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Abstract

Current data and understanding about the site conditions at Yucca Mountain provide a basis for calculating
the likely range of performance of a mined repository for spent nuclear fuel. Low flux through the
unsaturated zone results in groundwater travel times to the water table that probably exceed 10.000 years
and may exceed 100,000 years. far longer than required by the NRC. The low flux will also limit releases of
waste from the waste packages, probably to annual amounts less than one millionth of the mass of the
waste inventory remaining 1000 years after repository closure; the corresponding releases of curies would
be well within the allowable releases set by the NRC. Geochemical retardation by sorption and diffusion
will slow radionuclide movement relative to groundwater flow by factors of hundreds to thousands for
many waste species. In combination, these site conditions provide a high degree of confidence that no
releases to the accessible environment will occur during the first 10,000 years after repository closure, the
time period for which the EPA has set release limits. Carbon-14, technetium-99. iodine-129, and various
nuclides of uranium sorb poorly on the tuffs along the flow paths and, together with uranium daughter
products, will be the first radionuclides to arrive at the water table. The total radioactivity produced by these
and later arriving contaminants will remain far below the allowable releases, even for periods of millions of
years, if expected flux conditions prevail. If the flux is currently greater than the values inferred from the
measured in situ moisture contents of the volcanic rocks or if it were to increase in the future, fracture flow
and attendant short flow times to the water table could occur. Even if rapid fracture flow were to occur
release of wastes to the accessible environment would probably remain low with respect to the EPA's
limits, because diffusion of radionuclides from the fractures into the rock matrix would ensure slow
migration of most of the wastes through the sorbing matrix.
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PRELIMINARY BOUNDS ON THE EXPECTED
POSTCLOSURE PERFORMANCE OF THE YUCCA

MOUNTAIN REPOSITORY SITE, SOUTHERN NEVADA

CHAPTER 1. INTRODUCTION

1.1 PURPOSE
This report summarizes some current conclusions

about the expected performance of a potential reposi-
tory site at Yucca Mountain in southern Nevada {Fig-
ure 1 ). In particular, the capabilities of the current
geologic and hydrologic environments to isolate radio-
active wastes placed in a repository located in the
unsaturated, densely welded tuffs of the Topopah
Spring Member of the Paintbrush Tuff (Figure 2) are
addressed in terms of certain regulatory require-
ments. These requirements are set forth by (1) the
Department of Energy (DOE) as "General Guidelines
for Recommendation of Sites for Nuclear Waste Re-
positories" in a November 13, 1983, draft of 10 CFR
Part 960 (DOE. 1983); (2) the Nuclear Regulatory
Commission (NRC) as "Technical Criteria for Disposal
of High-Level Radioactive Wastes in Geologic Reposi-
tories" published as a final rule in 10 CFR Part 60
(NRC. 1983); and (3) by the Environmental Protection
Agency (EPA) in "Environmental Standards for the
Management and Disposal of Spent Nuclear Fuel,
High-Level and Transuranic Wastes." a proposed
rule in 40 CFR Part 191 (EPA, 1982; 1984).

The report was prepared for the Nevada Nuclear
Waste Storage Investigations (NNWSI) Project,
which is administered from the DOE's field office in
Las Vegas. Nevada, Data to support out conclusions
are abstracted from a number of formal and informal
reports generated by technical participants in the
NNWSI Project, as well as from a few simple calcula-

* tions that appear in the following sections. The tech-
nical participants who supplied data for this report
are primarily from the U.S. Geological Survey, Sandia
National Laboratories, Lawrence Livermore National
Laboratory, and Los Alamos National Laboratory.
However, the interpretations or uses of data that
appear in this report are those of the authors.

This report is intended, in part, to provide some of
.. e information required to support an environmen-

tal assessment document. If Yucca Mountain is
selected by the DOE as one of at least five sites to be
nominated as suitable for site characterization, the
environmental assessment will be prepared to sup-
port that nomination in accordance with the DOE
siting guidelines(DOE, 1983)andthe Nuclear Waste
Policy Act of 1982 (U.S. Congress, 1983). The ana-
lyses in this report rely on assumptions about the
engineered and site features of a repository that may
differ from those eventually used in the environmen-
tal assessment. Nonetheless, our conclusions are
offered for use by the DOE in its efforts to prepare the
environmental assessment, should Yucca Mountain
be nominated, or for use in its decision not to nomi-
nate Yucca Mountain, should that be the chosen
course. However, our broader objective is to organize
the current understanding of the natural features of
Yucca Mountain in such a way that the reader can
begin to form opinions about the suitability of a site at
Yucca Mountain for isolating nuclear wastes in an
underground repository.

1.2 APPLICABLE REGULATORY
REQUIREMENTS

Only two regulatory requirements are directly
amenable to evaluation in the sole context of natural
conditions at Yucca Mountain, and both require-
ments address the same condition. They are

1. A 1,000-yr pre-waste-emplacement groundwater
flow time from the disturbed zone to the access-
ible environment, an NRC performance objec-
tive for the geologic setting of nuclear waste
repositories,10 CFR 60.113(2) (NRC, 1983).

2. A similar requirement for a 1.000-yr flow time
from the disturbed zone to the accessible envir-
onment, a proposed disqualifying condition of
the DOE listed in its technical guideline for geo-
hydrology, 10 CFR 96Q.4.2.1(d) (DOE, 1983).

1
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Figure 2. Geologic cross section of Yucca Mountain showing the tentative depth of a possible repository in the Topopah Spring
Member of the Paintbrush Tuff.

The 1000-yr flow-time requirement of the NRC is
not rigid, in the sense that mitigating circumstances
thatwould permit compliance with radiological standards
may be sufficient to allow the agency to waive the
flow-time prescription.

Other regulatory requirements must be evaluated
in the context of both natural conditions at a site and
engineered components of a repository constructed
at that site. The contribution of natural conditions to
satisfying these requirements can be assessed only
under certain assumptions about the engineered sys-
tem. In this spirit, we will make the necessary
assumptions explicit in order to evaluate the
expected performance of the Yucca Mountain site
with respect to the following regulations:

1. The annual release rate of any radionuclide
from the engineered barrier system after clo-
sure of the repository shall not exceed 1 part in
100,000 of the total amount of that radionuclide

calculated to be present 1,000 yr after perman-
ent closure. This is an NRC performance objec-
tive for the engineered system. These release
limits are shown in Table 1. Any radionuclide
constituting less than 0.1% of the total release
limit is exempt from this requirement, 10 CFR
60.113(a.1.iiB) (NRC. 1983).

2. Reasonably foreseeable releases of radionu-
clides to the accessible environment shall be
less than the quantities calculated according to
procedures specified in Table 11 of 40 CFR 191.
This is a proposed EPA containment require-
ment, 40 CFR 191.13(a) (EPA 1982; 1984).
These limits are shown in the last column of
Table 1.

3. Releases of radioactive material to the accessi-
ble environment shall conform with generally
applicable environmental standards established
by the EPA. This is an overall system perfor-
mance objective of the NRC, 10 CFR 60.112

3



Table 1. Radionuclide inventory of spent fuel and allowable release of the NRC and EPA.
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(NRC, 1983), taken in this report to be the same
as the above-listed 40 CFR 191.13(a).

4. Radioactive wastes shall be physically separ-
ated from the accessible environment in accor-
dance with the requirements set forth in 10 CFR
60 and 40 CFR 191. This is a DOE system guide-
line, 10 CFR 960.4.1, taken in this report to be
synonymous with the two previously listed
requirements.

The three latter requirements, one by each federal
agency responsible for regulating nuclear-waste dis-
posal, are restatements of a single requirement, i.e.,
to comply with performance standards to be set by
the EPA. The DOE guidelines for expected postclo-
sure performance (10 CFR 960.4-2-1 through 960.4-
2-3) contain three requirements addressing geohy-
drology, geochemistry, and rock characteristics, respec-
tively. These guidelines restate the requirement to
satisfy the postclosure system guideline, 10 CFR
960.4-1 and, by reference, the EPA and the NRC
performance standards. Thus, the entire list of regu-
latory requirements for expected repository behavior
addressed in this report reduces to only three topics:
groundwater-flow time a release rate from the engi-
neered barrier system, and cumulative releases of
radionuclides to the accessible environment.

Other parts of 10 CFR 60,40 CFR 191, and 10 CFR
960 list numerous factors that must be considered in
assessing expected performance of a repository, but
these factors are not requirements. Still other parts
of the regulations list requirements, as well as fac-

tors to consider, for assessing unexpectedly dis-
rupted long-term conditions preclosure performance,
engineering features, or nonradiological con-
cerns. Because this report is limited to discussion of
natural conditions affecting expected long-term radi-
ological performance, these latter concerns are
beyond the scope of our intentions and are not
addressed.

1.3 ORGANIZATION OF THE REPORT
Chapter 2, following this introduction chapter, lists

several general assumptions used for our analyses.
Chapter 3 summarizes current information about site
properties in the context of the proposed DOE techni-
cal guidelines for expected postclosure performance.
The three pertinent guidelines address geohydrology
(Section 3.1), geochemistry (Section 3.2), and rock
characteristics (Section 3.3). In Chapter 4, com-
pliance with the applicable NRC and EPA require-
ments is discussed, drawing from the general site
information presented in Chapter 3. It has three sec-
tions that separately address the NRC requirements
for groundwater-flow time (Section 4.1), limited
releases from the engineered barrier system (Section
4.2), and the EPA requirements for limited releases to
the accessible environment (Section 4.3). Chapter 5
concludes the report with some observations about
how well Yucca Mountain might be expected to
comply with current regulations and about the remain-
ing uncertainties that are the most important to
resolve should site characterization of Yucca Moun-
tain be undertaken.

5



CHAPTER 2. GENERAL ASSUMPTIONS

Several assumptions are necessary for predicting
the expected performance of any repository system.
At this time, the site-specific features of the engi-
neered repository have not been determined, nor has
the nature of the waste or its exact form. In addition,
certain properties and physical mechanisms that
occur at Yucca Mountain, but have not been fully
determined, must be postulated to allow meaningful
analysis of site performance. The broad assumptions
listed in this chapter address these topics from the
perspective of how they will influence the actual
behavior of a repository at Yucca Mountain and, con-
sequently, its prediction. The assumptions are pres-
ented early in the report to provide a background for
understanding the roles and limitations of the var-
ious site features discussed in Chapter 3. as they
might influence site performance, discussed in Chap-
ter 4. These assumptions are also made explicit to
allow proper interpretation of the conclusions drawn
in Chapter 5. The assumptions are

1. A repository will be located in the lower part of
the Topopah Spring Member of the Paintbrush
Tuff at Yucca Mountain along the southwest
edge of the Nevada Test Site (NTS) in southern
Nevada (Figures 1 and 2). This assump-
tion reflects the current preferred siting option
of the DOE for a repository at or near the NTS
and is supported by policy decisions based in

part on reports detailing site-screening activi-
ties (Sinnock and Fernandez, 1982) and evalua-
tions of alternative host rocks (Johnstone et al..
1984).

2. The repository will contain 70,000 metric tons
of heavy metal (MTHM) in the form of about
35,000 canisters of spent fuel that will be 10 yr
old (i.e., 10 yr after removal from its reactor
core) when simultaneously emplaced in the
repository. The inventory of waste assumed to
be present at the time of emplacement is shown
in Table 1.

3. The total area encompassing the waste will be
6.07 x 108 m2 (about 1500 acres), yielding an
initial thermal-power output of about 12-13
W/m2 (about 50 kW/acre) (Jackson et al.. eds.,
1984). assuming that each 10-yr-old MTHM
generates about 1 .1 kW of thermal power (DOE,
1980).

4. No waste will dissolve or otherwise be removed
from the emplacement location until the spent
fuel is either 360 or 1060 yr old (or until approx-

imately 300 or 1000 yr after closure of the re-
pository*). at which times the thermal output of
the waste will have decayed to about 0.15 or
0.05 kW/MTHM, equivalent to about 1.75 or
0.6 W/m 2 (7 or 2.3 kW/acre)(DOE. 1980). This
assumption is based on the requirement by the
NRC in 10 CFR 60.113 (aj1,iiA) that contain-
ment within the engineered system must be
essentially complete for at least 300 yr follow-
ing closure and that complete containment may
not be assumed for a greater period than 1000
yr. Thus, in order to build a repository (i.e..
receive a license) complete containment for 300
to 1000 yr will be a fact of expected perfor-
mance. The inventory of waste calculated to be
present 300 and 1000 yr after closure of a re-
pository is shown in Table 1.

5. All releases of waste from the repository will be
caused by groundwater that flows through the
repository and dissolves the spent fuel. The
uranium-oxide matrix of the spent fuel will dis-
solve at a rate that allows the flowing water to
become saturated with uranium. Other radio-
nuclides in the spent fuel will dissolve congri
ently with uranium on a relative-mass basis
That is at any given time, the ratio of the mass
of uranium to the mass of any other radionu-
clide will be the same in the spent fuel as it is in
the water that is dissolving the fuel.

6. The solubility of uranium will depend on the
local geochemical conditions around the waste
packages. The conditions around the waste
when it begins to dissolve will be similar to
those now occurring in the unsaturated zone at
Yucca Mountain. This assumption rests in part
on assumption 4. which indicated that heat
from the repository will have decayed to low
levels of output and, therefore, will not signifi-
cantly affect repository behavior after the 300-
or 1000-yr period of complete containment.
Accordingly, the solubility of uranium is assumed
to remain constant following the containment
period.

7. The amount of water available to dissolve and
transport waste in the unsaturated zone will be
a fraction of the total water moving through the
repository level. This fraction will depend on the

360 and 1060 yr represent emplacement of 1 0-yr-old spent fu
50 yr of operations through a retrieval period, and 300 and 1OK
yr following closure at the end of the retrieval period
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amount of surface water that infiltrates the
earth's surface, the amount of this infiltration
that penetrates deeply enough to pass through
the repository (i.e., the flux), the total area of the
repository, the portion of this area occupied by
the underground facilities, the spacing and
location of waste canisters within the under-
ground facilities, and the nature of unsaturated
flow including the relationship of flow in the
rock matrix and in fractures.

8. The flow path from the repository to the access-
ible environment will be vertically downward
through the unsaturated zone to the water
table, then horizontally along the water table for
2 or 10 km. These two ends of the flow path are
assumed to be alternative boundaries of the
accessible environment.

9. Water-flow velocity away from the repository
will be equal to the flux divided by the effective
porosity of the materials through which flow
occurs.

10. The transport velocity of any radionuclide along
flow paths away from the repository will be
equal to be the water velocity divided by a total
retardation factor for that radionuclide in the
material through which the water flows. The
retardation factor represents the combined
effects of radionuclide sorption, mineral precipi-
tation and any other mechanism, such as diffu-
sion, that will slow the net migration of waste
species.

11. The decay of radionuclides in time and the
resulting accumulation of daughter products
are assumed to occur in a manner described by
a system of equations, first developed by
Bateman (1910). allowing five members of each
decay chain to be considered. For the neptu-
nium series Pu-241, Am-241, and Ra-225 are
assumed to remain in secular equi-librium with
their parent species. Similarly, for the uranium
series Pu-238, Am-242, Cm-242 Pb-210, and
Ra-226 are assumed to remain in secular equil-
ibrium with their parent species. For the acti-
nium series Np-239 is assumed to remain in
secular equilibrium with its parent species. All
fission products are treated as single-member
chains. Table 1 shows the initial inventory
assumed to be present in 10-yr-old spent fuel
and the calculated inventories after the radio-
nuclides have decayed for 360 and 1060 yr.

Given the general assumptions and boundary con-
ditions listed above, it is not necessary to use sophis-

ticated groundwater flow models or complex
contaminant-transport equations to estimate ra-
dionuclide transport times and amounts at a reposi-
tory site. On the contrary, the assumptions enable a
simple, conservative investigation of the proper
bounds to place on the expected performance of a
repository at Yucca Mountain. In Chapter 4, the
bounds are established under a range of values for
several critical site conditions. Ancillaryassumptions
are necessary for determining the appropriate values
or ranges of values for these site conditions, includ-
ing groundwater flux, sorption coefficients, uranium
solubility and others. The basis for these latter
assumptions will be made explicit in the following
sections. Finally, specific assumptions are necessary
to support the def initions of regulatoryterms such as
"disturbed zone," "engineered barrier system.
accessible environment," and others, as well as

about the specif ic geometrical arrangement of repos-
itory facilities. These assumptions will be made at the
appropriate places in Chapter 4 where they can be
clearly tied to the calculations of performance

A word of caution is in order. The conclusions in
this report are based on current information about
Yucca Mountain. Much of this information is prelimi-
nary. It is commonly limited in terms of either statisti-
cal reliability or understanding of the physical mech-
anisms that act through the site properties. Future
investigations at Yucca Mountain or studies about
nuclear-waste disposal in general may reveal flaws
in the data, assumptions. or analysis techniques
used in this report. To reduce the potential for misin-
terpretation or misrepresentation of site behavior,
we have used and identified, wherever possible, con-
servative assumptions and analysis techniques, i.e.,
those that tend to err on the side of more deleterious
predictions. We have also included calculations based
on ranges of values for site properties wherever
uncertainty is great or where the calculations are
particularly sensitive to the assumed ranges in
values. This paper should not be taken as a definitive
analysis of the capability of the Yucca Mountain site
to meet regulatory requirements. It should be inter-
preted only as a means to place the strengths and
weaknesses of the site in proper perspective. In this
spirit we hope this report will aid the making of
impending decisions about whether an investment in
extended site characterization is justified and, if
characterization is begun, about the data that are
most critical to gather for ensuring compliance with
the applicable regulations for expected long-term
repository performance.
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CHAPTER 3. SITE CONDITIONS

This section outlines the known and assumed
physical conditions relevant for assessing the
expected postclosure performance of a repository at
Yucca Mountain. It is divided into three subsections
addressing, in order geohydrology, geochemistry,
and rock characteristics. These three topics corre-
spond to the three proposed siting guidelines of the
DOE for expected postclosure conditions and pro-
cesses (DOE. 1983). Because the guidelines have not
been published as a final rule, they are subject to
change. For the version current at the time of this
writing each guideline lists a qualifying condition and
several favorable and potentially adverse conditions.
In the guideline for geohydrology a disqualifying con-
dition is also listed, as described in Section 1.2. We
do not attempt to argue whether Yucca Mountain
qualifies under each guideline, nor do we specifically
discuss whether the site has any of the favorable or
potentially adverse conditions corresponding to each
guideline. Chapter 4, which addresses the NRC and
EPA requirements, presents analyses that can be
used to determine whether the site satisfies the
intent of the guidelines for these three topics. This
chapter uses the proposed siting guidelines solely as
an organizing principle for discussing the data and
associated assumptions about the physical condi-
tions at Yucca Mountain, deferring to the following
chapter the analyses needed to judge whether the
site may be expected to comply with regulatory
requirements.

3.1 GEOHYDROLOGY
The movement of water through a repository site is

important for two basic reasons, it sets an upper limit
on how much waste can be dissolved within a reposi-
tory and how rapidly wastes can migrate in solution
toward the accessible environment. The hydro
conditions at Yucca Mountain needed for analyses of
repository behavior are therefore those that will
influence the dissolution of emplaced waste and the
movement of waste with groundwater between the
repository and the accessible environment. At Yucca
Mountain these conditions are determined in large
part by relationships between the hydrologic charac-
teristics of the rocks along the flow paths and the
amount of water moving through the mountain. To
address these relationships, this section first out-
lines the general stratigraphic and structural fea-
tures of the rocks at Yucca Mountain (Section 3.1.1).

and then discusses the amount of water expected to
move through the various rock units and structures
(Section 3.1.2). Finally, these two topics are com-
bined under the dictates of Darcy's law as extended
to unsaturated flow to outline the manner in which
the water flux will move through the Yucca Mountain
environment (Section 3.1.3). Separate subsections
address flow behavior in the unsaturated zone (Sec-
tion 3.1 .3.1) and the saturated zone (Section 3.1.3.2).

