repository) to create a powerful decision-making
tool to guide the project's characterization, devel-
opment, and design activities.

This paper illustrates the applicability of
criteria/work element traceability, coupled with the
allocation of performance (based on U. S. Environ-
mental Protection Agency (EPA) proposed criteria),
to the design of a repository seal system and the
design of a site-specific waste package for an NWRB.

CRITERIA TRACEABILITY AND WORK PLANNING

As part of the BWIP planning activities, in con-
junction with the preparation of the Site Character-
ization Report for the BWIP,3 the project staff has
-developed a method defining in detail the work re-

quired to meet applicable regulatory and programmatic
criteria. The results of the criteria analysis not
only provide the project with a detailed statement of
work elements needed to satisfy each criterion, but
also create a detailed listing of the data needed and
analyses to be performed for each work element
(Table I). Criteria analysis, which forms the basis
for project planning, also allows the identification
of areas of significant technical uncertainty or con-
troversy that can be highlighted as "issues." The
logic behind the criteria-based planning process is
illustrated in Fig. 1.

Fig. 1. Logic for Definition of Basalt Waste Isola-
tion Project Criteria-Based Work Elements/Issues.

A summary of the multiple-step iterative process
used by the BWIP to apply the principles of criteria
traceability to site qualification and engineering
design activities is described below:

1. Criteria analysis is used to define site
characterization and engineering development
(work elements and data needs) requirements
(see Table I and Fig. 1).



-Table 1. An Illustration of Criteria Analysis: Criteria/Issues/Work Elements/Information Needs.
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2. The required performance, in terms of maximum
permissible release rates (waste package) and
minimum traveltimes (repository seal system).
of the engineered subsystems is established
using performance analysis models. The alloca-
tion of performance requirements is based on
the premise that a minimum performance of the
natural system (the site) can be initially de-
fined using "minimum' credible values for site

\../ parameters (radionuclide solubilities, radio-
nuclide distribution coefficients, groundwater
traveltimes, hydraulic conductivities, head
differentials, etc.) that, in conjunction with
regulatory criteria, provide bounding condi-
tions for the performance of the engineered
system.

3. The status of a work element is reviewed in
terms of allocated performance for each repos-
itory subsystem and its component barriers.
For example, does a given repository seal sys-
tem design allow creation of a preferential
pathway for radionuclides to the accessible
environment?

4. An analysis of the degree of conservatism in
the initial performance allocation is made to
clearly identify those simplifying modeling or
data assumptions used that may differ from
those anticipated in the actual repository.
Input data and modeling assumptions are evalu-
ated to determine the statistical uncertainty
of a given performance allocation. The needs
for additional data (either quantity or quali-
ty), Identified through uncertainty analyses
or by engineering judgments, where appropri-
ate, are incorporated into the planning
process, and the materials or engineering

tests or site characterization activities
required to obtain the data are initiated.

5. Completion of steps 3 and 4 will identify
where engineering alternatives (technology/
design), aimed at correcting any performance
shortfalls, need to be evaluated. Trade,
design, and engineering study techniques can
be utilized to obtain recommendations for cost-
effective design/technology development
activities.

6. Design, testing, and/or development programs
for each engineered subsystem design and I s
component barriers are initiated.

7. The performance of engineered subsystem designs
is reassessed using realistic models to deter-
mine with a high degree of confidence whether
performance requirements have indeed been met
by the design concepts.

The iterative process described above is con-
tinued through all phases of project activity. The
relationship of the design, data acquisition, and
performance assessment activities to meeting cri-
teria is illustrated in Fig. 2. A summary of the
types of test, design, and performance activities as
a function of project phase and key site selection/
qualification documentation is shown in Table II.

The remainder of the paper will detail the
approach used by the BWIP to establish performance
requirements for the engineered subsystems (waste
package and repository seal system). The application
of uncertainty analysis to some of the key perform-
ance parameters for an NWRB (groundwater traveltimes,
audionuclide solubility and sorption controls, waste



The performance required of a waste isolation
system can be treated as a function of the nature and
performance of the individual barriers that comprise
it. This concept (Fig. 3 and 4) shows schematically
how the waste package, repository seal system, and
site geohydrologic system will act to isolate nuclear
wastes. In simple terms, the performance of a mined
geologic disposal system can be conceptualized as:

Total mined
geologic
disposal
system

performance

Performance -

Regulatory
criteria

Release to
accessible -
environment i

(Site, waste
package, and

a repository
seal system
performance)

Jaste package/
seal system
releases

laste package/
site releases

(1)

(2)
Fig. 2. Relationship of Design
Assessment to Data Acquisition.

and Performance

Table II. The Relationship of Qualification/
Characterization Activities to Site

Selection And Documentation.