3.1.1 Stratigraphic and Structural Setting
The general hydrogeologic stratigraphy of Yucca

Mountain and its relation to groundwater flow paths
are shown in Figure 3. Six general hydrogeologic
units are distinguished by their flow characteristics.
They are from top to bottom:the densely weldedTiva
Canyon unit, the nonwelded Paintbrush unit, the
densely welded Topopah Spring member, the non-
welded vitric Calico Hills unit. the nonwelded zeolitic
Calico Hills unit and the older tuff unit. Tables 2 and
3 summarize the hydrologic characteristics of these
units.

The densely welded Tiva Canyon unit is the caprock
at Yucca Mountain and is densely fractured (Table |
Its matrix-saturated hydraulic conductivity is
low, on the order of 1 mm/yr. Bulk porosity is about
10%. Effective matrix porosity is probably somewhat
less, even under saturated conditions (Thordarson,
1983). This unit occurs entirely above the water
table, and saturation is estimated as dbout 75% on
the basis of laboratory measurements of core sam-
ples (Table 3).

The underlying nonwelded Paintbrush unit is less
de ely fractured and has a matrix-saturated hydrau-
lic conductivity of several millimeters per year. Bulk
porosity is very high, about 45%, and effective poros-
ity is probably also high relative to the densely welded
units..Saturation of this unit is apparently about 55%
based on laboratory measurements of core samples
(Table 3).

The tentative host rock for a repository at Yucca
Mountain is the next lower unit, the densely welded
Topopah Spring unit (Table 2). It is densely fractured
and has a low matrix-saturated hydraulic conductiv-
ity, nearly identical to that of the densely welded Tiva
Canyon unit. Bulk porosity is about 15%, and effec-
tive matrix porosity is assumed to be about 10%.
Saturation, based on both field and laboratory mea-
surements appears to be about 70% (Table 3).

8



Figure 3. General hydrogeologic cross section of Yucca Mountain showing the anticipated flow paths from a potential repository to
the water table and along the top of the saturated zone toward the accessible environment; UE 25pN 1, USW H-4. and USW H 5
denote boreholes used for stratigraphic and water table control points; see Figure 6 for location of the section line.



Table 2. Relation of stratigraphic and hydrogeologic units at Yucca Mountain,



Table 3. Inferred hydrologic properties of the matrix and fractures of the hydrogeologic units at Yucca
Mountain.
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3 (211 ~~~~(2%) ir271 ~o

(per a )fu' nyrl I ierns$i pFrt/r perlyr per/yr

7t1v Canyon Densely 20 36S.900022) 6.003 1.2 2.1 2.?
Welded

paintbrush 5om'elded 1t is 4 0.60? 3.6 2.7 2.4

t Apo~ah Sprlnq Densely 40 3s.oot 241 tl .1.n028 . 1. 1.7 2.1
Welded

Calico Hills (VittIe) S 7S.0O0(241 62 6.0004 2.0 3.4 4.6

calico Hills (e0olt Ic S 7S.S00o 2S) as 0.0004 2.0 3.e 4.a

Older tufts S 20 *s.eoo X $3-6 .0004 - A NA WA
36S.000 0.003

(21) proe Scott at 1. (1983) roundd to nearest S
(22) Asstued equal to saturated opopath Sprfn$
(232 Assued equal to Calico Ktilsl AM Older tuffa
(24) Sepresentative wvalu from well J-13 (Thordarson. 19632
(22) Representattve value from wet 1 J-13 (Thordarson. 1963). x-I. (Bart. 1964)
(261 Aperture. b * (12ps1 3 33 X lol. . * distance between fractures In oeters

ottaln;d frM one divided by fracture density. p a perseabilty In *2 or
2.2 a 11 tss conductivity In rstyr (from Freoes and Cherry, 3979

t27) Calculated effective porosity . fracture density a aperture in slCrons a
30-6

(26) AssuWe all fractures participate In flow where
premeabillty * 3.2 a 10s1 times flux In am/Yr. and aperture is
calculated as per note 26

is designated as older tuff. It occurs exclusively
beneath Ihe water table throughout the Yucca Moun-
tain site. Its top corresponds to the uppermost. mod-
erately to densely welded layers in the Prow Pass or
Bullfrog Members of Crater Flat Tuff (Table 2). It Is
slightly to densely fractured, and matrix hydraulic
conductivities generally fall between those of den'
sely welded and nonwelded units. Bulk porosity is
about 25%. Because this unit is entirely below the
water table, it is fully saturated (Table 3).

Local variation of hydrologic propenies within each
of the units is certain. These variations influence the
details of local flow, but site characterization to date
is not sufficient to reliably map them. Future charac-
terizalion will decrease, but not eliminate. uncer-
tainty about the distribution of heterogeneity within

each unit. However, intraunit variations are almost
certainly less Influential on general flow conditions
than variations among units because the differences
of properties within units are much tess than the
differences among units. For this reason, we con-
clude that the gross behavior of the flow system can
be reasonably approximated by assuming uniformity
within each hydrogeologic unit.

The structural environment at Yucca Mountain
may strongly'Influence groundwater flow through
each of the units, particularly if the amount of flux
through the unsaturated zone is large enough to
cause flow through fractures. Accordingly, the struc-
tural features of primary interest are related to the
distribution, density, orientation, and size of frac-
tures throughout the site. The fractures in turn. are
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strongly related to the block-faulted nature of the
Yucca Mountain area and to the degree of welding of
the stratigraphic units.

Major faults, with up to a few hundred meters of
vertical offset, have created a series of east-tilting
blocks, hundreds to thousands of meters wide and
several kilometers long (Figure 4). The reference
emplacement area is within the informally desig-
nated central block (Figure 4), which dips eastward
about 5° to 8° .This block is bounded on the west by a
large fault zone along Solitario Canyon. To the east it
is bounded by several smaller, closely spaced faults
or fracture sets. The northern edge is defined by Drill
Hole Wash, an informally named canyon along a zone
of possible strike-slip faulting or dense fracturing.

The southern boundary is less well defined, but
generally occurs where the east- and west-bounding
fault zones converge sufficiently to make the block
too narrow for practical extension of emplacement
drifts. Several minor faults with little vertical offset
occur within the central block. The largest is infor
mally named the Ghost Dance Fault (Figure 4). It has
a maximum displacement of about 15 m near its
central point and diminishes to no offset within a few
hundred meters to the north and south.

The major block-forming faults surrounding the
site generally trend just east of north and may serve
as preferential groundwater flow conduits, particu-
larly for horizontal flow in the saturated zone and
perhaps for vertical flow in the unsaturated zone.
Fractures observed at the surface trend predomi-
nantly north to northwest (Scott et al.. 1983). The
density of fractures generally increases with the
degree of welding and is probably somewhat uniform
within each structural block for each stratigraphic
unit Near major faults and local areas of abundant
small faults fracture densities probably increase. As
with intraunit stratigraphic variations, the influences
of local variations in fracture density probably can be
ignored because the effects of major structures and
stratigraphic distinctions dominate the general flow
conditions at the site.

3.1.2 Groundwater Flux
Water that infiltrates at the surface and percolates

through the stratigraphic and structural fabric of the
site determines the unsaturated flow environment at
Yucca Mountain. The amount of deep infiltration
(unsaturated flux) is one of the most important and
favorable aspects of Yucca Mountain when consi-
dered as a repository site. Because the repository if
built, would be situated in the unsaturated zone, the
total amount of water available to dissolve and trans-
port the waste is limited to the amount of deep infil-
tration from the surface.

Several approaches are available to estimate the
amount of unsaturated flux. The first is based on
information about climatic conditions, vegetation,
topography, and soil conditions. Under this approach,
infiltration is calculated by subtracting the amount of
surface runoff plus evapotranspiration from the
amount of precipitation, which increases with eleva-
tion in southern Nevada. Soil conditions, topography.
temperature, humidity, and vegetation are used to
estimate runoff and evapotranspiration throughout
the year. Based on this method, Rice (1984) esti-
mated that infiltration for a large region surrounding
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.,',". .; "Yucca Mountain is less than O.1 inch (-2.5 mm) per;, Sass and Lachenbruch(l 982) estimated that water is
year. though the study area was not small enough to moving downward at a rate of 1 to 10 mm/yr in the
indicate how much less occurs at Yucca Mountain. lower unsaturated zone and upper saturated zone at

SeveraI Investigators have used a similar, though borehole USW G-1 In Drill Hole Wash. For shallow
perhaps less formal, approach which combines con- holes that penetrate only the upper portion of the
siderations of the mass balance between recharge, unsaturated zone beneath Drill Hole Wash. geother-
anddischargeingroundwaterbasins(waterbudgets)',,,;,, mal data suggest a negative (upward) flux of up to

!. '', ' with assumptions about the locations of recharge tens of millimeters per year. These estimates are
based on elevation-determined climatic conditions. ' based on assumptions about the local geothermal
Using this approach. Eakin and others (1 963). Walker flux and generalized data for the thermal conductivity
andEakin(1963),Miffliin(1968L andWaddell(1982) of the stratigraphic units. Given the uncertainties
assumed that no recharge occurs at Yucca Mountain due to the assumptions and generalizations. com-

i- '' ' '.or in similar. nearbyclimaticzones. Rush(1970)used bined with the range of estimated flux for different
'd ',; . . a method devised by Eakin and others (1951)1 to esti- locales. this method is currently unable to determine
,-;; :-mate that less than 3% of the precipitation in the local flux within a narrow range. However, the

Yucca Mountain region infirates deeply enough to geothermal approach does provide independent
recharge the saturated zone at elevations less than.' estimates of recharge that strengthen evidence that
5000 ft (-t1500 im). Blankenagle and Weir (1973) itisverylow.certainlylessthan 10mm/yrandprob.
used the same method to arrive at an estimate that ably less than I mm/yr.
only 2% of the precipitation in the 6000. to 7000-foot The final approach to estimating flux through the
,.1 -800- to 2100-m)elevation range at Pahute Mesa unsaturatedzoneisbasedon measurements of mois-

percolates deeply enough to recharge the saturated ture contents, hydraulic pressures. and effective
; i' zone. Rush's approach (Rush. 1970) provides the hydraulic conductivities of rocks along unsaturated

more conservative basis for establishing an upper, flow paths. This approach provides the most direct
bound for recharge of about 4mm/yr for the 1200-to evidence about unsaturated water flux. For unsatu-
1500-m elevation range at Yucca Mountain. where rated material, openings exert a pull or suction on
precipitation is estimated by Quiring (1965) to be water which is inversely proportional to the size of

-* ' about6to8 in/yr(-150to2OOmm/yr)li.e..recharge the openings. This suction is due to capillary or
I'd is somewhat less than 4.5 to 6.0 mm/yr). On the surface-tension forces. These forces create negative

basis of water-budget evaluations of the regional pressuresthattendtodrawwaterlntotherockmatrix
flow system. Rush assumed. alongwith Waddell and and hold it there. The lower the saturation or the less
the others mentioned above. that the actual quantity water there is in a rock of a given porosity, the greater
of recharge in acre feet from this elevation zone was Is the capillary suction, because at lower saturations
negligible. smaller voids with stronger capillary pull exert the

. She water-budget considerations of all these negative pressure. Therefore, effective hydraulic
investigators indicate that no recharge is required conductivity also decreases as saturation decreases
from Yucca Mountain or similar climatic environ-, Measurementsoncore fromYucca Mountain indi.

* - ments to explain the overall behavior of the regional cate that saturation of the potential host rock, the
flow system. We conclude that reasoning based on Topopah Spring Member. Is about 70% (Blair et al..
climatic information In combination with water- 1984). Substantiating evidence currently is being
budget considerations indicates an upper bound of a obtained from In situ pressure-head measurements
few millimeters per year for the flux through the of -20 to -40 bars (about *20.000 to 40.000 cm of
unsaturated zone at Yucca Mountain. water) for the Topopah Spring Member In hole USW

Two other approaches to estimating unsaturated UZ-1 at Drill Hole Wash just north of the target
flux are based directly on site-specific Information.. . emplacement area (P. Montezar. USGS. personal
One Infers vertical flux from measurements of the communication).Thesesuctionpressurescorrespond
geothermal gradient, the variation of temperature to saturations of less than about 50% to 80% based
with depth; the other infers flux from moisture con- on moisture content-pressure head relations deter-
tents and hydraulic pressures in rocks liftm the mined from core samples by Blair and others (1984)
unsaturated zone. Using the geothermal adroach, (Figure S). The corresponding hydraulic conductive.

ties are of the order of 0.01 to 0.1 mm/yr (Figure 5).
*Metric units are generally used in this repon unless the original Indicating that 0.5 mm/yr constitutes a conservative
dais from previous studies are being described. In these cases upper limit on the flux through the rock matrix at the
rmetire onversmons are provided repository level (Peters, 19841.
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I7~,*, f ¢ i* vwidely distributed fracture flow is a not a credible
4 . ..'process at Yucca Mountain. As a result, the average

I, k - flux is probably limited to avalue equal otohe hydrau.'
tic conductivity of the matrix under the suction heads
of 20.000 to 40,000 cm. corresponding lo saturations
of 85% or less. Though these values are not yet firmly
established for all hydrogeologic units and undoubt-
edlyvarywithin the units, the current data on hydrau-

* ; tie conductivities indicate that the average flux
through Yucca Mountain is probably less than about

> 0.5 mm/yr, or about an order of magnitude less than
the upper end of the range estimated from more:

1*; indirect climatic. water-budget. or geothermal
methods Beforethisconceptualmodeloffluxthrough
theunsaturatedzonecanbefirmlyestablished how-
ever, more widely distributed data are needed for in

*, situ moisture contents, pressure heads, and hydrau-
lic conductivities.

s'* I After water percolates vertically to the water table.
it will mix with the water flowing into the site as
underflow from recharge regions to the north. This
underflow or flux through the saturated zone at
Yucca Mountain has been estimated by Waddell
01982) lo be on the order of 1 O' to 10-6 m0/s for a
1 .m-wide strip of saturated aquifer (Sinnock et at..
eds . 1984). For a spot location at the northern endof
the potential repository area, Waddell (1982) calcu-
lated a flux of about 2 x 10.6 m3 /s/m per meter of
aquifer width; for a spot location just southeast of the

U site, the calculated value is about 5 x 107' m3/S/m.
, Waddell (1982) assumes all flux enters the site as

underflow from recharge areas to the north, primarily
at Pahute Mesa. Though considerable uncertainty is
associated with these estimates because of the
regional scale of the model that produced them, they
are the only ones available and are presented here
without further discussion. In the next section. the

, implications of these estimates are discussed with
respect to attempts to estimate hydraulic conductivi-
ties in the saturated zone.
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QzK'-'A (2)

where 0 is the total volumetric rate of flow, K is the
hydraulic conductivity, Sh/oa is the hydraulic gra-
dient, and A Is the cross-sectional area through
which flow occurs. The flux is the same as 0 for a
unit area of the total area. A.

3.1.3.1 Flow In the Unsaturated Zone
A flow system tends to adjust the basic flow

parameters in a manner that enables the flux to be
transmitted. In contrast to the saturated zone where
the gradient generally adjusts to a minimum slope
required to ensure that the flux is transmitted through -

various rocks, with a differing but fixed conductivity,
the conductivity of a given rock in the unsaturated
zone will tend to adjust to the minimum value
required to transmit the flux under a gradient fixed by
gravity at unity. This can occur because conductivity ,:
changes as the saturation changes, so. in effect.
moisture contents will adjust to yield a conductivity
equal to the flux, given a gradient of 1.

Two types of hydraulic conductivity, matrix and
fracture, are pertinent to understanding water flow
through the unsaturated rocks at Yucca Mountain. If
the flux exceeds the matrix conductivity times the
gradient. flow will be through fractures, which at
Yucca Mountain generally have much higher con.
ductivities and much lower effective porosities than
the matrix (Table 3). Because effective porosities of
fractures are generally low, velocities in fractures
tend to be relatively rapid. The upper limit of matrix
conductivity is set by its valuo under saturated condi-
tions. The saturated matrix conductivity of the Tiva
Canyon. Topopah Spring, and zeolitic Calico Hills
units is about 1 mm/yr (Table 3). It flux is less than
the saturated matrix conductivity, water will tend to
flow relatively slowly through the high effective por.
osity of the matrix. It follows that flux through the
unsaturated zone atYucca Mountain in excess of the
saturated matrix conductivity (gradient2 1) must pass
through fractures, so that flux in excess of about 1
mm/yr would tend lo cause fracture flow through the
densely welded Tiva Canyon and Topopah Spring
units and the nonwelded, zoolitic Calico Hills unit.

However, this excess flux would probably never
exceed a few millimeters per year atYucca Mountain.

*Conventionaiity. ah/O taken to be a neative number because
flow occurs from points of high to low head for convenience we
assume Oh/Of is poshiv nd Oemit the minus sign from the Darcy
equation
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3.1.3 Groundwater Flow at Yucca Mountain
As outlined in Chapter 2. assumption 9. the veloc-

ity of water flow. Vw, In both the saturated and
unsaturated zones is assumed to obey general Darcy
principles, so the velocity is equal to the flux. F.
divided by the effective porosity. n:

Vw zF/n (1)

In the unsaturated zone. n is determined by the mois-
ture content and degree of saturation of the rocks.
This flux cannot exceed, but may be less than, the
amount determined by the general Darcy equation

m.
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averaged in time and space. The fractures in the
densely welded units and zeolitic Calico Hills unit
have a capacity to annually transmit tens of thou-
sands of millimeters of water (Table 3). As a result,
the relatively low flux in excess of the matrix capacity.
were it to occu r, would occupy only a sma11 portion of
the total fracture network, probably that portion com-
posed of the narrowest interconnected apertures
required to transmit the water (Table 3, last three
columns). It is plausible that the small fractures par-
ticipating in the flow for such small excess flux would
behave more like pores in the matrix than the large
fractures required to transmit a large flux in, for
example, a saturated flow system. If the capillary
forces in matrix pores and small fractures were sim-
ilar, exchange of water between the two could occur,
and the fractures would constitute an extension of
the effective porosity of the matrix necessary to
establish a conductivity just suff icient to pass the flux
by "porous" flow. As a result, effective porosity may
not drop precipitously, and may even increase slightly,
upon initiation of fracture flow.

Flux necessary to initiate fracture flow, i.e., greater
than about 1.0 mm/yr. is unlikely, as discussed in
Section 3.1.2. because of the apparent low satura-
tion and corresponding effective conductivity of the
Topopah Spring Member. The preliminary nature and
sparse distribution of saturation and conductivity
data do not allow complete dismissal of a higher flux.
at least in portions of the site not tested for saturation
values. Even for the unlikely event where f lux exceeds
the carrying capacity of the matrix of the densely
welded and zeolitic units, the nonwelded, nonzeolitic
units, with matrix conductivities of several hundred
to a thousand millimeters per year, could pass the
water through pores in the matrix, thereby preclud-
ing significant fracture flow through these units.

If the climate were to change to wetter, pluvial
conditions similar to those about 15,000 yr ago more
infiltration might occur and water might be able to
pass through the fractures after saturating the matrix.
Based on the interpretation of fossil-plant remains
from pack-rat middens, Spaulding (1983) reasons
that pluvial climates at Yucca Mountain were similar
to these now occurring 1000 or 2000 ft higher, anal-
ogous to the present climate on Pahute Mesa. Blan-
kenagel and Weir (1973) estimate that 2% of precipi-
tation or about 1400 acre-ft (-1.7 x 106 m3 ) of
recharge occur there annually in the 6000- to 7000-
foot 1-1800- to 2100-m)elevation range over an area
of 95,000 acres (-3.8 x 108 m2). This is equivalent to
an average flux of about 4.5 mm/yr. Rush (1970)
estimates recharge in the 6000- to 7000-foot (-1800-
to 2100-m) elevation zone to be 7% of precipitation,

which Quiring (1965) estimates to be about 8 to 12
in/yr (200 to 300 mm/yr) yielding a flux of about 14
to 21 mm/yr. This information leads us to a prelimi-
nary conclusion founded on conservative estimates
that no more than 10 or 20 mm/yr of flux would be
available to pass through the unsaturated zone at
Yucca Mountain under wetter climates.