Tas I Design Parformonce Selection and Projectactivities licensing phase

Screen& Functional and Conceptual models/ Site Charecter- End of Cite
conceptual performance ibation Report screening

allocation

Selects ipgreded Detailed models Site Recommen- Site charac-
conceptual/ dation Report terization
preliminary

Detailed Preliminary Senchmarked and Preliminary Start of
evaluation!) verified models Safety Analysis construction

Report/Env iron-
mntel Impact
Statement

Reliability Final Senchmarked. Final Safety Start of
deterintionc verified. and Analysis Report operation

alidated models

Final Closure Start of
verificationc Application decoamis.

sioning

Bench-scale test".
blench-scale an engineering-scale tests.

\>/ Egbeering-sc and in situ tests.

package release rates, etc.) will also be addressed.
A preliminary evaluation of the contribution to
repository performance among the multiple barriers
present in an NWRB will illustrate how performance
allocation and consideration of potential uncertain-
ties can be used to guide site characterization and
engineering design and development activities.

ALLOCATION OF ENGINEERED SUBSYSTEM
PERFORMANCE REQUIREMENTS

The overall performance of an NWRB may be
expressed in terms of the performance of its three
main subsystems:

1. the geologic setting;
2. the waste package;
3. the repository seal system.

The performance of these three subsystems, through a
complementary relationship, determines the overall
performance of the repository, which must, at the
very least, satisfy the proposed regulatory criteria.
In addition, the repository subsystems should pro-
vide multiple barriers to radionuclide releases to
comply with proposed regulatory criteria and provide
for the safe isolation of radioactive wastes.

fig. 3. Release of Radionuclides from the Engineered
subsystems.

The key to the understanding of this concept is The
realization that radionuclides released from thei
waste package can reach the accessible environment
by migration either through the host rock (site) or
through the repository seals (Fig. 3 and 4).

In establishing performance requirements for the
waste package, the relative importance of each path-
way must be addressed. It is apparent (Fig. 4) that
in determining the required performance of the seal
system, the performance of the waste package is very
important. For example, during the containment peri-
od (1,OOO yr), with no release of radionuclides from
the waste package, there are no isolation-related
performance requirements for the seal system. Addi-
tionally, during the isolation period, while nuclides
are slowly released from the waste package, the qer-
formance required of the seal system will depend upon
the rate of release of radionuclides from the watte
package. Preliminary analyses suggest that the site
subsystem is the most important in evaluating reposi-
tory performance. The contribution to releases at
the accessible environment via the seal system path-



The bars labeled groundwater traveltime
illusttate the case where the inventory is
instantaneously and completely released into the
groundwater. This solution is then transported to
the accessible environment with no consideration of
solubility or sorption controls along the pathway.
The reduction of total toxicity from consideration
of traveltime alone is approximately 2 to 3 orders
of magnitude.b Further reduction of the toxicity
occurs when radionuclide solubilities are allowed to
control the dissolution and release of radionuclides
into the groundwater and the subsequent:transport to
the accessible environment takes place With no con-
sideration of sorption controls. For the expected-
conservative and expected-favorable cases, these two
barriers (traveltime and radionuclide solubility)
act to reduce the initial inventory to acceptable
levels. The results for this case illustrate the
importance of understanding radionuclide solubil-
ities, because the very conservative case, although
having a low probability of occurrence, does not
reduce releases nearly as much as the expected-
conservative and expected-favorable cases.

Sorption control during transport to the acces-
sible environment is the next sequential barrier
added to the analysis. For all cases, the consid-
eration of this additional barrier reduces releases
to below acceptable levels. This result is signifi-
cant, because with confirmation of the very conserva-
tive values for groundwater traveltime, solubilities,
and sorption coefficients via the characterization
and testing programs at the BWIP, high confidence
will be demonstrated that an NWRB will reduce
releases to the accessible environment well below
acceptable levels even when credit is not taken for
the multiple engineered barriers to be utilized.