However, high, past flux implies certain logical
consequences that may constrain estimates of the
effects of pluvial conditions on flux at Yucca Moun-
tain. If flux through the unsaturated zone were more
than a few millimeters per year during the last pluvial
episode, which lasted several decamillenia and ended
about 10,000 to 12,000 yr ago (Spa ulding, 1983), the
matrix of the rocks would have been nearly saturated
because of the principles discussed above. When the
pluvial climate ended and infiltration slowed, the rock
matrix would have drained by matrix flow to the level
of saturation observed today. Given the low matrix
conductivity and thickness of the densely welded
units, such a draining process (from nearly 100% to
85% or less saturation) may have required more time
under a prevailing flux than has been available since
the end of the last pluvial episode. Detailed modeling
of this drainage problem at Yucca Mountain has not
been undertaken but it must be considered when
attempting to establish the likely change in flux
through the unsaturated zone due to the potential
onset of another pluvial climate.

Thus, the velocity of flow through the unsaturated
zone and the corresponding water travel times at
Yucca Mountain depend heavily on the flux caused by
deep infiltration. If it is less than about 0.5 mm/yr,
the most likely case, flow probablywill be exclusively
through the pores of the rock matrix, and travel times
through all units will be very long. If the current flux is
higher than presently thought or if it were to increase
in the future, movement of water through the unsat-
urated zone might occur by both fracture and matrix
flow. The north and east portions of the waste-
emplacement area are underlain by the zeolitic
Calico Hills unit, and flow to the water table in those
portions probably would be almost entirely by rapid
fracture flow for flux in excess of about 1 mm/yr.
Flow time in the south and west portions of the
emplacement area would be dominated by slow flow
through the matrix of the vitric Calico Hills unit, even
for credible increases in flux caused by a recurrence
of pluvial climates.

3.1.3.2 Flow in the Saturated Zone
In the saturated zone, almost all flow beneath the

repository site is probably through fractures. The
parameters necessary for determining saturated flow
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'< velocities are expressed by

S,-' :where Vw Is the particle velocit
hydraulic conductivity. I is the
- {ahlall and n is the effective por
from

F

where F. the flux is equal to the I
ity times the gradient.

The horizontal component of th
inthe central and east portions o
well established as about O.0003
of static-water levels in several d
the Yucca Mountain area (J. H. F
sonal communication) (Figure 6)
tions from the regional gradieni
nary data on head variations witi
the saturated volcanic rocks be
finedaquifer because head is nea
the upper few hundred meters i

g , NE~~HLLIS a" ' .: l0 2
AIR FORC;E, ' _in. o~

E~ ~ ~ AG

. f. t~w-4ow -ft"t

I wf I * -

SCALE

Figure 6. Water table consours and *pot
S eiluhdeuntainB BB itwti

- | ts section In Figure 3.

18

�1.

.... . .. . H. , ..... 0 ... .... ........ ....

.,,, . ., ;;, u , i . ;

., .,, ., .: t . % .- , , .

* - ; W - I 0 b 's- / i- ' 5

f . , > tX .-. x,.; . ;: 1,

X . .t vp . - . ., ;.-;

I I

I.: . �,l
. I .. I I � 6 11;�

,. I , .

0
a a � ", ;

I
. j ,

V for water. K Is the
hydraulic gradient

rosityof fractures: orf

hydraulic conductiv-

he hydraulic gradient
I the site is generally
34 from observations
rill holes throughout
Robison. USGS. per.
. though local varia-
t are likely. Prelimi-
i depth Indicate that
have as an uncon-
rly constant through
of aquifer thickness

(J. H. Robison, USGS personal communication).
Deeper in the volcanic section. head may increase, as
Indicated by measurements In drillhole USW H-I.
(Rush et al.. 1983). A carbonate aquifer occurs at a

'-'depthofabout 1400 m in one drillhole. Ue25ptand
'exhibits higher head than the overlying. unconfined
volcanic aquifer (J. M. Robison.' USGS. personal
communication). Thus, a confined aquifer may occur
deep beneath the water tuble at Yucca Mountain. but
recharge from the unsaturated zone should flow
nearly horizontally at the water table along the gra-
dient of the generally unconfined volcanic aquifer.

The effective porosityof fractures. though lesswell
established than the gradient, probably falls within
limits ranging from about 0.0005 to 0.005. These
numbers are based on calculations of fracture aper*
tures required to produce the rock-mass permeability
for a given number of fractures per unit volume of
rock (Table 3). This range is considerably less than
the estimate byThordarsonfi 983) of several percent
for the effective porosity of the rock matrix of core
samples and coincides at its upper end with the value
estimated for fracture-flow systems in tuff by
Blankenagel and Weir (1973).

The range of hydraulic conductivity for rocks along
the saturated flow path Is more difficult to determine.
Carbon.14 ages of groundwater in the vicinity of
Yucca Mountain (Figure 7) indicate that actual
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saturated-flowvelocities are about 1 to5 m/yr(Benson
et al.. 1983). These values yield saturated flow times
of 2000 to 10,000 yr for 10 km. Assuming an effec-
tive porosity of 0.002 and a higher gradient of 0.001
to account for increasing water table levels north of
Yucca Mountain, the groundwater ages suggest that
the average effective conductivity is on the order of
25 m/yr.

A single aquifer test in well J-13 yielded an esti-
mate of 1 m/d (365 m/yr) for the hydraulic conductiv-
ity of the Topopah Spring Member (Thordarson,
1983). which occupies about 30% to 40% of the flow
path of concern (Figure 3). The rest of the saturated
flow path is through the Calico Hills unit or older tuff.
Hydraulic conductivities of these two units have been
estimated from tests of nine packed-off test intervals
in well J-13. The estimates range from 0.0057 to
0.15 m/d (about 2 to 50 m/yr) (Thordarson, 1983)
with a logarithmic average of about 0.01 m/d (about
4 m/yr). Based on aquifer tests in well USW H-1.
conductivities for the Calico Hills unit and older tuff
range from about 0.0002 m/d (about 0.07 m/yr) to
about 2 m/d (about 700 m/yr) (Rush et al., 1983;
Barr 1984). The lower values correspond to tests of
either isolated depth intervals of several hundred
meters occurring 600 m or more beneath the water
table or of composite intervals 1000 m or more thick
and excluding the upper few hundred meters of
aquifer. The higher values from drillhole USW H-1
correspond to the upper 100 m or so of the saturated
zone. The Topopah Spring Member is not saturated
in USW H-1. so no conductivity estimates for it are
available from the general area where waste would
be emplaced.

The well tests show that high conductivity values
of tens to hundreds of m/yr occur only at isolated
depth intervals of single wells. These intervals are
generally near the water table (Benson et al., 1983)
and are probably characterized by unusually dense or
open fractures. Several tests suggest that homo-
geneous conductivity is also limited horizontally to
zones a few hundred meters in extent (Barr 1984). In
conjunction with data on groundwater ages, this
information leads us to conclude that hydraulic con-
ductivities of about 1 to 50 m/yr probably bound the
range of effective values for flow paths greater than a
few hundred to a thousand meters or so.

Another line of reasoning leads to much higher
estimates of effective saturated conductivities.
Because saturated flux through a unit area is equal to
the hydraulic conductivity times the gradient, the
values for conductivity assumed above, 1 to 50 m/yr,
yield a unit flux of about 1 x 10-11 to 5 x 10'10
m3 /s/m 2 for a gradient of 0.00034. According to the

flux estimates of about 2 x 10-6 and 5 x 10-7 m3 /s per
meter of aquifer width at point locations at Yucca
Mountain (Waddell, 1982), the saturated flow regime
would require more than 1000 to over 200,000 m of
aquifer thickness, a ridiculous range, to transmit the
total flux, given a conductivity of 1 to 50 m/yr. Be-
cause the regional gradient is known with relatively
high confidence, the total flux calculated by Waddell
(19821 would require conductivities on the order of
several thousand meters per year. assuming a reas-
onable aquifer thickness of less than a few hundred
meters.

Observations that most flow occurs in intervals
less than 100 m thick, which commonlyare dispersed
only throughout the upper few hundred meters of the
saturated zone (Benson et al.. 1983). mean that
either total aquifer flux is about 10 to 100 times less
than estimated by Waddell (1982) or the hydraulic
gradient times the hydraulic conductivity is 10 to 100
times greater than indicated by groundwater ages
and aquifer tests. We believe that the lower conduc-
tivity estimates based on field data for groundwater
ages and aquifer conductivities represent the situa-
tion at Yucca Mountain better than those inferred
from regional flux estimates. This is because the
regional estimates are based on large-scale model-
ing, which requires very broad assumptions and
generalizations about hydrologic conditions. In con-
trast, the lower estimates of hydraulic conductivity
are based on field data obtained at and near the
Yucca Mountain site. However, even the lower esti-
mates represent a significant capacity to transmit
water.

Even for the low hydraulic gradient observed from
drillholes throughout the Yucca Mountain area, satu-
rated flow velocities are probably still high and satu-
rated flow times to the accessible environment (at the
end of 2- or 1 O-km flow paths) short as a result of high
conductivities and low fracture porosities. If the high
conductivities calculated from drill-stem tests and
regional flux estimates are not continuous along
individual flow paths, the total flux through the satu-
rated zone may be less than currently estimated by
Waddell (1982). In this case, average flow velocity
might be dominated byslowflowthrough interspersed,
less conductive portions of the flow path. This situa-
tion could occur if interconnected, high fracture con-
ductivity is restricted laterally and vertically to iso-
lated zones and the bulk of the gradient drop occurs in
regions between these zones.

Though considerable uncertainty is associated with
the hydraulic conductivity in the saturated zone, it
does not contribute much to uncertainty about total
flow time from a repository to the accessible envir-
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onment if unsaturated flux Is less than about 1
mm/yr. Such low flux through the unsaturated zone
will yield flow times of tens of thousands of years. so
the additional few hundred or thousands of years In
the saturated zone wouldnot significantlyaffect total
flow time even If the accessible environment were to
occur at the end of a 10-km saturated flow path.

In summary, the hydrologic environment at Yucca
Mountain. particularly the unsaturated zone, offers a
highly promising barrier for isolating wastes for very
long times. However, under certain plausible, but
unlikely, conditions of unsaturated flux greater than
the maximum hydraulic conductivity of the matrlx,
currently believed to be about 1 mm/yr. groundwater
flow from parts of the repository to the water table
might be relatively rapid, though the total amount of
water moving through the repository would remain
small, i.e., a few millimeters per year. Only under
such unlikely conditions of flux would the saturated
flow regime contribute significantly to total flow time
to the accessible environment.

3.2 GEOCHEMISTRY
The geochemical information needed for analysis

of repository behavior is that which influences waste
sotubility and radionuclide transport. The geochemi-
cal conditions of primary concern for waste solubility
are the Eh. pH, and dissolved solids of groundwater.
These items are discussed in Section 3.2.1. Condi.
lions that will influence radionuclide transport are
discussed in Section 3.2.2; they determine how
effectively the rocks will be able to retard radionu-
clide migration.

3.2.1 Solubility
Though waste solubility will be affected by elet

vated temperatures caused by radioactive decay of
the waste, it probably will be similar at the close of
the containment period (300 to 1000 yr) to what it
would be under current, ambient temperatures. This
assumption is part of the broader general assumption
given in Chapter 2, assumption 6. It is based on pre-
dictions of temperature histories for a repository In
densely welded tuff (Peters. 1983; Johnstone at at..
1984; Klasi et al.. 1982; Johnson. 1982; Sundberg
and Eaton. 1982) that Indicate temperatures less
than 100C will occur at the wall of emplacement
holes before the end of the containment period, even
If it lasts only 300 years. Because temperatures of
less than 1OOC are not expectedto cause significant
changes in the geochemical environment, we tenta-
tively conclude that decay heat from the waste will
not significantly affect waste solubility. Accordingly,
our analyses of waste dissolution are based on

information about geochemical conditions that cur-
rently exist In the host rock.

No data are available on the chemistry of water
from the target emplacement horizon because of the
difficulty of obtaining water samples from the unsat-
urated zone. However, chemical analyses of water
samples from tuffaceous aquifers in and around the
site have been made (Benson et al., 1983). Assuming
that water in these aquifers reached Its present
chemical condition, at least in part, because it passed
through rocks In or similar to those in the unsatu-
rated zone at the site, the dissolved solids in the
unsaturated zone should be similar to those in the
saturated zone. Extrapolating the pH and, particu-
larly, the Eh of the water from the saturated zone to
the unsaturated zone Is more difficult to justify.
Therefore, the following discussion of water chemis-
try at Yucca Mountain should be interpreted cau-
tiously in light of the uncertainties associated with
the correspondence between unsaturated and satu.
rated conditions.

Generally, the water at Yucca Mountain is benign
in terms of its inherent capability to dissolve nuclear
waste in either glass or spent fuel forms (Kerrisk.
1984). The content of dissolved solids is generally a
few hundred parts per million, predominantly sodium
cations and bicarbonate anions (Table 4). The pH is
nearly neutral (pH a 7) to slightly alkaline (pH < 8 or
so) (Benson et al., 1983). Estimates of the Fh suggest
that oxidizing conditions up to about 700 mV may
occur. These estimates are based on an assumption
that free oxygen Is available from the atmospheric
gases in the unsaturated zone and that the liquid
water is saturated with oxygen.

Under these conditions the water at Yucca Moun-
tain is geochemically suitable as an excellent source
of drinking water. Its potential reactivitywith emplaced
waste would, by analogy, be similar to the corrosion
occurring when a drinking glass is filled with aerated
water from a typical kitchen faucet. During the long
time desired for containment of the wastes In a repos.
tory. such rates would, of course, slowly dissolve

some of the waste: the analogy Is made only to point
outthatwater atYucca Mountain is not, In any sense.
an unusually corrosive agent.

The solubility of uranium has been calculated by
two geochemical models of equilibrium reactions
using as a basis for computation the chemical char.
acteristics of water from the saturated zone near the
site (see data forWe'lt J-1 3. Table 4) and on assumed
oxidation and pH states (Figure 8). Wolfsberg and
others (11982) and Daniels and others (11982) used the
EQ3 model (Wolerym 1979) to estimate uranium solu-
bilities alone and in the presence of plutonium.

.: .. \ - .
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Table 4. Chemical composition of water samples from selecteddrill holes in thevicinityofYucca Mountain
(from Benson et al., 1983).



limited by the solubility of uranium. This assumption
Is probably conservative because some waste spe*
cies have lower solubilities than uranium (Kerrisk.
1984) For species with higher solubilities than uro.

* nium, including cesium and technetium, both the
kinetic limitations on dissolution rates In flowing
water andthe generally homogeneous distributionof
many of these species in the spent-fuel matrix are
likely to slow effective dissolution rates to values
more nearly congruent with uranium (Kerrisk. 1984.
Braithwaite. 1984) Some species with higher solu.
bilities than uranium may be somewhat segregated
in the spent fuel. including carbon In the zircalloy
cladding. iodine in the gaps between the fuel and
cladding, and cesium in the fuel itself.

The oxidizing nature of the groundwater is a poten.
* tially adverse condition at Yucca Mountain that

requires special attention However, the low flux of
water, in combination with potentially reducing

. environments provided by steel and zarcalloy in the
engineered barriers, will, in all likelihood, adequately
compensate for the ambient oxadizing environment

3.2.2 Radlonuclide Retardation
In terms of potential effects on radionuclide trans-

port, the geochemical environment is. perhaps. one
of the most favorable aspects of the Yucca Mountain
site. Assuming that groundwater flow. in conjunction
with hydrodynamicdispersion, sets anupper limit on
the velocity for dissolved radionuclides to move away
from a repository. geochemical and related physical
interactions among the wastes. groundwater. and
surrounding rocks can only enhance set. pertor.
moance by slowing radionuclide movement. Processes
such as mineral precipitation. Ion exchange. absorp.
tion. and adsorption will slow the movement of rfd.
lonuclides relative to groundwater fow. The charac-
teristics of the rocks at Yucca Mountain aro highly
conducivoe o all these retardation processes. Though
the differences among these processes are rco-
nized. their combined eftecs on r*dionuclide m-
ment are commonly teferredto in this roportas retar-
dation. recogniing that the term sorption is generalty
reserved for a specific subset of reactions.

As mentioned In Chapter 2. assumption 10. the
velocity of radsonuctide movement relative to ground-
water movement through the rod matrix Is obtained
by a retardation factor. Ad. For a paticuar radionu-
dide. I assuming equilibrinum conditions:

.~~~~~~~~~~ '

which depends on the rocd and the radionuclide. The
average velocity for a particular radionuclide, V1. is
then

VI a Vw/Rcd (8)

where Vw Is the average particle velocity of water.
The relatively high porosity of the tuff units (Table

3). combined with the generally small size of the
pores, offers a large surfacO area for geochemical
and phcal interactions between the rock and mov-
fn radionuclides. At least In part because of this
structural fabric, sorption of radionuclides by the
tulls at Yucca Mountain. independent of mineralogi-
cal composition will In all likelihood be very high.
Values for the sorption ratio. Kd(expressed in ml/.
are generally more than 100 for catlonic waste spe.
cies. including cesium. strontium, plutonium. omeri.
cium. bariusm and tin (Table 5). for aninic species.
such as technetium, iodine, and carbon, sorpiton
ratios are generally tow. i.e.. less than 1. and may be

Table 6. Representative sorption ratios. KdLs of
selected radonucltdes In the matrix materials of
different rodc units at Yucca Mountain (fromn Daniels
et a. 1982; 1983).
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where r Is the bulk density of the rod and n Is the
effective porosity, and Kd is the sorption ratin
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zero (Table 5). Some radionuclides, including ura-
nium and neptunium, are retarded by sorption values
greater than 1 but less than 10 (Table 5).

For densely welded tuff with a density of about 2
g/ml and an effective matrix porosity of about 10%,
radionuclide velocity will be on the order of 0.05
times the groundwater velocity for a Kd of 1. For a Kd
of 100. the radionuclides will move about 5 x 10.4
times the velocity of water. For nonwelded tuff, rad-
ionuclide velocities will be about 0.2 and 0.002 times
the velocity of water for Kd's of 1 and 100, respec-
tively, assuming a density of 1.5 and a porosity of
30%.

Thick zones composed predominantly of zeolite
minerals occur below the potential emplacement
horizon in portions of the Calico Hills unit and the
older tuff. Zeolites have abundant cations available
for exchange plus a peculiar, open, crystal-lattice
structure that allows access for waste species to
regions deep within the lattice. Partly because of
these peculiarities, zeolites have a greater capacity
for sorption than many other minerals. Several waste
elements have Kd's of more than 1000 in the Calico
Hills unit (Table 5) so the rocks below the emplace-
ment horizon may slow the velocity of cationic waste
species moving with matrix-water flow by a factor of
20,000 or more relative to groundwater flow velocity.

For flow through fractures, less rock is in direct
contact with moving water; hence, direct retardation
by sorption is less effective than for flow through the
matrix. A retardation factor for sorption in fracture
flow is given by Burkholder (1976) whereby

Rd, = 1 + AKa, (9)

where A is the ratio of surface area to void volume
along fractures through which flow occurs, and Ka is
an expression of Kd in terms of ml/cm2 of reactive
surface area. Assuming that fracture surfaces are
smooth (i.e., have no roughness coefficient), A, con-
servatively, is equal to 2 divided by the width of the
fracture, and the retardation factor for species i
becomes

Rd = 1 + (2Kai/b) (10)

where b is the fracture aperture width (Freeze and
Cherry, 1979). This results in much less effective
sorption for a given radionuclide in fracture flow than
in matrix flow. For example, minerals along fracture
surfaces would need Kd's of about 500 to retard
radionuclide movement by a factor of only 2, assum-
ing that Kd's from laboratory tests were calculated on
the basis of 1 of sorbing minerals possessing about

50 m2 of surface area (Daniels et al., 1982) and that
fracture apertures are about 10 um wide (Table 3).
Similarly, Kd's of 5000 and 50.000 would retard rad-
ionuclide movement in fractures by factors of about
10 and 100. respectively. If the apertures are nar-
rower or wider, the retardation by direct sorption
along the fractures would proportionally increase or
decrease, respectively.

Effective retardation along fractures is likely to be
much greater than actual retardation provided by
sorption alone. The potential for diffusion of waste
species along a concentration gradient into the rock
matrix from solutions moving through fractures may
significantly delay radionuclide movement (Neret-
nicks, 1980; Neretnicks et al., 1982; Rasmuson and
Neretnicks. 1981; Walter, 1982; Grisak and Pickens,
1980). The generally high porosity of the tuffs at
Yucca Mountain provides a large reservoir of storage
space for waste species moving through fractures,
even if the contaminated water in the fractures does
not itself move into the rock matrix. Rather than a
true retardation of radionuclide movement relative to
fluid flow, this process will cause a transfer of waste
mass from fluid in the fractures to fluid in the matrix.
It will continue until the storage space in the matrix,
determined by sorption equilibrium concentrations,
is filled. Once in the matrix, the waste species will
move with the porous water flow, subject to retarda-
tion by sorption. In effect, the radionuclides initially in
the fractures are thereby "retarded" relative to frac-
ture flow and fracture sorption.

In the tuffs at Yucca Mountain, this diffusion pro-
cess will in all likelihood significantly compensate for
rapid water flow and less effective sorption within
fracture-flow systems. Diffusion will occur in the
unsaturated zone under the unlikely case that the
water flux exceeds the carrying capacity of the rock
matrix and fracture flow occurs. Diffusion will also
contribute to retardation in the saturated zone, where
fracture flow is dominant under prevailing condi-
tions. In the unsaturated zone, chemical diffusion
due to concentration differences will be strongly
accentuated by water advection along a hydraulic
gradient as discussed in Section 3.1.3.1. The process
also will significantly retard anionic or nonsorbing
cationic species such as carbon, technetium, and
iodine, thus strongly compensating for the lack of
sorption of these species.

Diffusion into the rock matrix has been quantified
for some rocks along the flow paths at Yucca Moun-
tain (Travis et al., 1984). That study substantiates the
conclusion that diffusion is potentially a significant
mechanism for retarding the net movement of rad-
ionuclides relative to water-flow velocities in frac-
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tures. Travis and others showthat diffusion may pro.
vide delay factors of several hundred for nonsorbing
species and several thousand for sorbing species. In
summary. ample evidence indicates that the geoe
chemical conditions at Yucca Mountain will strongly
inhibit the movement of radionuclides toward the
accessible environment by both sorption anddiffusion.

3.3 ROCK CHARACTERISTICS
The rock properties relevant for assessing reposi-

tory behavior generally are related to the changes
caused by repository development in the ability of the
rock to transmit water toward and away from waste
and the changes in water chemistry that might affect
waste solubility. For the purposes of this report, these
properties are restricted to the thermal and mechani-
cal properties of the rock matrix and exclude existing
structures such as fractures, faults. and straitgraphic
features These laiter types of rock-mass features are
addressed under geohydrology (Section 3.11 In the
context of their effect on groundwater movement and
its prediction. For this discussion the rock character-
istics of primary concern are thermal conductivity.
thermal expansion, and rock strength.

The vertical and lateral extent of rocks with proper-
ties amenable to accommodating the effects of repos.
itory construction and heat from the waste is another
concern for rock characteristics. The variability of
rock properties within a rock mass is an issue for
siting only insofar as the range In properties exceeds
some threshold of acceptability in terms of specific
performance requirements. The greater the spatial
extent of a rock mass with a set of properties within
these thresholds, the greaterwill be the flexibilityfor
relocating waste emplacement areas during design
or construction should it become necessary to avoid
some local, undesirable rock conditions. Mansure
and Ortz ( 1984) addressed this concern and con-
cluded that considerable flexibility in the placement
of waste is provided by the lateral extent of the host
rock. We assume that emplacemrentwilloccur within
the area outlined in Figure 1. Alternative options for
the location of waste emplacement are not consi-
dered in this report, though there Is no currently
known reason to restrict waste emplacement to that
area. It is further assumed that the thermal and
mechanical properties of the host rock are relatively
uniform throughout the emplacement area.

Current knowledge of the thermal and mechanical
properties of the densely welded Topopah Spring
Member indicate that the host rock will adjust to
reposhory-Induced perturbations without causing
significant changes In Isolation capabilities. The ther.
mal conductivity of the host rock is about 2 W/m C

(Johnstone et Al.. 1984). This Is sufficient to transmit
heat from the waste rapidly enough to keep rock
temperatures below 1000C a few meters to a few
tent of meters away from the waste canisters for
emplacement densities up to about 25 thermal W/m 2

(100 kW/acre) (Figure 93) (Johnstone et al.. 1984;
Peters 1983: Kbasi et at.. 1982: Johnson. 1982;
Sundberg and Eaton, 1982). The actual emplacement
density is expected to be much lower than 25 W/m 2

as indicated in assumption 3. Chapter 2 and evatu-
ated for Figure 9A. Thus. In support of the assump-
tion discussed In Section 3.2. the effects of repository
heat on waste solubility. even at unrealistically high
emplacement densities, are not expectedto be signif-
icant after the containment period.

In the context of the natural stress environment at
Yucca Mountain and the shear strength of densely
welded tuff. additional stresses caused by thermal
expansion should cause little or no new fracturing of
the rock mass surrounding a repository. Shear
movement along existing fractures should be limited
to rocks within a few meters of the emplacement
drifts (RE/SPEC. 1982; Johnstone et al.. 1984).

Zeolite minerals, which occur in abundance in por-
tions of the Calico Hills unit 50 m or more beneath the
potential emplacement horizon, tend to dehydrate
with Increasing temperature. Temperatures in the
highly zeolitic rocks are expected to peak at about
851C 1000 yr after repository closure, thus always
remaining below temperatures that would induce
significant shrinkage of minerals and attendant
changes in fracture apertures (Figure 10) (Johnstone
et al.. 1984; Klesi et al.. 1982: Smyth. 1982). As a
resuet. little or no change is expected in the hydro-
logic properties of the host rock or surrounding units
due to fracturing from either construction of a reposi.
tory or heat generated by radioactive decay of the
waste.

Even if fracturing caused by heat were to occur, the
changes probably would have negligible effects on
water movement through the already fractured rocks
in the unsaturated zone. This follows from the dis-
cussion in Section 3.1.3. where it was shown that the
amount of water moving through fractures depends
on the relation between the matrix hydraulic conduc-
tivity and total water flux. Neither the hydraulic con-
ductivity. density, nor the tocation of fractures will
greatly influence the partitioning of water flow
between the rock matrix and the fractures; therefore.
neither the amount nor the velocity of water reaching
or leaving the repository should be noticeably afIected
by creation of new fractures or the opening or closing
of existing fractures. For the portion of flux, If any.
moving through fractures, flow velocities probably
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A) Initial thermal output of
-13 W/m 2 (50 kW/acre)

B) Initial thermal output of
-25 W/m2 (100 kW/acre)

500

1500

I I

Figure 9. Vertical temperature profiles for a repository 800 m deep in densely welded tuff of the Bullfrog Member (see Table 2);
ambient temperature at the current reference depth of about 350m in theTopopah Spring Member is about 20 degrees C less than at
depths assumed for the calculations (see Part A). so temperatures above and below a repository at 350 m would be about 20 degrees
less than shown by the profiles (modified from Klasi et al.. 1982).

ISO

Figure 10. Temperature projections 50 m below a repository in
the densely welded Topopah Spring Member from Johnstone et
al.. 1984)
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will be rapid because of low fracture porosity. Any
changes in fracture apertures or density would tend
to change effective fracture porosity. Depending on
the number and size of fractures transmitting the
water before the changes, such changes mayor may
not affect the velocity of water movement. Such
changes. In any event, would occur only within a few
tens of meters. at most, around the wastes and would
have negligible effects on total flow time between the
repository and the accessible environment.

The potential liberation of water under heating of
mineral, especially zeolites that make up some of the
tuffs of Yucca Mountain. may increase the volume of
freely moving liquid water in rocks several meters
from the waste. However. zeolites only occur tens of
meters below the repository horizon where temperaJ

ture Increases and the associated amounts of liber-
ated water are expected to be small. Near the waste.
pore water would tend to be driven outward from the
waste during the period of increasing temperatures
(Pruess and Wang. 19831. During cooling. this water
may migrate back toward the waste, eventually tees
tabtishing the level of saturation that existed before
waste emplacement. Thus, by the close of the con-
tainment period (300 to 1000 yr). the geochemical
and hydrologic environments are expected to be sim-
itar to those now occurring. As a result, we do not
explicitly account for potential changes in ambient
conditions induced by repository activities for ana-
lyses of performance described In the following
chapter

6

26



CHAPTER 4. PERFORMANCE IN RELATION TO
REGULATORY REQUIREMENTS

I

This chapter describes results of calculations of
groundwater flow times, waste-dissolution rates,
and releases of radionuclides at the accessible envi-
ronment under a range of conditions for groundwater
flux past the wastes in a repository at Yucca Moun-
tain. The chapter is organized to address the distinct
performance objectives of the NRC and the EPA.
Groundwater flow time is addressed in Section 4.1
and compared to the NRC 1 000-yr requirement. Sec-
tion 4.2 addresses the ability of the site to comply
with the NRC requirement for an annual release rate
from the repository of less than 1 part in 100,000 of
the curie content of individual radionuclides. Section
4.3 uses the release rates presented in Section 4.2 as
a source term for calculations of radionuclide trans-
port to the accessible environment by water move-
ment as established in Section 4.1. Most transport
calculations use only sorption as a geochemical-
retardation mechanism. The results of transport cal-
culations are discussed in terms of the EPA release
limits.

All calculations were done by a computer program
developed by J. P. Brannen andY. T. Lin. The program
has not been verified formally, but spot comparisons
of its output with the results of manually performed

analytical exercises have been made and show
agreement. Description of the theoretical basis for
the calculations is presented in Appendix A. The pro-
gram is listed in Appendix B.

4.1 GROUNDWATER FLOW TIME
Analyses in this section address the NRC perfor-

mance objective for the natural site; that is, the
requirement for a prewaste emplacement, groundwater-
travel time of 1000 yr from the disturbed zone around
a repository to the accessible environment (NRC,
1983). Results from these analyses may also be
interpreted to assess whether Yucca Mountain pos-
sesses the disqualifying condition for geohydrology
listed in the DOE siting guidelines (DOE, 1983).

At this time, the boundaries of neither the dis-
turbed zone nor the accessible environment are
clearly defined. We assume that the disturbed zone
extends downward from the repository no farther
than the base of the densely welded portion of the
Topopah Spring Member (including the vitrophyre
which occurs near its base). The thickness beneath
the repository of the disturbed zone defined in this
manner is shown in Figure 11 Band varies from more
than 100 m in the east to just under 50 m in the west.

Figure 11. Contours of the thickness of unsaturated rock beneath the proposed repository area; Parts and C represent component
thicknesses of the total thickness shown in Part A (from IGIS, 19841

27



As discussed in Section 3.3. temperatures at the
edge of the disturbed zone where it has a minimum
thickness of 50 m will reach a maximum of about
85 C about 1 OQ0yr after emplacement of the waste.I This compares to an ambient temperature of about
30' to 401C at the base of the Topopah SpringMember. The NRC defines the disturbed zone as the
fegion aroundiasrepository where changes causedby
repository development would Significantly affect
radionuclide transport (NRC. 1983). Because no
mechanisms have been identified thai suggest how
an increase intom bient temperature ft4O' to ut5C
or less would significantly alter the transport of ra-
dionuclides. particularly in the unsaturated zone. this

Ze MemTh NRCdefinition of the disturbed-zone boundary provides a
q. riconservative basis for calculating groundwater travel

times
We assume three cases for the definition of the

accessible environment All art based on definitions
proposed by the EPA The first case (Case A) is based
on an unpublished working draft of 40 CFR o91 (EPA.
1984). which can be interpreted to require the
accessible environment to include the saturated
aquifer immediately beneath the repository. Though
we believe this is an unnecessarily restrictive defani.
lion, considering the historical land-use control at
the Nevada rest Site and more economical access to
water supplies from the same aquifer in the basins
immediately surrounding Yucca Mountain. we use it
as a conservative case The flow path of concern for
this case is composed of only the vertical. unsatu-

rated flow from the base of the denselywelded tuff to
the water table. i.e.. flow through the unsaturated

Calico Hills unit (Figure 3). In detail, the actual path to
the aquifer underlying the host rock may include
some verical or inclined flow through some unde-
termined thickness of poorly transmessive rocks just
below the water table or some inclined, tortuous, or
locally lateral flow in the unsaturated zone. For sim-
plicity. however, we conservatively assume for Case

?b A that the water table (actually. the composite poten-
tiometric surface observed as static water levels In

K. wells) constitutes the accessible environment and
coincides with the top of a horizontally flowing.

I, unconfined aquifer in the saturated portion of the
Calico Hills and older tuff units. The thickness of the
unsaturated zone beneath the disturbed zone, as
defined, varies throughout the Yucca Mountain site

t<,~an genetrall exrce osredas stat (iguIc Panter Weelsi

assume the flow path of concern for Case A Is cam-
posed of 100 m of the unsaturated Calico Hills unit.

> ~~and generally exceeds 100 m({Flgure 1 1,Pant C). We

This is a conservative assumption because the
1OO-in thickness of unsaturated Calico Hills unit
occurs where the thickest section. more then 100 m,

.ii

I

of unsaturated Topopah Spring unit underlies the
potential repository (Figure I1),

The second case for defining the accessible envi-
ronment(Case B) is based lsoon the working draft of
40 CFR 191 (EPA, 1984). For this case the boundary
of the accessible environment is assumed lo occur
2 km In a horizontal direction from the waste-
emplacement area. For our analyses we interpret this
to mean that the accessible environment occurs in
the saturated zone at the end of a 2 -km flowpath. The
flow path of concern for this case is composed of
vertical flow to the water table, described for Case A.
ptus 2 km of horizontal flow in the saturated zone
(Figure 3) Assuming that the 2 km of horizontal dis-
tance corresponds to 2 km of flow path means that
we take no credit for tortuous saturated flow.

The third case (Case Cl is based on the published,
proposed version ot 40 CFR 1 91 (EPA. 1982). This
case assumes the accessible environment is located
10 km horizontally from the waste emplacement
area We treat the distinction between Cases B and C
by assigning a 200-yr flow time in the saturated zone
to Case 8 and a 2000.yr flow time to Case C. Though
the different flow times in the saturated zone for
Cases B and C are generally intended to address
alternative definitions of the accessible environment.
they also may be interpreted to encompass uncer-
tainty in flow time for a path of fixed length caused by
uncertainty about hydraulic conductivity and effec-
tive porosity.

Results of groundwater travel-time calculations for
all three cases and for the most likely flux of less than
1 mm/yr through the unsaturated zone are shown in
Figure 12, Calculations of flow time solely through
the unsaturated zone (Figure 12. Case A) are based
on Equation I in Section 3.1.3. An effective porosity
of 0.1 was used to provide a conservative basis for
flow velocity through the matrix material of the zeo-
litic Calico Hills unit. Flow time Is obtained simply by
dividing the velocitybythe flowdistance of 100 m. As
pointed out in Section 3.1.2, fluxthrough the unsatu-
rated zone probably is limited to a value equal to the
hydraulic conductivity under observed moisture ten-
sions of more than 20.000 cm. We assume the
unsaturated conductivity Is equal to the flux because
the gradient is 1. Therefore, values for flux used for
the unsaturatedpart of the flowpath (Figure 12, Case
A) may be conservative for values greater than a few
tenths of a millimeter per year. Ifthe flux, as expected
(see Section 3.1.2). is less than 0.5 mm/yr.
unsaturated-flow time will exceed 20.000 yr; it will
exceed hundreds of thousands of years If the flux is
less than about 0.1 mm/yr (Figure 12). Under
expected conditions, then, flow time Is well in excess
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obtain total flow time to an accessible environment 2
or 10 km away from the repository (Figure 12, Cases
B and C, respectively).

The scale of the plot in Figure 12 does not allow
much discrimination between Cases A and C, or
especially Cases A and B. so total flow times for
Cases B and C are essentially the same as for Case A.
Accordingly, total flow time to an accessible envi-
ronment 2 or 10 km away from the repository (Cases
B or C) would be dominated by flow to the water table
under expected conditions of flux through the unsat-
urated zone. Uncertainty about the total flow time is
not sensitive to either definition of the accessible
environment or to uncertainty about saturated flow
conditions (Cases B and C)

Figure 13 shows groundwater travel times for the
unlikely event that flux through the unsaturated zone
exceeds 1 mm/yr. In this event, the flux would
exceed the hydraulic conductivity of the matrix of the
zeolitic Calico Hills unit, and this unit would be
unable to pass all the water through matrix pores.
The water in excess of about 1 mm/yr would be

it encountered a zone, assumed to be a fracture,
FLUX THROUGH THE UNSATURATED ZONE (mm/yr) where the vertical conductivity is sufficient to pass

12. Fastest groundwater flow times from the disturbed the excess flux vertically to the water table.The vitric
he water table (Case A). to the end of a 200-yr saturated Calico Hills unit is able to vertically transmit all
(Case B). and to the end of a 2000-yr saturated flowpath unsaturated flux up to several hundred millimeters
all cases based on a likely flux through the unsaturated per year through the matrix, so flow times from por-

ess than 1 mm/yr. tions of the repository above the vitric unit would

1000-yr requirement, even if the accessible remain more than 10,000 yr even if flux exceeded
nment occurs at the water table immediately 1 mm/yr. To move vertically through the zeolitic
h the repository (Figure 12, Case A). Calico Hills unit, water in excess of about 1 mm/yr
all conditions of flux through the unsaturated would have to move down fractures with effective
low time in the saturated zone is assumed to porosities much lower than the matrix (assumed for
constant of either 200 yr (Case B) or 2000 yr calculations to be 0.001 compared to 0.1 for the
). Flow time in the saturated zone, Ts, was matrix). Flow time would be reduced correspond-

mined by considering the site properties ingly. The effects of this unlikely condition are shown
sed by the equation: in Figure 13 where the travel times for flux of up to

20 mm/yr are plotted.
Figure 13 indicates that groundwater flow time to

(11) the accessible environment is very sensitive to
whether flux through the unsaturated zone can be
transmitted by the matrix or whether it must move

D is a flow distance of 10 km; K is the saturated through fractures. If some flow in the unsaturated
lic conductivity of either 30 or 300 m/yr and zone is entirelythrough fractures, flowtime along the
ants alternative bulk-rock-mass conductivities; fastest path to the accessible environment, i.e..
hydraulic gradient of 0.00034; and n is an through the zeolitic Calico Hills unit, would be domi-

re fracture porosity of 0.002. The saturated natedbysaturatedflow(Figure 13,Cases B and C).In
times used for generating Figure 12, 200 or this event, the accessible environmentwould have to

yr, are similar to the values of 196 and 1961 yr occur several kilometers, perhaps the full 10 km,
ated using Equation 11. They were simply horizontally from the repository for the site to meet
to the unsaturated flow time for Case A to the 1 000-yr flow-time requirement. As flux through
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the unsaturated zone Incroases, total flow time
approaches flow time for the saturated zone alone.
Accordingly, the value of effective hydraulic conduc-
tivity In the saturated zone Is a major source of uncer-
tainty about the total flow time If flux In the unsatu-
rated zone exceeds the hydraulic conductivity of the
matrix (compare Cases B and C. Figure 13).

In summary. it appears that the Yucca Mountain
site easily satisfies the NRC and DOE requirements
for a 1000-yr groundwater flow time to the accessi-
ble environment under the most likely conditions of
flux through the unsaturated tone. This Is true
whether the accessible environment were to occur at
the water table or at the end of either a 2- or 10-km
flow path in the saturated zone, because flow time is

likely to be dominated by slow percolation of water
through the rock matrix In the unsaturated zone.
Under unlikely conditions of unsaturated flux of more
than about 1 mm/yr, flow time through the saturated
tone would be the major component of total flow
time.