The last two sets of bars (Fig. 7) illustrate
the effect of two engineered barriers for the case
of very conservative traveltime, solubility controls,
and sorption controls.c

The significance of these results is twofold:
(1) further reduction of releases to the accessible
environment occurs when waste package containment and

s_,'release rate barriers are considered and (2) the
level of confidence of the overall repository system
meeting all performance criteria is increased.
Results such as these are used for guidance in the
wastelpackage design and development testing program.
These results also reinforce the position of the BWIP
that the application of the multiple barrier (natural
and engineered) concept, for both likely and unlikely
performance of the site, results in high confidence
that an NWRB will provide for the safe isolation of
nuclear waste.

bCurrently proposed U.S. Environmental Protec-
tion Agency release limits specifically address only
the first 10,000 yr of repository history. Expected
groundwater traveltimes to the accessible environment
for an NWRB are > l.0,000 yr, thus providing compliance
with U.S. Environmental Protection Agency proposed
criteria. For conservatism and illustration
purposes, subsequent 10,000-yr periods or repository
history were evaluated in this analysis. When sorp-
tion controls are considered, many of th4 radio-
nuclides do not reach the accessible environment for
several hundred of thousands of years.

cFor reference, the last bar (F, G, H, I, J);
illustrates the case for all expected-conservative
conditions.

I I

CONCLUSIONS

This paper has described the application of
criteria traceability to site characterization and
design and development activities at the BWIP. As
an example, the application of the methodology to
some of the key processes Important to the isolation
performance of the repository have been discussed.
These include the identification of key radionuc-'
ides, the allocation of performance to multiple

barriers, and the analysis of uncertainties.
Examples of these processes were presented to
illustrate how they are applied at the BWIP to guide
site characterization and testing programs.

The methodology described in this paper and as
shown in the examples enables BWIP management to
focus the resources of the project on those areas of
key performance parameters.

The project uses performance-related criteria
as tools to allow the timely termination of work
that has achieved its goals (meaningful and cost-
effective system development or enhancement). Thus,
the desire of the technical staff to optimize all
measurements and analyses can be refocused on those
areas where improvement of the data base, develop-
ment of alternative technologies, or advanced
testing can demonstrate cost-beneficial enhancement
of system or subsystem performance.
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Fig. 4. The Multiple Barrier System.

way can be controlled with simple and cost-effective
design concepts. The waste package containment can
also be accomplished with a simple system. However,
inasmuch as the waste package provides the initial
source of nuclides and controls their release, the
synergism between the site and the waste package must
be understood. Therefore, the remainder of the dis-
cussion on performance allocation in this paper will
specifically address the waste package/site
subsystems.

IDENTIFICATION OF KEY RADIONUCLIDES

To put waste package performance and, there-
lore, guide the design and testing activities into

V_./erspective, the BWIP has carried out a preliminary
allocation of performance requirements for the engi-
neered subsystems, based primarily on data reported.3
A detailed description of the methodology and results
as apprliel to the waste package subsystem has been
reported. The following paragraphs provide the
reader with an overview of the performance allocation
methodology, which will serve to put the process into
perspective, and demonstrate its ability to define
data requirements.

The first step in conducting any performance
analysis is to identify those radionuclides that,
because of their inherent characteristics, will have
significant impact on the performance of the reposi-
tory. The results of such a screening process should
then be confirmed with more sophisticated models of
repository performance. Four screening criteria were
used to reduce the total number of radionuclides in
the inventory to those that were key to the overall
performance of the NWRB (Fig. 5). The half-life cri-
teria are consistent with U.S. Environmental Protec-
tion Agency proposed criteria, which conclude that,
with disposal in mined geologic repositories, radio-
nuclides with half-lives of < 20 yr will decay to
insignificant levels rapidly enough so as to not
require special attention for long-term isolation.
Radionuclides with initial inventories (fission prod-
ucts) or maximum inventories (decay-chain daughter

FIGURE S. Steps to Identify Key Radionuclides.

products) significantly less than U.S. Environmental
Protection Agency proposed release limits at the
accessible environment have no impact on repository
performance because they are not present In hazardous
quantities. Radionuclides that have solubilitiesa
low enough to control releases from the repository
significantly below U.S. Environmental Protection
Agency proposed release limits at the accessible
environment have no impact on repository performance
because potential releases from the repository are
not of hazardous quantities. Radionuclides with
!sufficient sorptiona during transport so that
releases to the accessible environment are signifi-
cantly below U.S. Environmental Protection Agency
proposed release limits do not impact repository per-
formance. The results of radionuclide screening have
led to the identification of a small number of key
radionuclides for which testing is required. It
should be noted that from a chemical point of view
only a single isotope of each element needs tes~i ng,
since isotopic effects on geochemical factors f r
the nuclides of concern will be very small. Th
uncertainties in our present data base on radio-
nuclide sorption and/or solubility have led to the
distribution of radioelements found in Table III.
The distribution of elements (Table III) can be
rationalized as follows. First, the solubility data
used in the screening process were calculated, using
available thermodynamic data, for site-specific
conditions expected for an NWRB.5 Such information
must be confirmed by testing under actual repository
conditions. For those species that have solubil-
ities that appear to be significantly lower than the
screening criterion, only confirmatory tests are
required. The remaining elements must be evaluated
in a detailed manner to determine whether a waste
package must be designed to limit their release.
Second, the sorption data used in the screening proc-
ess are for the most part, based on experimental data
obtained under repository conditions. However, where

aValues used in the screening process require
confirmation via site-specific testing (Table III).