The t mm/yr value for flux, above which signifi-
cant fracture flow would occur, generally corre-
sponds to the saturated hydraulic conductivity of the
Topopah Spring and zeolitic Calico Hills units.
Because the actual transition value varies within
each unit and among differentunits. intervalsof local
fracture flow may be Interspersed with intervals of
local matrix flow. More widely distributed data are
needed on both the vertical and the horizontal com-
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ponents of both saturated and unsaturated effective
hydraulic conductivity of the rock matrix to allow
more accurate characterization of this transition
value throughout the unsaturated zone at Yucca
Mountain.

4.2 WASTE-DISSOLUTION RATE
The performance objective addressed in this sec-

tion is the limit on annual releases of waste from the
engineered barrier system. The NRC codified this
objective by setting a limit on predicted releases of 1
part in 100,000 of the inventory of each radionuclide
constituting at least 0.1 % of the total waste inventory
calculated to be present 1000 yr after closure of the
repository (Table 1). The engineered barrier system is
defined by the NRC to include the waste package and
the underground repository facilities (NRC, 1983).

Barriers to releases will be provided by waste
packages and, for spent fuel, will include the uranium
oxide itself, zircaloy cladding, stainless steel canis-
ters necessary for waste handling, and any specially
designed materials placed between the canisters and
the emplacement holes in the rock. For disposal in
the unsaturated zone, such packing materials might
be designed to include air gaps that will inhibit by
capillary processes the movement of water toward
and away from the waste (Fernandez and Freshly,
1984; Winograd, 1981; Herzog et al.. 1982; Rose-
boom, 1983). Artificial drainage channels might be
designed within the underground facility to divert
flowing water away from waste-emplacement areas
(Roseboom, 1983). Other designed barriers might
include some volume of rock around the waste pack-
ages and emplacement drifts. This volume will most
likely be determined by a planned zone of sufficient
heating and commensurate drying of the rock to
cause moisture gradients that inhibit movement of
liquid water toward the wastes (Pruess and Wang,
1983; Evans and Huang, 1983; Roseboom, 1983).

Compliance with the NRC's release limits will
eventually be assessed by giving proper considera-
tion to engineered barriers. The design details of
these barriers are not available, so we cannot estab-
lish the outer boundaries of the engineered-barrier
system or the expected behavior within these bound-
aries. This leads us to adopt a conservative
approach whereby no engineered barriers are
assumed to be in effect and releases from the
engineered-barrier system are controlled solely by
the natural features of the site and the solubility of
uranium, which constitutes most of the spent fuel.

Release rates are determined for this report by
assuming that some part of the water intercepting
the waste-emplacement area will contact the spent

fuel and become saturated with uranium. We assume
three cases for determining that amount of water:

1. All water flowing vertically to an area defined by
the cross-sectional area of vertical emplace-
ment holes will interact with the waste. This
case is based on emplacement of 35,000 canis-
ters about 65 cm in diameter in 35,000 holes
100 cm in diameter drilled into the floors of
emplacement drifts. It leads to an assumption
that 0.25% of the total flux passing through the
repository level will interact with the waste.
This case is slightly conservative in that 35,000
holes 100 cm in diameter would occupy some-
what less than 0.2% of the total repository area
of about 6 x 106 m2 .

2. All water flowing vertically to an area defined by
the cross-sectional area of horizontal em-
placement holes will interact with the waste.
This case is predicated on emplacement of mul-
tiple canisters in long, horizontal boreholes
drilled into the walls of mined tunnels. It leads to
an assumption that 2.5% of the total flux will
interact with the waste. This percentage is also
slightly conservative because a typical canister
for spent fuel is 300 cm long, yielding a total
intercept area of 105,000 m2 for 35,000 canis-
ters placed in holes 100 cm in diameter. Com-
pared to a total repository area of about 6 x 106
m2 , this means that about 1.75% of the verti-
cally moving flux would intercept the emplace-
ment holes. Even if emplacement holes were
twice as wide as the canisters (Jackson et al.,
1984), only about 2.3% of the water flux would
intercept the emplacement area.

3. All water flowing vertically to the area of mined
openings will interact with the waste, a very
conservative assumption in that some mecha-
nism, currently unforeseen, would be required
to concentrate flow as it moves through the
repository. According to current information,
quite the opposite would probably happen. Open-
ings created by the repository, even if backfilled,
would tend to act as capillary barriers, thus
diverting flux away from, rather than into, exca-
vated areas (Fernandez and Freshly, 1984). This
case conservatively assumes that mining of
repository drifts will remove about 25% of the
rock at the level of the underground facilities.
Thus, the total amount of water available to
dissolve waste for this case is assumed to be
25% of the total flux passing through the reposi-
tory horizon.
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Simply, the three cases used for calculations are
that 0.25%. 2.5%, or 25% of the water flowing
through the repository level will interact with the
waste. All three cases require some mechanism as
yet undiscovered, that would allow liquid water in the
unsaturated zone to pass through voids in the waste
emplacement holes so that contact with the waste
canisters could occur. Thus, all three cases provide a
highly conservative basis for estimating potential
releases from the engineered-barrier system.

As outlined in Chapter 2, assumption 8. and des-
cribed in Section 3.2.1. we assume that releases into
the water are controlled solely by the solubility of
uranium, which as an oxide makes up the matrix of
the waste. We used a value for uranium solubility of
4 x 10-4 kg/m 3 of water to encompass current uncer-
tainty about the actual value in the oxidizing envi-
ronment that will exist near the wastes (see Section
3.2.1). The presence of zircaloy cladding, steel canis-
ters, and packing materials may lower the Eh of water
actually contacting the waste, resulting in lower
solubilities. Because dissolution rates are assumed
to be directly proportional to both uranium solubility
and the amount of water contacting the waste, the
three cases listed above for determining this amount
may be construed also to represent three cases of
uranium solubility for a given volume of interacting
water. For example, if 2.5% of the total flux were to
contact the waste, Case 1 would represent a uranium
solubility of 4 x 10 5 kg/m3 ; Case 2,4 x 10-4 kg/m3 ;
and Case 3. 4 x 10-3 kg/m3.

The cladding and canister materials will tend to
delay the penetration of corrosive surfaces to the
waste itself, perhaps for thousands to tens of thou-
sands of years in the low flux environment at Yucca
Mountain (Oversby 1983, McCright et al., 1983;
Wilson and Oversby 1984). Other waste-package
components, such as air gaps, will inhibit contact of
incoming water with the waste as well as inhibit
movement of water carrying dissolved radionuclides
away from the waste. Lower effective solubilities
than we assume in this report are likely because of
these engineered features as well as kinetic factors
such as the development of weathering rinds around
the unaltered spent fuel and rate-limited dissolution
in droplets of water that may quickly run along the
surface of the waste form. In addition solubilities of
many waste species, such as americium and pluto-
nium, are less than for uranium (Kerrisk, 1984).
Unless considerable separation of waste species
from the fuel matrix has occurred, species with solu-
bilities higher than uranium probably will not be
released to solution until the uranium matrix dis-
solves enough to allow water contact with individual

particles of these species (Braithwaite, 1984). The
rate of dissolution of uranium thus constrains the
individual dissolution rates of these species, assum-
ing they are not significantly concentrated on
exposed surfaces of the spent fuel.

Though we cannot precisely identify the actual
conditions that will occur at the water-waste contact,
these conditions should tend to slow dissolution
rates relative to those determined solely by the solu-
bility of uranium. By allowing water to overcome
capillary barriers and begin dissolving the wastes
and by assuming releases are based on a high solubil-
ity for uranium, we are being highly conservative,
perhaps to the point of seriously overestimating
waste dissolution in a repository at Yucca Mountain.
However, such an approach can point to the unique
qualities of the site, independent of engineered fea-
tures, which will contribute to waste containment

Results of our calculations for expected flux
through the unsaturated zone of less than 1 mm/yr
are shown in Figures 14 and 15. Figure 14 shows the

FLUX THROUGH THE UNSATURATED ZONE (mm/yr)

Figure 14. Annual volume of water contacting all of the waste in
the repository and the corresponding total amount of waste
dissolved for a uranium solubility of 4 x 10 4 kg/M3 of water as a
function of flux up to 1 mm/yr through the unsaturated zone;
Cases 1, 2. and 3 represent different amounts of total flux
interacting with the waste (see text). the three cases also may be
interpreted to represent order-of-magnitude variations in uranium
solubility for a single amount of interacting water.
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FLUX THROUGH THE UNSATURATED ZONE
(mmyr)

Figure 15. Annual mass-fraction of radionuclides dissolved at the
repository by flux through the unsaturated zone of less than 1
mm yr. Cases 1, 2. and 3 represent different amounts of the total
flux interacting with the wastes (see text).

annual volume of water contacting the waste and the
corresponding mass of dissolved waste for the three
cases of presumed contact area. Figure 15 shows the
ratio of the annually dissolved mass to the total mass
of waste in the spent fuel. This ratio is nearly con-
stant in time and does not significantly depend on the
period of complete containment. Figure 15 indicates-
that annual releases will constitute only about 1 part
in 108 of the total mass of the spent fuel, even under
the highly conservative case where 25% of a total flux
of 1 mm/yr is assumed to interact with the waste. For
unlikely flux values up to 20 mm/yr, which encom-
pass and probably exceed credible amounts of flow-
ing water that might be caused by climatic changes,
the annual mass releases would still be less than 1
part in 106 (Figure 16).

Annual release rates, in terms of mass fraction, R.
were calculated from

(12)

FLUX THROUGH THE UNSATURATED ZONE
(mm/yr)

Figure 16. Annual mass-fraction of radionuclides dissolved at the
repository by flux of up to 20 mm/yr; Cases 1, 2. and 3 represent
different amounts of the total flux interacting with the wastes (see
text)

where q is the annual volume of water contacting the
wastes in m3, Su is the solubility of uranium in kg/m3,

mu(t) is the total mass in kg of uranium in spent fuel at
lime t, and G(t) is a function representing the history
of containment. Assuming congruent leaching, the
fractional release of mass for individual radionu-
clides is the same as for uranium (see Equations 10
through 14, Appendix A). Because the mass of ura-
nium is dominated by U-238 with a half-life of nearly
5 billion years, the fractional release rate is essen-
tially constant in time, assuming q and su are con-
stant and G(t) equals 1. This constancy holds only
when q times su is very small compared to mu(t), so
mass loss of mu(t) is negligible over the time period of
concern. Because uranium mass in the spent fuel is
essentially constant for the flux and uranium solubil-
ity used in our calculations, any arbitrary total mass
of the spent fuel, as a function of time less than about
1,000,000 yr, yields essentially the same fractional
release rate. We arbitrarily chose uranium mass at
10 yr after removal from the reactors it = 10 yr from
Table 1) to calculate fractional releases.

33



* Ifri

�

Ii�
I-.

V

�J.

�8,*A,:

4*

0

I " 1, -1� .. I
,.I,-.. *1.

.1 , 1. , 4:'.. 7 i ",

.. . i :�
. . I 0 :

6 -

a - 0 -I.
0

figure 17 expresses the mass-dissolution rates fewwwilhavesl ghtflawsthatallowsmallamountsOf
a nother way. In this figure the total time required to waste to escape a s soon as water contacts thefcafnisi
dissolve all spent fuel in a repository is plotted for the ters. As time progresses. more packages are likely to
likely range of flux. i.e., up to 1 mm/yr. This figure fail(i.e.. bgin releasing their contents) until the max
suggests that billions of years would be required to Imum rate, determined by uranium solubility. Is
dissolve all the waste in a repository if current condi. reached. This process of progressively decaying con-
tions prevailed. Of course, site conditions will tainment may berepresentedbyG(t)InfEquationf12.
change. perhaps dramatically, over such long times describing a constant failure rate that Is the recipro-
and the wastes will have decayed to insignificant cat of the time during which 63% of the canisters
levels of radioactivity. The predicted total leach times have failed, referred to as the mean time-to-failure.
are shown only to indicate the very slow releases The corresponding release rate would be propor-
expected during the next tens to hundreds of thou. tional to a cumulative distribution in time (see
sands or perhaps millionsof years duringwhich con. Appendix A. Equation 93. Because we do not know
ditions will probably remain grossly similar to those theproperdescriptlnof waste-package performance.
occurring today we chose a simple exponential distribution with a

Release rates shown in Figures 14 through 17 are mean time-to-failure of 10.000 yr. a conservative
based implicitly on an assumption that all waste timerequiredtocorrodethestalness steelcanisters
packages fail instantaneously, simultaneously, and and zircaloy cladding that will surround and protect
completely, i.e.. release wastes to the limit set by the spent-fuel matrix.
uranium solubility. This is represented mathemati. Figure 18 compares the trends of fractional release
cally by assigning a value of I to G(t) in Equation 12. A rates of waste mass for progressively decaying waste
more realistic scenario is that most packages will packages and for waste packages that are 100%
completely contain all wastes for a given time but a effective until complete failure 300 or 1000 yr after
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Figure 17. total time required to dissolve all waste In a repOsItory
at Yucca Mountain if current conditions prevaIl; Cases 1. 2. and 3
represent different amounts of the total flux interacting with the
wastes (see text)

FIgure il. Annual mass-fraction a waste dissolved as a tunct on
oftime by2.5 tof totalfluxof . rnm/yr for 300. ond 1000Yr
waste packages and packages with an exponentially encreasing
loss of containment.
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repository closure. Though all radionuclides will
begin to dissolve earlier than for waste packages that
achieve complete containment for 300 or 1000 yr,
the early mass releases caused by progressive failure
will be negligible because of the initial limited failure
rate. If complete containment for 300 or 1000 yr were
achieved in conjunction with subsequent progres-
sive failure, initial mass releases might be limited to a
few percent of releases from instantaneously failing
packages (Figure 18). Mass releases would then
remain lower until several tens of thousands of years
after closure, when they finally would converge with
release rates determined solely by uranium solubil-
ity. In short, progressively decaying waste packages
may allow releases to begin sooner but will limit
them to levels well below those based on either 300-
or 1000-yr waste packages for several decamillenia.

The concept of progressive waste-package decay is
based on understanding of the likely site conditions
at Yucca Mountain and does not rely on any special
engineered features other than those that already
exist i.e., zircaloy cladding, or are necessary to han-
dle and emplace the waste in a repository, i.e., a steel
canister. The behavior of these materials in the low
flux through the repository will probably restrict
releases from the waste packages to some kind of
distribution, such as the assumed exponential distri-
bution. The exact form of the leaching model for
Yucca Mountain remains to be determined.

We adopted an approach for Figure 18 that assumed
some canisters would partially fail immediately after
repository closure. This approach is likely to overes-
timate early releases because the thermal field
around the wastes may prohibit flow away from the
emplacement holes for several hundred years. In
addition, voids within the emplacement holes will
probably act as effective capillary barriers that will
prohibit water from moving from the rock to the
waste canisters. As a result, Figure 18 is not intended
as a projection of actual releases stemming from an
actual set of waste packages that will be emplaced at
Yucca Mountain. Rather, the purpose of Figure 18 is
to point out that the expected releases from the re-
pository will probably be less than indicated by adopt-
ing an unrealistic assumption that all waste pack-
ages fail completely and simultaneously either 300
or 1000 yr after repository closure. The likely corro-
sion rate of canisters in the low flux at Yucca Moun-
tain makes such failure modes highly unrealistic.

Figures 14 through 18 show annual fractional
releases of the total mass of the waste in spent fuel
and cannot be compared directly to the NRC release-
rate limits, which are expressed in terms of curies. To
compare annual curie release rates tothe NRC limits,

the annual mass releases in kg/yr of individual ra-
dionuclides must be multiplied by the specific activity
expressed as Ci/kg. This number, in Ci/yr, can then
be divided by the NRC release-rate limit for each
radionuclide given in Table 1 to assess how well the
Yucca Mountain site is expected to comply with the
NRC requirements.

Figure 19 shows curie release rates for individual
radionuclides and the integrated rate for all radionu-
clides normalized so that the NRC limits are set to
equal 1. This figure is based on an unrealistic
assumption that waste dissolution begins imme-
diately after closure of the repository and continues
unabated except by the solubility of uranium and the
volume of water contacting the waste. Two-and-one-
half percent of a total flux of 0.5 mm/yr is assumed to
react with the waste. The releases shown on Figure
19 are unrealistically conservative during the early
times when releases of short-lived cesium and stron-
tium would be near the NRC release limits. By 300 yr
after closure, a conservative initial time for any
releases, these fission products would be reduced by
radioactive decay to the extent that they would be
released at only one thousandth of the release-rate

TIME AFTER CLOSURE (yr)

Figure l9) Ratio of the NRC release-rate limits of curies dissolve
at the repository by 2 % of a total flux of 0.5mm/yr; release ratios
shown for individual radionuclides (lower curves) and all radio-
nuclides in combination (upper curve).
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limit. Curium-244 also would be released at rela ,; . .

tively high rates during the first 100 yr after closure,
assuming no containment, because of Its high spe.
cific activity, In combination, these three radionu. -- --- - - - ---------

clideswould dominate the earlytotal releases shown
by the upper curve on Figure 19 if no containment
period were in effect.

After about 400 yr. total release rates would ;
remain nearly constant for at least I million yr. indi-
cating the negligible effect that complete contain-

ment for an arbitrary period longer than about400yr''
K # would have on eventual release rates. The'longer-

term. nearly constant total release rate, about one
thousandth of the sum of the NRC limits for Individual.
radionuclides. would be dominated for about 10.000
yr by long-lived isotopes of carbon, cesium. techne-
tium. zirconium. tin, plutonium, uranium, americium,
neptunium, and curium. Each of these elements
would contribute more than 1% to the total release
rate vis-a-vis the NRC limits. Retease rates of several:,
nuclides. including C-14. Pu-239, Pu-240. Pu-242, '.

Cm-245. Am-241, Am-243, and Cm-246. would s o 'Ct
TIME AlftEAl ctosut lif

decay to negligible levels during the first 100.000 yr
following closure, whereas release rates of U-233. Figure 20. Ratio of the sum of NRC release tate limnls for

Ra-225, Ra-226, Pb-270andTh-229 would increase individual radionuclides of total curies dissolved at the repository
Ra-225 Ra-26, Pb-1 0. nd Th229 wold inrease by 2.5% of a total flux of 0.5 mm/yr for 300- and i000.yr waste

to more than 1% of the total by I million yr after packages nd packages with an exponentlally increasing toss of

closure. Several nuclides. including Ni-59.1-129, U- containment.

235. and Pu-242 would never exceed more than
about 0.1% of the total release rate. In nocase would I
the release rate of a single radionuclide exceed one
ten-thousandth of the NRC limit during the first mil- L .

lion years. The relatively large releases of zirconium,
plutonium, and americium nuclides shown on Figure
19 probably overstate likely releases, because these
elem6nts will probably be much less soluble than

.~ . uranium in a repository environment at Yucca Moun-
tain (Kerrisk, 1984). Our assumption that they will | '

leach congruently with uranium results in projected
releases that do not account for their low solubilities. e

The ratio of total-curie releases to the sum of the
NRC limits for individual nuclides is shown in the
upper curve of Figure 19. Figure 20 compares this

J.} measure or300-yr. 1000-yrandexponentiallydecay- d

ing waste packages. Any of these forms of waste o

package behavior would limit the Initial high release < ' m r

r. rates Indicated on Figure 19 to levels well below the - - * :

NRC limits by prohibiting or Inhibiting releases of

Fe r short-lived nuclides. FIgute 21. Rafti to the EPA limhts of total Curies dissolved at the

Yet another way to express expected performance repositorybyatotelfluxoftupto I mm/r;threeseasesfordiflerent

at the repository is shown in Figure 21. This figure smountsof thetotillfluXContactingthewaste erelrepresentedby

. plots a three-dimensional representation of the ratio the three vertical axes of the graph Poltvortical axis for Case I or
-of cumulative curtos distolved and remaining in sol 0.25% of 5he total flux. fight axis for Case 2 or 2.5%. and resr axis

of cuulatve cuies issoved ad reainin In olu. forCase 3 ot 26%k plot assumnes complete containment for 300yr

tion at any given time to the EPA release limits as a and ccounttaor the dcayoffli deloatfeivty after the westes have

function of the likely range of flux through the unsat- dissolved.
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urated zone. For more likely cases where 0.25 or
2.5% of the total flux would contact the waste (see
left and right axes, respectively, on Figure 21), the
total curies outside the waste packages at any point
in time would remain less than a few percent to a few
tenths of a percent of the proposed EPA release lim-
its. For flux less than 1 mm/yr and complete con-
tainment for 300 yr (the basis for Figure 21), total
curies remaining in solution will never exceed the
EPA cumulative release limits, even if 25% of the
total flux interacts with the wastes (rear axis, Figure
21). Figure 21 indicates that low flux through the
unsaturated zone at Yucca Mountain will ensure
slow enough waste dissolution that compliance with
the EPA standard would probably occur even if the
standard were applied at the repository itself.

In summary, it appears that even without engi-
neered barriers a repository at Yucca Mountain
would easily comply with the NRC requirements for
slow releases of wastes from the engineered-barrier
system. If engineered barriers were considered,
including specially placed capillary barriers, steel
canisters, zircaloy cladding, repository drainage sys-
tems, and heat-induced moisture gradients, only an
insignificant amount of water, or no water at all,
would contact the waste. Actual release rates, there-
fore, are likely to be negligible. Simply, the amount of
water flowing at Yucca Mountain is so low that
release rates, in all likelihood, will be very slow and
well within the limits set by the NRC.

4.3 RELEASES TO THE ACCESSIBLE
ENVIRONMENT

The EPA will provide the environmental standards
against which predictions of repository performance
ultimately will be judged. The current proposed
standards limit the total curies that may be released
to the accessible environment during the next
10,000 yr, as discussed in Section 1.2 (EPA, 1982;
1984). The allowable releases are expressed in cur-
ies per 1000 MTHM (Table 1).

To address these standards we assumed that all
waste dissolved at the repository, as established in
Section 4.2, is transported from the disturbed zone
toward the accessible environment by groundwater
moving at rates established in Section 4.1. Flow
within the disturbed zone is also considered, consis-
tent with the EPA proposed regulations, which do not
recognize a distinction based on the disturbed zone.
Optional locations of the accessible environment are
assumed to be the same as defined for groundwater
travel time i.e., at the water table and at the end of
200 and 2000-yr flow paths in the saturated zone.
Geochemical retardation is assumed to slow radio-

nuclide movement relative to groundwater flow accord-
ing to the principles discussed in Section 3.2.2.

The values of retardation used for individual rad-
ionuclides are shown in Table 6. These values were
applied to all rock types occurring along two flow
paths through the unsaturated zone considered in
our analyses (Figure 3). Matrix retardation was used
for all portions of flow paths through the vitric part of
the Calico Hills unit for all conditions of flux, and
through the zeolitic Calico Hills unit for flux less than
1 mm/yr, the likely threshold value for matrix flow.
For flux greater than 1 mm/yr, fracture retardation
was used along all portions of the flow path passing
through the zeolitic Calico Hills unit. The matrix
values on Table 6 generally correspond to the lowest
sorption value listed on Table 5 for rock types occur-
ring along the flow paths of interest; the fracture
values were calculated from the lowest sorption
values This procedure provides a simple, but conser-
vative, basis for calculating radionuclide transport
through the rocks at Yucca Mountain

4.3.1 Bounded Releases to the Water Table under
Expected Site Conditions

Figure 22 shows the calculated ratio of curies
released at the water table during the next 100,000
yr to the EPA's release standards for flux up to 1
mm/yr. This figure indicates that no releases to the
accessible environment should occur during the
1 0,000-yr period of compliance with the EPA stand-
ard, even if the accessible environment occurs at the
water table directly below the repository. A reasona-
ble upper limit on flux of 0.5 mm/yr (see Section
3.1.2) is highlighted on Figure 22. Figure 23 shows
cumulative releases from the repository (upper line)
and to the water table (lower lines) for this flux,
including the contributions of individual radionu-
clides to releases at the water table. The area
between the upper curve and lower set of curves on
Figure 23 represents the isolation potential provided
by the unsaturated zone.

For 0.5 mm/yr flux, groundwater travel time from
the disturbed zone to the water table will be about
20,000 yr(Figure 12). Itfollows that no radionuclides
would reach the water table forabout30,000yrafter
closure of the repository (Figures 22 and 23). The
additional 10,000 yr represents a 300-yr period of
complete containment within the waste packages
and, more significantly, groundwater travel time
from the repository to the edge of the disturbed zone.
The disturbed zone is defined as in Section 4.1 to
occur at the base of the vitrophyre about 50 to 100 m
below the proposed repository level (Figure 11).
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Table 6. Sorption values of radionuclides in tuff matrix, Kd, and fractures Ka and corresponding
retardation factors, Rd. used for calculations of radionuclide movement relative to groundwater flow.

(1) Unless otherwise indicated, distribution coefficients were inferred from soption ratios given by Daniels et al.
(1992 1983).

(2) Inferred from midrange retardation factor for tuffs in compilation by Krauskopf Table 7-1. National Research
Council (1983).

(3) Barium used as chemical analogue for radium (Daniels et al.. 1983).

(4) Calculated from Kd using surface area given by Daniels et al. (1982).

For a conservative assumption that 2.5% of the
total flux would interact with the waste (right-hand
axis Figures 22 and Figure 23). total cumulative
releases for a flux of 0.5 mm/yr during the next
100,000 yr would constitute only about 10(one mil-
lionth) of the allowable releases. However, cumula-
tive releases are the basis of compliance with the
EPA standards only during the first 10,000 yr follow-
ing repository closure. We concur with the National
Research Council (1983) that the curie release limits
based on population dose as proposed in the current
EPA standards, are not ideal surrogates for estimat-
ing health effects cause by a repository. However, if
the standards must be used, a more reasonable sur-
rogate for assessing the potential hazards after
10,000 yr would be the total curies remaining in the
accessible environment, not cumulative curies re-
leased to it. This alternative measure of hazards
accounts for decay of radioactivity and thus approxi-
mates the potential health protection required by the
EPA standards for time periods in excess of 10,000 yr.

Figure 24 shows curies remaining in solution in
the saturated zone during the first 100,000 yr

assuming a flux of 0.5 mm/yr. The cumulative curies
released to the accessible environment from Figure
23 are shown on Figure 24 for comparison. Only two
radionuclides, 1-129 and C-14, are projected to reach
the water table in the first 100,000 yr after repository
closure (Figures 23 and 24). The 1-129 is the domi-
nant contributor to the minuscule total releases
because, by assumption, it is unretarded and its half
life, about 17 million years, is much longer than the
period for which the releases were calculated. The
initial inventory of 1-129 in 1000 MTHM of 10-yr old
spent fuel is about 33 Ci whereas 1000 Ci are
allowed to be released during the first 10,000 years
after closure (Table 1). Thus, the only radionuclide
calculated to be released in discernible amounts
never exceeds the release standards, even at the
time of emplacement in the repository. Carbon-14,
the only other nonretarded species, will arrive at the
water table simultaneously with iodine, about 30,000
yr after closure for a flux of 0.5 mm/yr. However,
because its half life is about 5700 yr, it will decay to
insignificant levels soon after it arrives (Figure 24).
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TIME AFTER CLOSURE (yr)

Figure 22. Ratiotothe EPA limitsof total cumulative curies reach-
ing the water table during the 10,000 yr after repository closure for
flux through the unsaturated zone of up to 1mm/yr; three separate
vertical axes show release ratios for three cases of the amount of
the total flux contacting the wastes (see text); the three axes also
may be interpreted to represent order-of-magnitude variations in
uranium solubility for a single amount of interacting water. heavy
line accentuates expected upper bound on flux of 0.5 mm/yr;
300-yr waste packages assumed.

Though no sorption was used in our calculations
for either iodine or carbon both elements may be
slightly to significantly retarded by other processes
Carbon-14 will probably be retarded to some degree
by exchange with existing carbon in carbonate min-
erals, principally calcite, which occur in slight
amounts along the flow paths below the repository
level (Spengler et al., 1981). Zeolites, which occur in
abundance below the repository level. may effec-
tively sorb iodine as indicated by research to deter-
mine how to remove iodine from the effluent streams
at reprocessing plants (National Research Council
1983, pp. 40).

No waste species with matrix retardation values
greater than about 3 are projected toreach the water
table within the first 100,000 yr after repository clo-
sure. Such species include all other radionuclides
considered in our calculations (Table 6). Even Tc-99,

Figure 23. Ratio to the EPA limits of total cumulative curies and
curies of individual radionuclides reaching the water table (low
curves) and total curies dissolved at the repository and remaining
in solution (upper curve) during the 100,000 yr after repository
closure for a total flux of 0.5 mm/yr and contact with the waste of
2.5% of this total flux (see right hand axis, Figure 22); the total-
curie curve corresponds tothe line accentuating 0.5 mm/yr flux on
Figure 22; 300-yr waste packages assumed.

with an assumed Kd of only 0.3 and a corresponding
retardation value for matrix flow of about 7, would
not arrive at the water table for about 210,000 yr
(30,000-yr flow time multiplied by its retardation fac-
tor of 7) for the expected, upper bound on flux of 0.55
mm/yr. It follows that Tc-99 will only move about
about 7 m from its emplacement location in the
10,000 yr during which the EPA standards apply.
This assumes homogeneous flow in the unsaturated
zone and a representative distance of about 300 m
from the repository to the water table (Figure 11).
Because Tc-99 has a half life of about 200,000 yr,
enough of the initial inventory will remain when it
arrives at the water table that it will contribute to the
small accumulating releases.

Table 7 shows the half lives, arrival times at the
water table, and travel distances for 10,000 yr for
each radionuclide calculated in the same manner as
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contaminant plumes below individual waste canis-
ters. Dispersion and diffusion of radionuclides into
the remaining portion of the rock mass would act to
reduce concentrations by forming spreading contam-
inant plumes between the repository and the water
table. These phenomena may slow the average veloc-
ity of downward radionuclide movement. Diffusion in
the immediate vicinity of the waste packages will also
tend to reduce solubility-limited dissolution of the
waste below the rate that we estimated by assuming
full saturation of the entire volume of interacting
water with uranium. The amount by which dissolu-
tion rates will be slowed will depend on the relative
effects of diffusion away from the waste surface and
convective water flow to, along, and away from the
waste surface (National Research Council, 1983, pp
50; Kerrisk, 1984).

Because groundwater travel time is so long for low
flux, the difference cumulative releases to the water
table due to 300- or 1000-yr periods of containment
in the waste packages would be negligible. Similarly
the additional isolation provided by transport through
the saturated zone would significantly affect neither
the time of initial releases nor the amount of total
releases to the accessible environment. This would
be true whether saturated flow were 200 or 2000 yr
or whether the accessible environment occurred 2 or
10 km from the repository. Further, the effects of
radionuclide retardation will begin to affect releases
only tens to hundreds of thousands of years after
closure, longer than the period of required com-
pliance with the EPA standards. Geochemical retar-
dation will serve primarily to delay release of the
actinides until they have decayed sufficiently to pre-
vent a significant buildup of radium in the accessible
environment. Though apparently not necessary for
compliance with the EPA regulations, which apply
only during the first 10,000 yr, geochemical retarda-
tion in the tuffs at Yucca Mountain will provide a
significant barrier to longer-term waste movement
between the repository level and the human
environment.

In summary, it appears, for very conservative
assumptions about site conditions, that a repository
at Yucca Mountain will isolate nuclear waste from
the human environment for tens to hundreds of
thousands of years. No radioactivity from the reposi-
tory will migrate even to the water table immediately
beneath the repository for about 30,000 yr, far longer
than the period for which compliance with the regu-
latory release limits must be demonstrated. Then
very minor amounts of radioactive carbon and iodine
may reach the water table, followed more than
100,000 yr later by small amounts of technetium.

Finally, millions of years hence, long-lived actinide
may begin to appear at the water table, producing
minor amounts of contamination that are caused, in
part, by the decay of the actinides to radium. This final
source of residual contamination would be essen-
tially negligible, however, because of the slow decay
of radium parent species, mostly U-238, that survive
the long transit time through the unsaturated envi-
ronment at Yucca Mountain.

The results shown on Figures 22 through 24 and
Table 7 represent conservative judgments about the
expected performance of site conditions at Yucca
Mountain. These results are used in the following
subsections as a baseline for comparing perfor-
mance under less likely, but possible, site conditions
The next five subsections address, in order,

1. The effects of fracture-flow (Section 4.3.2)
2. The effects of different waste-package con-

tainment periods on releases under fracture-
flow conditions (Section 4.3.3)

3 The effects of different retardation mechanisms
on releases under fracture-flow conditons (Sec-
tion 4.3.4)

4. The influence of different definitions of the
accessible environment on releases under
fracture-flow conditions (Section.4.3.5)

5. The effects of a combination of nonconservative
site conditions, engineered barriers, and regu-
latory definitions (Sections 4.3.6).

The variation of different system elements is
stressed for fracture flow because for matrix flow
their effects are far less significant, given the very
long time before any releases could occur, as dis-
cussed above.

4.3.2 Unlikely Scenarios Involving Fracture Flow
This section addresses the projected performance

of a repository at Yucca Mountain under unlikely flux
conditions that could cause water to flow rapidly
through fractures in the unsaturated zone. As dis-
cussed in Section 3.1.3 and analyzed in Section 4. 1, a
threshold of flux necessary to sustain fracture flow
occurs rather sharply at a value generally corre-
sponding to the saturated hydraulic conductivity of
the rock matrix. For both the Topopah Spring and
zeolitic Calico Hills units, this threshold value is
about 1 mm/yr. Flux greater than this value probably
will move through fractures in most portions of these
two units. Because the threshold value for the vitric
Calico Hills unit is nearly 1000 mm/yr, matrix flow
should persist in this unit for any conceivable
situations.
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As a result, flux greater than 1 mm/yr would cause
three types of pathways to the water table, one char-
acterized by fracture flow and the other two by matrix
flow. The three pathway types are shown schemati-
cally on Figure 25. The fracture-flow pathway (Path
A) would transmit the flux in excess of 1 mm/yr
through the Topopah Spring and zeolitic Calico Hills
units and would occur where the zeolitic Calico Hills
unit underlies the repository. For our analyses the
zeolitic Calico Hills unit is assumed to underlie 60%
of the total repository area, or about 3.6 x 1 06 m2. The
first matrix-flow pathway and second overall path-
way(Path B) are geometrically coincident with Path A
and would transmit the flux of up to the threshold for
fracture flow of about 1 mm/yr through the Topopah
Spring and zeolitic Calico Hills units. We assumed a
representative flow distance to the water table of 150
m for the geometrically coincident fracture and
matrix flowpaths through the Topopah Spring (50 m)
and zeolitic Calico Hills units (100 m). The second
matrix-flow pathway and third overall path (Path C)

would transmit all the flux through the portion of the
repository underlain by the vitric Calico Hills unit, an
area of about 2.4 x 10 m2. From the repository to the
base of the Topopah Spring unit, this portion of the
site would be characterized by fracture flow for flux in
excess of 1 mm/yr. From there to the water table, the
vitric Calico Hills unit would be able to transmit all
flux up to several hundred millimeters per year
through the pores in the rock matrix. We conserva-
tively ignored flow through fractures in the Topopah
Spring unit for Path C and assumed a representative
distance to the water table, entirely within the vitric
Calico Hills unit, of 250 m (see Figure 11).

The boundary between the zeolitic (Paths A and B)
and vitric (Path C) facies of the Calico Hills unit at
Yucca Mountain is poorly defined. The vitric facies
occurs at drill holes USW G-3 (Scott and Castellanos,
1984) and USW H 6 (J. H. Robison, USGS, personal
communication), whereas the zeolitic facies occurs
at the remaining drill holes in the vicinity of the site
(Spengler et al., 1979, 1981; Spengler and Muller,

Topopah Spring
unit

Vitric
Calico Hills

unit

Topopah Spring
unit

Zeolltic
Calico Hills

unit

Path A: Fracture flow for flux in excess of 1 mm/yr, identical properties assumed for
Topopah Spring and Calico Hills units

Path B: Matrix flow for flux up to 1 mm/yr
Path C: Matrix flow for all values of flux
"Undefined thickness of Topopah Spring unit ignored in calculations

Figure 25. Schematic representation of three types of flow paths used for transport calculations.
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1984; Maldonado and Koether, 1983) (see Figure 6
for the location of drill holes relative to the repository
area). Using these limited data we assumed that the
vitric facies occurs in the southwestern 40% of the
repository area.

Projected releases at the water table from each
pathway type and for flux of 5 mm/yr are plotted on
Figure 26. A flux of 5 mm/yr is used to provide a
conservative basis for discussion of fracture-flow
scenarios represented by the unlikely occurrence of
flux in excess of 1 mm/yr. The 5 mm/yr value corre-
sponds to a highly conservative upper limit on current
flux inferred indirectly from climatic evidence as well
as to a conservative value for pluvial climates, as
discussed in Section 3.1.2. We adopted another con-
servative assumption for analysis of fracture-flow
scenarios by allowing the same proportion of water
flowing in fractures and in the rock matrix to contact
the waste. For Figure 26, we assumed that 2.5% of
the flux interacts with the waste. This amount is
probably conservative even for matrix flow as dis-
cussed in Section 4.2. For fracture flow, an additional
level of conservatism is likely, because any water in
fractures would tend to rapidly drain past the em-
placement holes, even if the fractures were to inter-
cept the holes. Capillary forces would tend to resist
the movement of water from the fractures into the
larger voids between the waste and the rock wall of
the emplacement hole, thus forcing the flow around
the holes.

The portion of total releases resulting from trans-
port through fracture pathways in the Topopah
Spring and zeolitic Calico Hills unit is indicated by the
line labeled Path A on Figure 26. Path B shows
releases for the 1 mm/yr flux that continues to flow
through the matrix of Topopah Spring and the zeolitic
units. Releases from the matrix pathways through
the vitric unit are shown by Path C. Combined
releases from all three pathways are shown by the
same line as Path A. indicating that releases from the
fracture-flow pathways would dominate the total
releases were fracture flow to occur. The upper, dot-
ted line shows the amount of waste dissolved at the
repository normalized to the EPA standards in the
same manner as the lower curves. Thus, the regions
between the dotted line and the lower curves repre-
sent the isolation potential provided by each of the
pathways induced by fracture-flow conditions.

Figure 26 indicates that a high flux necessary to
sustain fracture flow through the unsaturated zone
may cause greater amounts of radioactivity to reach
the water table much earlier than would the expected
flux of less than 5 mm/yr represented by Figures 22
through 24. Under the reference case for fracture

Figure 26. Ratio to the EPA limits of total curies remaining below
the water table for 1100,000 yr as released by three pathway types
caused by a flux of 5 mm/yr (see text) and interaction of 2.5% of
this flux with the wastes; 300-yr waste packages assumed.
asterisk indicates cumulative releases to the water table at 10,000
yr for comparison with the EPA standard; releases at the repository
shown by the upper curve

flow of 5 mm/yr, flow through the fractures would
require only about 30 yr to reach the water table. As a
result, several waste species from a repository over-
lying the zeolitic unit (Figure 26, Path A) would begin
arriving at the water table at essentially the same
time as they were released from the waste packages,
assumed for Figure 26 to be 300 yr after closure.
Flow through the matrix of the Topopah Spring and
zeolitic Calico Hills units(Figure 26, Path B)would be
limited to a flux of 1 mm/yr and would not reach the
water table for about 30,000 yr. The matrix of the
vitric unit would pass all the flux up to about 1000
mm/yr, and, for a flux of 5 mm/yr. flow through this
pathway would not contribute to releases at the
water table until about 10,000 yr after closure (Figure
26, Path C).