Tabkle III. An Example of Selected Geochemical
Data Required to Confirm Preliminary
Performance Allocations for Those

Radioelements Not Screened
by Half-Life or Inventory

Considerations.

Degree Solubility tests Sorption tests Comments

( laeents sot
requiring
specIf IC
tasting

I lements
requiring
cont irmatory
tests only

4%.-' Elements
." requiring

detailed
testing

Cesium. stron-
tium. radium.
lead. mericu.
thorium, tin

Umranium, pluto-
nium, neptunium.
nickel. Airco-
alum

Carbon, sale-
niu iodine.
technetium

Cestum, stron-
tium. redium.
lead. ericium.
thorium, tin

Urnaeal, pluto-
nium. neptunium.
nickel. tirco-
alum

Carbon, $*la-
lum. iodine.

technetium

Radiolsotopes of these ele-
mants have so impact on
repository performance,
based on current under-
stnding of either so)u-
bility or sorption controls.

AND
Nigh degree of confidence in
current understanding of
solubility or sorption
controls.

Rad losotopes of thas ele-
ments have no Impact on
repository performance,
based on current under-
stading of either solu-
bility or sorption controls.

AD
Noderate confidence In
current understanding of
solubility or sorption
controls.

Radioisotopes of these ale-
mats Impact repository per-
formance. based on current
understanding of either
solubility or sorption
controls.

OR
Radioisotopes of these ele-
ments do not impact rest1-
tory performance. but ow
confidence in current under-
standing of solubility or
sorption controls.

there are insufficient data or where questions remain
about the behavior of certain elements, further con-
firmatory or detailed testing is required. The
priorities in the BWIP geochemistry test program, as
a result of this analysis, are to evaluate in detail
the sorption and/or solubility behavior of those key
radionuclides identified that may be able to reach
the accessible environment as a result of migration
in groundwater.

To determine how well a waste package should
Ouperform (i.e., to allocate waste package performance

requirements), a number of additional variables must
be considered. A waste package can control releases
of radionuclides either by containing them for a
determined period (primarily the function of the
canister) or by controlling releases from the waste
package to the repository/site subsystems (a function
of the waste form, canister failure mode, and back-
fill). The degree to which containment or controlled
release is required is a direct function of the per-
formance characteristics of the site subsystem. The
movement of radionuclides from the engineered subsys-
tems to the accessible environment will depend in
part upon the amount of time it takes groundwater to
travel to the accessible environment, as well as the
geochemical characteristics along the flow path. It
is important to identify and quantify uncertainties
in the traveltime and geochemical characteristics of
the site subsystem.

UNCERTAINTY ANALYSIS

Initial studies to allocate performance require-
ments to the components of engineered systems used
engineering judgment to analyze the input data
obtained from screening studies or fromthe litera-
ture. Successive iterations of the performance
assessment process, utilizing an expanded data base
resulting from site characterization, materials and

other engineering testing and design activities, are
being statistically analyzed to identify the
uncertainty in the data base. This is coupled with
a parallel analysis that aims at determining the
uncertainty in the predicted repository performance.

Any uncertainty analysis must provide a rigorous
means of quantifying the confidence in long-term
predictions of repository performance. Uncertainty
in predictions of performance arises basically from
two causes: (1) inaccuracies in the mathematical
and numerical models used to represent a system or
process and (2) Incomplete knowledge of the data and
boundary or initial conditions required by that
model. Confidence in the numerical models, and to
some extent the mathematical models, is established
by the benchmarking and verification of the computer
codes used for predictive modeling. However, the
uncertainty in input data and boundary or initial
conditions is more significant. For all practical
purposes, some residual uncertainty will always be
present in model input parameters. This uncertainty
is recognized by the regulatory agencies in their
requirement that an applicant for a license to
construct, operate, and subsequently decommission a
repository provide reasonable assurance of the
performance of the system.