Figure 27 shows the effect of increasing flux up to
20 mm/yr on releases to the water table for 1 0,000
yr. The reference flux for fracture flow of 5 mm/yr is
accentuated on all four parts of Figure 27. An upper
limit on flux of 20 mm/yr was selected as a highly
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(Path A) Releases from fracture flow
through zeoltic Calico Hills Unit

(Path C) Releases from matrix flow through
vitric Calico Hills Unit

(Path B) Releases from matrix flow of 1 mm/yr
through zeolitic Calico Hills Unit

Total releases to water table (sum of Paths A,
B, and C)

Figure 27. Ratio to the EPA limits of total cumulative curies reaching the water table during 10,000 yr for flux up to 20 mm/yr;
release ratios shown for three pathways caused by fracture flow conditions (Path A. B. and C, we text) and for total releases (lower
right). 300-yr waste packages assumed; heavy line accentuates reference case for fracture flow of 5 mm/yr; direct sorption was the
only retardation mechanism accounted for; the three cases shown by the three vertical axes represent different amounts of the total
flux contacting the waste (see text).
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conservative upper bound under pluvial conditions.
Even under these extreme conditions, cumulative
releases would not exceed the EPA limits unless 25%
of the total flux were to become saturated with
respect to uranium immediately upon contacting the
waste (rear axis Figure 27D). This indicates that
releases to the water table in violation of the EPA
limits would require a combination of several highly
unlikely conditions including an almost absurdly high
flux, some mechanism for concentrating flow at the
waste packages, and complete absence of delaying
effects on waste dissolution provided by waste pack-
age components after the containment period.

Figure 28 shows the contributions of individual
radionuclides to total releases at the water table over
100,000 yr based on a 300-yr waste package, a flux
of 5 mm/yr, and an assumption that 2.5% of the flux
interacts with the waste. The asterisk on the figure
shows the total cumulative releases to the water
table for 10,000 yr for direct comparison with the
EPA cumulative release limit. The dashed curve lead-
ing to the asterisk corresponds to the heavy line on
Figure 27D accentuating the reference flux for frac-
ture flow. The cumulative release curve is truncated
at 10,000 yr on Figure 28 because this measure,
vis-a-vis the EPA standards, applies only during that
time period. The uppermost solid curve is noncumu-
lative and represents the total amount of curies
remaining in the saturated zone after closure. The
remaining curves represent the curies of particular
radionuclides remaining below the water table and
show the component contributions of individual spe-
cies to the total curies represented by the upper solid
line.

Because the retarding effects of direct sorption
along fracture surfaces are small (Table 6), early
releases to the water table for fracture-flow path-
ways, using only sorption as a retarding mechanism,
would include both fission products and actinides,
total releases for about 30,000 yr would be domi-
nated by Pu-239 and Pu-240 (Figure 28). The slight
increases in C-14 and 1-129 at about 12,000 yr and
Tc-99 at about 40,000 yr are caused by arrival of
contaminated water flowing through the matrix of
the vitric Calico Hills unit. Tc-99 increase appears
later because this element would be slightly retarded
in the vitric Calico Hills unit.

Total curies in the saturated zone would continue
increasing despite radionuclide decay until about
30,000 yr after repository closure, when radioactive
decay, predominatly of Pu-239, would finally over-
take new releases (Figure 28). Because cumulative
releases to the saturated zone, vis-a-vis the EPA
standards, would continue to increase as an essen-

'

TIME AFTER CLOSURE [yr)

Figure 28. Ratio to the EPA limits of total curies and curies of
individual radionuclides remaining below the water table for
100,000 yr for a flux of 5 mm/yr and interaction of the waste with
2.5% of this total flux; releases based on complete and
instantaneous failure of all waste packages 300 yr after repository
closure; asterisk indicates cumulative releases at the water table
for 10.000 yr and is shown for comparisonwith the EPA standards;
the asterisk corresponds to the end point of the line accentuating 5
mm/yr on the lower-right part of Figure 27.

tially straight line after 10,000 yr. Figure 28 indicates
that releases calculated by methods required by the
EPA for periods longer than 10,000 yr would not
account for the decay of radionuclides in the accessi-
ble environment. If the short-lived fission products
were isolated from the accessible environment for a
few hundred years. the distinction between cumula-
tive curies released to and curies remaining in the
accessible environment would be relatively insignifi-
cant for a time period of 10,000 yr, the period over
which the standards apply (Figure 28). However, for
periods of tens to hundreds of thousands of years,
cumulative releases would tend to increasingly over-
estimate the hazards to a given population posed by
the total curies remaining within the accessible
environment.

Because releases by fracture flow appear to occur
early and in great amounts (Figures 26 through 28),
three items of importance emerge that require care-
ful consideration before concluding that fracture flow
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would seriously degrade the capabilities of a reposi-
tory at Yucca Mountain to isolate nuclear wastes. In
particular, assumptions about waste-package per-
formance, retardation processes along fractures, and
flow and transport through the saturated zone would
all become more significant if fracture flow were to
occur. To illustrate the effects of each of these items
on performance, the fracture-flow baseline case
represented by Figures 26 through 28 will be varied

independently for each of these items in the follow-
ing sections.

4.3.3 Effects of Waste Package Containment on
Fracture-Flow Releases

Figure 29 shows total releases at the water table
caused by a flux of 5 mm/yr for 300- and 1000-yr
containment periods and for a progressively failing
containment period. If fracture flow occurs, a 300-yr

TIME AFTER CLOSURE (yr)

Figure 29. Comparative ratios to the EPA limits of total curies remaining below the water table for 100,000 yr based on 300 and
1000-yr waste packages and waste packages with exponentially increasing loss of containment; total flux assumed to be 5 mm,/yr;
interacting water assumed to be 2.5% of the total flux; asterisk shows coincident (at the scale of this graph cumulative releases at
10,000 yr for the 300- and 1000-yr waste packages; solid triangle shows cumulative releases at 10,000 yr for the exponentially
decaying waste packages
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waste package may allow curies to accumulate in the
saturated zone earlier than for the case where
wastes are contained in the repository for 1000 yr
Once they begin, however, the pattern of releases is
almost the same for the two containment periods. By
about 10,000 yr after closure, the total releases are
nearly identical for 300- and 1000-yr waste pack-
ages. Thus, the difference in releases resulting from
300- and 1000-yr waste packages is not significant,
even if transport times are only tens of years

More realistic assumptions about waste-package
performance, however, do affect projected releases
resulting from fracture flow (Figure 29). Releases to
the water table for a flux of 5 mm/yr, assuming a
mean time-to-failure for waste packages of 10,000 yr
(see Section 4.2) clearly demonstrates that more real-
istic assumptions about waste-package failure signif-
icantly lowers releases from fracture flow to the
water table for the first 10,000 yr or so. Though all
radionuclides will begin to arrive earlier than for
waste packages that are 100% effective for a given
time, the early releases caused by progressive loss of
containment will be small because of the initial
limited release rate. In short, progressively decaying
waste packages may allow releases to the water
table to begin sooner but will limit them to levels well
below those produced by waste packages that i nstan-
taneously and completely fail either 300 or 1000 yr

after repository closure.
Figure 30 shows releases to the water table of

individual radionuclides, assuming the progressive
increase in release rates from the waste packages.
This figure indicates that progressive failure would
allow slight amounts of short-lived fission products
and actinides, notably Cs- 137, Sr-90, and Cm-244, to
reach the water table. However, these contaminants
would rapidly decay to innocuous levels of radioactiv-
ity. At no time would short-lived species jeopardize
compliance with the EPA release limits, even if they
arrived at the accessible environment 40 yr after
closure of the repository (Figure 30). This is because
the initial failure rates would be so low as to preclude
significant releases of these or any other species.

Figures 29 and 30 are not intended as a projection
of actual releases to the water table caused by an
actual set of progressively failing waste packages.
Their purpose is to indicate that releases to the water
table by fracture flow, were it to occur, would proba-
bly be less than indicated by adopting an unrealistic
assumption that all waste packages will fail com-
pletely and simultaneously at either 300 or 1000 yr
after repository closure. The likely corrosion rate of

canisters in the low flux at Yucca Mountain renders
high release rates unrealistic.

4.3.4 Effects of Fracture Retardation on Releases
The conservative nature of Figures 26 through 30,

which are based on minimal radionuclide retardation
due exclusively to sorption in fractures, is made clear
by Figure 31. This figure compares releases to the
water table (for unlikely, high flux conditions neces-
sary for fracture flow) under the assumption pre-
viously used that only sorption delays radionuclide
migration and two different assumptions about the
effects of diffusion of radionuclides from fractures
into the rock matrix. Diffusion was mentioned in Sec-
tion 3.2.2 as a potentially significant mechanism for
radionuclide movement through fractures. Travis
and others (1984) calculated a minimum effective
retardation factor of about 400 caused by diffusion
from fractures for a nonsorbing species, technetium,
and higher values for sorbing species. On the basis of
these calculations we chose a highly conservative
value of 100 for retardation of all radionuclides in
fractures to generate the middle curve (Curve 2) in
Figure 31 and more reasonable values of 200 for
nonsorbing species (C- 14 and 1-129), 400 for techne-
tium, and 1000 for all other sorbing species to pro-
duce the lower curve (Curve 3). The upper curve
(Curve 1) is based on retardation by sorption only and
uses the values shown in Table 6 for fracture flow.

It is apparent from the Figure 31 that effective
retardation due to diffusion from fractures will signif-
icantly delay releases from fracture flow to levels
well within the EPA limits. In conjunction with a
300-yr waste package (the basis for all three curves
on Figure 31), realistic values for diffusion would
delay initial releases to the water table from fracture
flow for about 9000 years for the reference flux of 5
mm/yr. The sorbing species would arrive even later;
Tc-99 at about 15,000 yr and more highly sorbing
species at several decamillenia later. The purpose of
Figure 31 is not to project actual releases under
fracture-flow conditions, but to indicate the signifi-
cant effect that radionuclide diffusion from fractures
can have, were fracture flow to occur. Even in the
unlikely event of significant fracture flow, releases to
the water table of nonsorbing species will probably
be delayed for thousands of years or longer because
of the effective retardation caused by diffusion of
radionuclides into and through the slowly moving
water in the rock matrix. Sorbing species will proba-
bly be delayed for tens of thousands to, perhaps,
millions of years, because once the wastes have dif-
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TIME AFTER CLOSURE (yr)

Figure 30. Ratio tothe EPA limits of total curies and curies of individual radionuclides remaining belowthe water table for lOO,000 yr
based on waste packages with exponentially increasing loss of containment; total flux assumed to be 5 mm/yr; interacting water
assumed to be 2.5% of the total flux; cumulative releases at 10,000 yr shown by the asterisk for comparison with the EPA standards.
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Figure 31. Comparative ratios to the EPA limits of total curies
remaining below the water table for 100.000 yr based on three
cases of effective tetardation of radionuclides relative to fracture
water flow: (1)retardation of all waste species by sorption only. (2)
effective retardation of 100 by diffusion for all species, and (3)
effective retardation by diffusion of 200 for nonsorbing species of
C-14 and 1-129. 400 for Tc-99. and 1000 for all other species;
300-yr waste packages. 5 mm/yr total flux and interaction with
2.5% of the total flux assumed

fused into the matrix, they will be retarded by sorp-
tion processes applicable to that flow regime (Travis
et al., 1984).

4.3.5 Effects of Saturated Flow Time on Releases
to the Accessible Environment

If groundwater flows exclusively through the rock
matrix in the unsaturated zone, the contribution of
saturated flow time between the repository and the
accessible environment would be essentially neglig-
ible, as pointed out in Section 4.3.1 . However, if flux
is sufficient to cause fracture flow through the
unsaturated zone, then flow time in the saturated
zone would probably be the dominant component of
total flow time to the accessible environment, even if
it were to occur only 2 km from the repository.

Figure 32 shows releases at the water table and at
the end of both 200- and 2000-yr saturated flow

Figure 32. Comparative ratios to the EPA limits of total curies
remaining below the water table for three alternative locations of
the accessible environment: (11 at the water table. (2) at the end of
a 200-yr saturaged flow path, and (31 at the end of a 2000-yr
saturated flow path; 300-yr waste packages 5 mm/yr total flux,
interaction with 2.5% of the total flux, and retardation only by
sorption assumed.

paths; assuming 300 yr of complete containment and
5 mm/yr flux. The two assumed flow times in the
saturated zone are used to address the uncertainty
associated with both the location of the accessible
environment and the hydraulic properties along the
saturated flow paths. Though the pattern of releases
occurring at the water table, shown by the left curve
in Figure 32, would not change significantly because
of additional flow time through the saturated zone
(middle and right curves, Figure 32), initial releases
at the end of saturated flow paths would be delayed.
Cumulative releases at the end of saturated flow
paths would be delayed. Cumulative releases at
10,000 yr would be only slightly less than in the
absence of saturated flow.

Only sorption was used as a retarding mechanism
for fracture flow in both the unsaturated and the
saturated zones. If effective retardation caused by

49



i I .

. 4

diffusion from fractures were considered, as disX
'cussed in Section 4.3.4. actual releases would be
much lower than indicated by Figure 32, This is
because the diffusion process would be as applicable
lo fracture flow through the saturated zone as isI to
unsaturated flow. For example. If diffusion out of
f fractures in the saturated zone resulted in an effec.
five retardation of 100. then no radionuclides would
arrive at the end of a 200-yr flowpath for 20,000 yr
after their arrival at the water table. For these tea-
sons. it appears that the saturated zone provides a
significa nt, though unnecessary, barrier between the
proposed repository and the accessible environment.

L * whether that environment were to occur.2 or 10 km
from the repository.

4.3.6 ReleatesunderaCombinationofMoreLikely
Site Conditions and Engineered Barriers

The previous discussion and figures of releases to
the accessible environment have outlined a basis lot
concluding that a repository at Yucca Mountain
would be able to comply with the regulatory require-
ments presented in Section 1 .2. The foregoing results
lightly touched upon the myriad possible combina-
tions of site conditions, engineered barriers, and reg-
ulatory definitions that affect our ability to predict the
performance of a repository. The particular combina
tions analyzed were selected to focus attention on

; ^ significant factors affecting overall performance and
to establish upper bounds on possible releases under
conservative assumptions about individual system
components. Hitherto, the advantages of the corn-
bined effects of the several multiple barriers have not
been considered. Figure 33 does so.

* This figure represents a judgment about the poten-
rsF tial magnitude and timing of releases from a reposit

tory at Yucca Mountain under a combination of non-
conservative, but potentially realistic, assumptions
for several system components. In this case.

* expected releases are based on an average flux
through the unsaturatedzone of 0.? mm/yr. which is
somewhat less than the 0.5 mm/yr used as a conser-
vative reference case in Section 4.3.1. Actual flux
may be essentially negligible (see Section 3.1.2).

*@ though Infrequent recharge pulses probably cause
;- some spatially restricted. short-duration flow through

the unsaturated zone at Yucca Mountain. Averaged
0; z* over time, this flux will not exceed, we assume. 0.1

mm/yr.
Even in the event of episodic fracture flow caused

by intense recharge pulses. radionuclide retardation
E will probably be determined by the sorption values of

the rock matrix, because diffusion will tend to drive
the waste species into the matrix. Thus. radionuclide
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transport. if not water flow, will tend to occur within
the matrix. This applies to the saturated zone as well
as the unsaturated zone. So, contrary to the assump-
tions for Figure 32, we use retardation values of 100
for all radionuclides In the saturated zone. We
assume the accessible environment will occur 2 km
from the outer edge of the repository and that flow
time along this distance will be 200 yr.

We also assume that the amount of water contact-
ing the emplaced wastes will be much less than the
total flux intercepting the area occupied by waste
packages. This Is because the voids In emplacement
holes will most likely act as capillary barriers that
effectively prevent movement of water from the rock
to the waste canisters (see Section 4.2X. For our cal-
culations of releases shown in Figure 33 we used a
value of 0.25% of the total flux of 0.1 mm/yr as a
basis for dissolving the waste. The failure of waste
packages is assumed to follow the exponential form
beginning immediately after closure of the
repository.

Releases to the accessible environment would be
essentially negligible under the assumptions out-
lined above (Figure 331. Thus, for hundreds of thou-
sands of years. available barriers acting in concert at
Yucca Mounlainwill most likelyprevent anycontam-
ination of the human environment by radioactive
wastes that might be buried there.

If most barriers at Yucca Mountain perform as
intended, the most likely case, then the radioactive
wastes will be, in essence, permanently and com-
pletely separated from the biosphere. The assump-
tions on which Figure 33 is based must be confirmed
by further testing of site conditions and engineering
concepts. Therefore. Figure 33 is not a definitive pre-
diction of actual repository performance. It is pre-
sented to draw attention away from the more delete.
rious predictions based on conservative values
chosen from the range of known conditions and focus
attention on plausible combinations of barriers act-
ing In concert. Because much of this report deals with
the effects of unlikely events occurring in unlikely
combinations. we present Figure 33 to avoid neglect
of the more likely situation represented by considera-
lion of several barriers acting as intended.

4.3.7 Summary of Releases to the Accessible
Environment

The preceding sections have presented the results
of calculations that show releases of radioactivity to
the accessible environment under several scenarios.
The individual scenarios represent plausible releases
under different combinations of engineered features
and site conditions.
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Figure 33. Ratio to the EPA limits of curies remaining in the accessible environment for 1,000,000 yr under a combination of likely

barriers acting in concert at Yucca Mountain (see text); all releases shown at the accessible environment (lower curve) are 1-129.

The conditions represented by each scenario were
chosen from a range of possible values for waste-
package lifetimes, total flux through the unsaturated
zone, the percentage of the total flux interacting with
the emplaced waste (or, alternatively, the solubility of
uranium), the length of flow paths to the edge of the
accessible environment, and the effectiveness of dif-
fusion in retarding radionuclide migration if fracture

flow occurs. In addition, releases to the accessible
environment in terms of the EPA standards were
expressed in several basic ways: as cumulative
releases of all radionuclides in combination, as
cumulative releases of individual radionuclides, as
total curies remaining in solution that were originally
dissolved at the repository, as total curies remaining
in solution in the accessible environment, as curies
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of individual radionuclides remaining in the accessi-
ble environment, and as releases to the water table
from separate types of flow paths under fracture flow
conditions. Releases were projected for time periods
of 10,000, 100,000, and 1,000,000 yr. Finally, two
other result formats were presented in tabular form,
the time of arrival at the water table and the distance
traveled in 10,000 yr for individual radionuclides.

Table 8 summarizes the conditions and release
formats presented in each of the figures and the
tables that show results in Chapter 4. This table
indicates the breadth of the parametric variations
considered in this study. Because the consideration
of alternative parameters was extensive, Table 8 is
intended to organize and clarify for the reader our
analyses of various combinations of parameters.

Table 8. Summary of conditions considered in calculating potential releases of radionuclides from a
repository at Yucca Mountain.
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CHAPTER 5. CONCLUSIONS

The unsaturated zone at Yucca Mountain offers
several distinct features for isolating nuclear wastes
from the human environment. Paramount among
these is the small amount of water available to dis-
solve the waste after it has been emplaced. This
water is limited by the arid climate of southern Nev-
ada. which prevents much water from seeping into
the earth. The thick unsaturated zone is a result of
this limited water flux. The mechanisms of water
movement within the unsaturated zone are also
uniquely suited to prevent or significantly slow trans-
port of wastes from a repository. Openings in the
rock, such as those created by the repository itself,
will tend to block the flow of water, quite the opposite
of the situation in saturated rocks. This fact lends
confidence to a conclusion that little water will be
able to reach the waste, and it ameliorates concerns
about repository-induced or natural changes that
might break, crack, or otherwise fracture the rocks
around a repository. Even if the available water is
able to contact and dissolve the waste, the low f lux in
conjunction with the high porosity of the rock matrix
will probably limit flow velocities to the extent that no
water will reach the water table for tens to hundreds
of thousands of years.

Another distinct set of features of the Yucca Moun-
tain site is provided by the volcanic materials from
which the rocks are made. The volcanic deposits are
highly porous yet, in most cases, highly imperme-
able. The chemical characteristics of the minerals,
particularly zeolites that occur in abundance below
the repository level, have strong affinities for ionic
waste species, providing a highly sorptive rock mass
for delaying waste migration. In combination these
properties lend sponge-like properties to the rocks
that will tend to draw all or most waste elements into
the rock matrix and hold them there for very long
times.