Currently U.S. Nuclear Regulatory Commission
and U.S. Environmental Protection Agency proposed
regulations contain two broad performance measures
that a repository must comply with: (1) a 1.000-yr
preemplacement groundwater traveltime to the acces-
sible environment and (2) cumulative release limits
across a boundary 10 km from the repository. Addi-
tional requirements for the containment of wastes
for 1,000 yr and an inventory-related release rate
(10-5 parts/yr) from the engineered system complete
the U.S. Nuclear Regulatory Commission draft per-
formance objectives. Predictive modeling to date,
including the studies to allocate subsystem perform-
formance, indicate that an NWRB will meet these
performance criteria when mean values of input param-
eters, boundary, and/or initial conditions are used
in the performance models.

Efforts are now under way within the BWIP to
assess the degree of confidence, by means of
uncertainty analyses, that can be placed on such
model predictions. Initial project emphasis,
because of the existence of a large data base from
site characterization activities, is on the es tima-
tion of uncertainty of preemplacement groundwater
traveltimes. Monte Carlo techniques, in conjunction
with a finite-element numerical model, are being
used to assess the uncertainty in estimates of pre-
emplacement groundwater traveltimes to the acces-
sible environment. The key input parameters to this
analysis are transmissivity and effective thickness
(i.e., the product of effective porosity and forma-
tion thickness). Present analyses only treat trans-
missivity as a stochastic variable because of a
general lack of site-specific effective thickness
data. If necessary, boundary conditions in the
model can also be treated stochastically. Results
.will be presented in the form of cumulative prpba-
bility plots (Fig. 6), which will allow the prbbabi1-
ity of compliance to current regulatory standards to
be determined.

Determining the uncertainty in the prediction
of radionuclide mass flux across the 10-km boundary
is a more complex problem because it involves the
analysis of non-steady-state coupled groundwater and
heat flow, as well as estimation of the uncertainty
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Fig. 6. An Illustration of a Cumulative Probability
Plot of Preemplacement Groundwater Traveltimes.

associated with the key geochemical parameters of
radionuclide steady-state solution concentration/
solubility limits and sorption coefficients. Current
BWIP efforts are being directed at determining the
most suitable means of addressing this problem.
Methods being considered are Monte Carlo, finite-
order, and stochastic Lagrangian techniques.

The results of the determination of uncertainty
will provide the project with information that will
define the probability that any allocation or
assessment of performance will result in meeting or

V,_ bettering regulatory criteria or performance objec-
tives. Such treatment allows the BWIP to statisti-
cally describe performance, enabling the staff to
build the required (technically conservative) safety
margins into design of the engineered subsystems.

uncertainties for each barrier when they are eftab-
lished. Therefore, there is a high probability that
results from future performance allocations wi 1
fall within the band of results presented hereffor
this one case. This preliminary allocation illus-
trates how the relative importance to performance of
each barrier can be defined and used to guide the
site characterization and design and development
testing programs.

The results from a simplified performance allo-
cation analysis are illustrated in Fig. 7. The ini-
tial inventory bar presents the total toxicity, rela-
tive to U.S. Environmental Protection Agency proposed
release limits at the accessible environment, present
in a repository inventory of one half spent fuel and
one half commercial high-level waste. The initlal
inventory exceeds the U.S. Environmental Protet1ion
Agency proposed limits by a factor of nearly 10'.
The subsequent bars (Fig. 7) illustrate how the
multiple barriers present in an NWRB reduce this
factor of 10' to an acceptable level well below the
U.S. Environmental Protection Agency proposed limits.
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PRELIMINARY ALLOCATION RESULTS

The purpose of the allocation analysis presented
here is to illustrate how the individual barriers of
the multiple barrier concept contribute to the
overall performance of the repository system. The
individual barriers analyzed include:

1. groundwater traveltime to the accessible
environment;

2. radionuclide solubility controls;
3. radionuclide sorption controls;
4. waste package containment time;
5. waste package release rates.

The contribution of each barrier to reducing the
initial radionuclide inventory to acceptable levels
reaching the accessible environment Is evaluated
sequentially. Additionally, preliminary estimates
of tqle uncertainty associated with each barrier have
been made. It is anticipated that the range from
very conservative to expected-conservative to
expected-favorable conditions illustrated represents
an uncertainty band that will encompass actual
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Figr 7. Sequential Contribution of Multiple Biriers
for the First 10,000-Year Period and Subsequent Time
Periods. Bar A, B, C, D illustrates releases wqen
very conservative groundwater traveltimes, very con-
servative solubility controls, very conservatiy*
sorption controls, and expected-conservative w~ste
package containment times are considered. Bar A, B.
C, D, 0 is the same as bar A,BCD, except that'a
radionuclide release rate of 10-' parts/yr from
the waste package is also considered.