By assigning reasonable values to the processes
and properties that describe these conditions, the
calculations made for this study indicate that no
wastes could move the several hundred meters from
the repository level to the underlying water table in
the 10,000 yr for which performance standards of the
EPA will be applied. It is likely that no wastes would
arrive at the water table for hundreds of thousands of
years, and then only insignificant hazards would be
posed by the remaining radioactive material. Under
the most likely conditions, the behavior of the waste
package will be relatively unimportant in assuring

adequate isolation of the waste, because releases
from the waste packages can only occur very slowly
under the prevailing flux. Similarly, the definition of
the accessible environment will have little effect on
the overall releases to it, assuming the unsaturated
zone is not included within the definition. Water
travel time through the unsaturated zone alone is
sufficient to provide the necessary isolation. If the
assumptions used in this study bound the conditions
at Yucca Mountain, it is likely that because of the long
water-flow time, geochemical retardation at Yucca
Mountain is not essential to ensure compliance with
regulatory standards. Geochemical processes will.
however, add considerable confidence in the ability
of the site to perform satisfactorily.

There are certain unlikely combinations of con-
ditions, each condition in itself unlikely, whereby a
repository at Yucca Mountain might release wastes
in amounts approaching those permitted by the EPA.
High releases might occur primarily because of a
peculiar situation that dictates rapid fracture flow
through the unsaturated zone if flux exceeds a
threshold determined by the carrying capacity of the
rock matrix. At this threshold an abrupt transition
between matrix and fracture flow occurs, and flow
times to the water table discontinuously change from
tens of thousands of years for matrix flow to tens of
years for fracture flow. However, fracture flow would
not be expected to jeopardize complete isolation for
10,000 yr, because it would probably be accom-
panied by a process whereby wastes would diffuse
from fractures into the rock matrix. If fracture flow
were to somehow occur in the absence of this
diffusion, the performance of waste packages and
the buffering isolation provided by the saturated zone
might become more significant elements in the
overall performance of a repository at Yucca
Mountain.

Because data and understanding about water flow
and contaminant transport in deep, unsaturated frac-
tured environments are just beginning to emerge,
complete dismissal of the rapid-release scenarios is
not possible at this time. Therefore, site characteriza-
tion and theoretical research should focus on estab-
lishing the flux through the unsaturated zone at
Yucca Mountain, including the manner in which it is
temporally and spatially distributed. Such efforts
require information about the spatial distribution of
hydraulic conductivity as a function of moisture con-
tent, development of better understanding of the
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conditions that dictate the transition between frac-
ture and matrix flow, and empirical and theoretical
studies of the magnitude of the diffusion process in
unsaturated, fractured media. Until the level of under-

standing for these items is improved the pattern of
results presented in this report must be considered
provisional.
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APPENDIX A
Description of the Theoretical Basis

for Transport Calculations

A repository contains M(t) metric tons of heavy metal radioactive waste in

a planar horizon distributed over an area expressed in square meters. The

repository is assumed to be a height, H, in meters above the water table. The

volume of groundwater moving vertically downward through a unit area at the

repository horizon per unit time is called the flux and is assumed to be a

parameter, F, given in meters per year. Flow in the unsaturated zone is

assumed to obey Darcy's law. The boundary of the accessible environment is

assumed to occur in the saturated zone a distance 2 to 10 km downgradient from

eastern edge of repository. Water flow time through the saturated zone is

treated as a constant, T

A.1 Water Flow

Let j, a subscript, identify two components of the medium (porous matrix

and fractures) with j=l denoting the matrix and j=2 denoting the fractures.

Darcy's law for flow in both the matrix and fractures is expressed by

(1)

where h is hydraulic head, is the hydraulic gradient, K is the

hydraulic conductivity, and Fj is called Darcy velocity or Darcy
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th
flux. If is assumed to be -1, the flux through the j medium

dl

cannot exceed the maximum hydraulic conductivity of the jth medium.

Thus, if the flux is less than the saturated conductivity of the matrix,

K the flux is assumed to flow through the porous matrix, and the effective

hydraulic conductivity and the gradient will adjust to satisfy equation (1).

If the flux is greater than K S the excess flux, F will flow through
j=2

fractures of sufficient conductivity to satisfy equation (1).

The average particle velocity of water, V., is

F.
V. = (m/yr) (2)

J n m

where nj is the effective porosity of the jth medium. The water travel

time through H thickness of unsaturated zone in meters, T, is

Saturated flow time is treated as a constant, Ts, which was assigned a

value of either 0, 200, or 2000 yr (see Section 4.1) for this report. The
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total water travel time, T from repository to accessible environment is the

sum of travel time in the saturated zone, T , and the travel time in

unsaturated zone and is

(4)

Assigning a value of zero to Ts thus allows a consideration of flow only

to the water table.

A.2 Waste Dissolution

The flux that passes through the host rock may intercept the radioactive

waste located at the repository. The volume of water that could possibly

interact annually with waste, for either matrix or fracture flow, is the total

flow through the repository area and is given by

Q. = F. . A (m /yr) (5)

where Q. is the annual flow rate through jth medium, F is the annual

flux through j medium, and A is the area of repository. The annual amount

of water in cubic meters actually intercepting the waste emplacement area,

qj, is given by

63



(6)

where he ratio of the area of occupied by the waste (or the

effective cross sectional area for water flow associated with the dissolving

waste) to the total repository area.

The water intercepting the waste emplacement area may not contact

radioactive waste unless the canister fails. We treat canister failure in two

ways: (1) a constant lifetime of either 300 or 1000 years represents the time

of immediate and simultaneous failure of all canisters, i.e. , having a step

function at the constant life time,

(7)

where

(2) canister lifetime is assumed to be a variable in the sense that the

lifetime distribution of the canister failure is exponential, i.e., having a

probability density function of



The parameter is referred to as the mean time to failure of the waste

canisters.

Wastes contacted by water are assumed to dissolve congruently with uranium

on the mass basis. Thus, given an effective solubility limit of uranium,

s(kg/mr ), the expected annual dissolution rate for uranium is given by
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where N is the number of radionuclide species

The annual fractional release rate is defined as

N









of groundwater when the groundwater and medium are in equilibrium. Since the

fracture surface is irregular, the actual surface area with which the nuclide

reacts is unknown. A simple practical approach is to express Kai relative

to the area of an assumed planar fracture surface (Freeze and Cherry, 1979,

p. 410). In this case, the retardation factors for fracture flow become

(21)

where b is the aperture width of the fracture.

The differential equations describing the transport of radionuclides and

their decay products through geologic media with sorption are listed below.
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where

C nuclide concentration for the th member of decay chain,

Ci/U3

Rd retardation factor for the I member of decay chain

A decay constant for the member of decay chain, 1/yr

v groundwater velocity, m/yr.

The phenomena of hydrodynamic dispersion and diffusion are not considered in

this equation.

A.4 Release to the Accessible Environment

The rate of release of radionuclides from the repository to the

accessible environment may be expressed in curies as C a which is the curie

release rate from the repository to the unsaturated zone (Equation 15) delayed

by the transport time (Equation 18) and reduced by radioactive decay during

the transport time.

The computation of C a is accomplished by a direct-suiulation approach

that defines numerical structures that represent the material balances of the

th members of decay chains and all preceding chain members (Equation 22)

over a differential length of flow path and a differential time. The annual

release rate of curies from the repository, C (t), is represented during
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transport as a set of discrete lumped slugs. Each slug by definition is of

zero size but with spatial coordinates, (ZP) and a discrete quantity

of curies, (CP) where p is the slug index, p 1,2,...N, and Np

is the number of slugs for the ith radionuclide in the jth path.

During a given time step, a new location for each slug is computed from

the characteristics of convective mechanisms

(23)

where

V - water velocity along the flow path in the z direction.

The new location uf the release parcel at k + 1 time step is calculated by

(24)

where

the time increment for kth time step

the z location of the slug p at the kth time step

k+1
-the z location of the slug p at the (k + 1)th time step.
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The slugs in the flow path and the source term at the repository are

adjusted for radioactive decay in each time step by solving the Bateman

equations. A five-member chain of equations is used in computation of

radionuclide quantities as a function of time. For the decay chains with very

rapidly decaying nuclides, each of the short-lived nuclides, i.e., Pu-241,

Ra-225, Am-241, Cm-242, Pb-210, and Np-239, is assumed to remain in secular

equilibrium with its immediate precursor. No branching ratios are considered

in the decay chains.

The rate of release of radionuclides to the accessible environment,

is simply the sum of slugs transported across the boundary to the

accessible environment per unit time.

Cumulative curies released to the accessible environment for the ith

radionuclide, C a, are numerically approximated by integrating the curie

release rates.

2
(25)

where k is the index for time steps, K is the number of time steps, and

Atk is the time increment. The performance of the repository is measured

by comparing cumulative curies released to accessible environment with the EPA

release limits (40 CFR 191). The measure of performance is simply the "EPA

release ratio" (ER),
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I

(26)

where EL is the EPA limit for i radionuclide defined in Table 1.
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APPENDIX B
Listing of Computer Program Used for Calculations
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ERRATA

Page v (Table of Contents): title of Section 3.5.3 should read "Specification
of the multiattribute utility function."

Page 5-10, Figure 5-7: the arrow labeled "Hanford" should be extended to the
next curve.

Page 5-10, Figure 5-7: the labels for the scaling factors on the abscissa
should be reversed; that is, the first row of scaling-factor values should
be labeled "kpr" and the second row should be labeled "post."



FOREWORD

In December 1984, the Department of Energy (DOE) published draft
environmental assessments (EAs) to support the proposed nomination of five
sites and the recommendation of three sites for characterization for the first
radioactive-waste repository. A chapter common to all the draft EAs
(Chapter 7) presented rankings of the five sites against the postclosure and
the preclosure technical siting guidelines. To determine which three sites
appeared most favorable for recommendation for characterization, three simple
quantitative methods were used to aggregate the rankings assigned to each site
for the various technical guidelines. In response to numerous comments on the
methods, the DOE has undertaken a formal application of one of them (hereafter
referred to as the decision-aiding methodology) for the purpose of obtaining a
more rigorous evaluation of the nominated sites.

The application of the revised methodology is described in this report.
The method of analysis is known as multiattribute utility analysis; it is a
tool for providing insights as to which sites are preferable and why. The
decision-aiding methodology accounts for all the fundamental considerations
specified by the siting guidelines and uses as source information the data and
evaluations reported or referenced in the EAs. It explicitly addresses the
uncertainties and value judgments that are part of all siting problems.
Furthermore, all scientific and value judgments are made explicit for the
reviewer. An independent review of the application of the decision-aiding
methodology has been conducted by the Board on Radioactive Waste Management of
the National Academy of Sciences; the comments of the Board are included as an
appendix to this report.

In spite of its advantages, the formal analysis cannot address every
aspect of the site-recommendation decision and thus its results will not form
the sole basis for that decision. The site-recommendation decision is
analogous to a portfolio-selection problem because the DOE is not choosing a
single site for repository development; rather, the DOE must choose, from a
suite of five well-qualified sites, three sites for site characterization.
Combinations of three sites possess properties that cannot be attributed to
individual sites, such as diversity of geohydrologic settings and rock types.
Thus, the three sites indicated as most preferable by the multiattribute
utility analysis reported here do not necessarily constitute the most
preferred combination when these portfolio effects are taken into account.
The relative advantages of other combinations of three sites as portfolios
together with other information the Secretary of Energy believes is important
to making the decision are examined in a separate report.
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Chapter 1

BACKGROUND AND INTRODUCTION

1.1 BACKGROUND INFORMATION

The Department of Energy (DOE), pursuant to the Atomic Energy Act of 1954
as amended, the Energy Reorganization Act of 1974, the Department of Energy
Organization Act of 1977, and the Nuclear Waste Policy Act of 1982 (the Act),
has the responsibility to provide for the disposal of high-level radioactive
waste and spent nuclear fuel.* The DOE selected mined geologic repositories
as the preferred means for the disposal of commercially generated high-level
radioactive waste and spent fuel (Federal Register, Vol. 46, p. 26677, May 14,
1981) after evaluating various means for the disposal of these materials and
issuing an environmental impact statement,. To carry out this decision, the
DOE has been conducting research and development and performing siting studies.

The Act established a process and schedule for siting two geologic repos-
itories by integrating the then-existing DOE siting program into its require-
ments and procedures. As explained later in this chapter, the Act requires the
Secretary of Energy to nominate not fewer than five sites as suitable for site
characterization and subsequently to recommend three of the nominated sites to
the President as candidate sites for characterization. Site characterization
will involve the collection of detailed information on the geologic, hydrolo-
gic, and other characteristics of the site that determine compliance with the
requirements of the Environmental Protection Agency (EPA) and the Nuclear Regu-
ulatory Commission (NRC). It will involve the construction of exploratory
shafts to the depth at which a repository would be built and in-situ testing.
In parallel with these subsurface investigations, the DOE will collect informa-
tion on the demographic, socioeconomic, and ecological characteristics of the
affected areas containing the sites approved for site characterization. These
subsurface and surface investigations are expected to cost upward of 500 mil-
lion dollars per site.

This report presents a formal analysis of the five sites nominated as
suitable for characterization for the first repository; the analysis is based
on the information contained or referenced in the environmental assessments
that accompany the site nominations (DOE, 1986a-e). It is intended to aid in

*High-level radioactive waste means (1) the highly radioactive material
resulting from the reprocessing of spent nuclear fuel, including liquid waste
produced directly in reprocessing and any solid material derived from such liq-
uid waste that contains fission products in sufficient concentrations and (2)
other highly radioactive material that the Nuclear"Regulatory Commission, con-
sistent with existing law, determines by rule requires permanent isolation.
For convenience, the terms "radioactive waste" and "waste" are used for both
spent fuel and high-level radioactive waste.
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the site-recommendation decision by providing insights into the comparative
advantages and disadvantages of each site. Because no formal analysis can
account for all the factors important to a decision as complex as recommending
sites for characterization, this study will not form the sole basis for that
decision. To help the reader understand the context of the formal study and of
subsequent decisions, the remainder of this chapter presents additional back-
ground information on the geologic repository concept, the Act, and the DOE
siting process, before and after the passage of the Act.

1.1.1 THE GEOLOGIC REPOSITORY CONCEPT

A geologic repository will be developed much like a large mine. Shafts
will be constructed to allow for the removal of excavated material and to per-
mit the construction of tunnels and disposal rooms at some depth between 1000
and 4000 feet underground. Other shafts will be constructed to allow for the
transfer of waste. Surface facilities will be provided for receiving and pre-
paring the waste for emplacement underground. The surface and underground
facilities will occupy about 400 and 2000 acres of land, respectively. When
the repository has been filled to capacity and its expected long-term
performance has been shown to be satisfactory, the surface facilities will be
decommissioned and all shafts and boreholes will be backfilled and permanently
sealed.

A repository can be viewed as a system of multiple barriers, both natural
and engineered, that act together to contain and isolate the waste. The engi-
neered barriers include the waste package, the underground facility, and shaft
and tunnel backfill materials. The waste package consists of the waste form,
either spent nuclear fuel or solidified high-level waste, a metal containers,
and perhaps a specially designed backfill material to separate the waste
containers from the host rock. The waste package contributes to long-term iso-
lation by delaying eventual contact between the waste and ground water. The
underground facility consists of underground openings and backfill materials
not associated with the waste package. These barriers further limit any
ground-water circulation around the waste packages and impede the subsequent
transport of radionuclides into the environment.

The geologic, hydrologic, and geochemical features of the site constitute
natural barriers to long-term movement of radionuclides to the accessible envi-
ronment. These natural barriers provide waste isolation by impeding radionu-
clide transport through the ground-water system to the accessible environment
and possess characteristics that reduce the potential for human interference in
the future.

Although the DOE plans to use engineered barriers--as required by both the
NRC in 10 CFR Part 60 (NRC, 1983), and the EPA in 40 CFR Part 191 (EPA, 1985)--
primary reliance is placed on the natural barriers for waste isolation. There-
fore, in evaluating the suitability of sites, the use of an engineered-barrier
system will be considered to the extent necessary to meet the performance re
quirements specified by the NRC and the EPA but will not be relied on to com-
pensate for major deficiencies in the natural barriers.
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1.1.2 THE NUCLEAR WASTE POLICY ACT OF 1982

The search for suitable repository sites has been under way for about 10
years, although preliminary screening began in the mid 1950s. With the pas-
sage of the Act, a specific process for siting and licensing repositories was
established. Through provisions for consultation and cooperation as well as
financial assistance, the Act also established a prominent role in the siting
process for potential host States, affected Indian Tribes, and the public. To
pay the costs of geologic disposal, the Act provides for a Nuclear Waste Fund
through which commercial electric utility companies are charged a fee that is
based on the amount of electricity they produce in nuclear power plants. The
DOE's strategy for implementing the provisions of the Act is discussed in de-
tail in the Mission Plan for the Civilian Radioactive Waste Management Program
(DOE, 1985).

In February 1983, the DOE carried out the first requirement of the Act by
formally identifying nine potentially acceptable sites for the first reposi-
tory in the following locations (the host rock of each site is shown in paren-
theses):

1. Vacherie dome, Louisiana (salt dome)
2. Cypress Creek dome, Mississippi (salt dome)
3. Richton dome, Mississippi (salt dome)
4. Yucca Mountain, Nevada (tuff)
5. Deaf Smith County, Texas (bedded salt)
6. Swisher County, Texas (bedded salt)
7. Davis Canyon, Utah (bedded salt)
8. Lavender Canyon, Utah (bedded salt)
9. Reference repository location, Hanford Site, Washington (basalt flows)

The location of these sites in their host States is shown in Figure 1-1.

The Act further requires the DOE to issue general guidelines to be used in
determining the suitability of these potentially acceptable sites. In February
1983, the DOE published draft general guidelines for siting repositories (the
guidelines). The DOE revised the guidelines after receiving extensive
comments from the NRC, the States, Indian Tribes, other Federal agencies, and
the public. The NRC concurred with the revised guidelines in June 1984, and
the final guidelines were promulgated in December 1984 (DOE, 1984a).

The Act requires that, after the guidelines are issued, the DOE nominate
at least five sites as suitable for-site characterization. Section
112(b)(1)(E) of the Act requires that an environmental assessment be prepared
for each site proposed for nomination as suitable for characterization. The
contents of the environmental assessments are described in a later section of
this chapter. The DOE must then recommend not fewer than three of those sites
for characterization as candidate sites for the first repository.

During site characterization, the DOE will construct exploratory shafts
for underground testing to determine whether geologic conditions will allow the
construction of a repository that will safely isolate radioactive waste. The
Act requires the DOE to prepare site-characterization plans for NRC review.
After site characterization and an environmental impact statement are comple-
ted, the DOE will recommend one of the characterized sites for development as
a repository.
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Figure 1-1. Potentially acceptable sites for the first repository.



1.2 SUMMARY OF THE OVERALL SITING PROCESS

In seeking sites for geologic repositories, the DOE divides the siting
process into the following phases: (1) screening, (2) site nomination, (3)
site recommendation for characterization, (4) site characterization, and (5)
site selection (recommendation for development as a repository). This section
describes the site-screening process, which led to the identification of the
nine potentially acceptable sites for the first repository listed in Section
1.1, and reviews how the process of site nomination and recommendation is im-
plemented under the guidelines.

1.2.1 SITE SCREENING

During the screening phase, the DOE identified potential sites for char-
acterization. This phase provides the information needed for judging which of
these sites appear to justify the investment necessary to characterize them.
Screening may consist of as many as four stages, each of which progressively
narrows the study area to a smaller land unit. These stages are as follows:

1. A survey of geologic provinces, narrowing to regions. Regions are
generally smaller than provinces but may extend across several States
and occupy tens of thousands of square miles.

2. A survey of the regions, narrowing to areas that encompass hundreds
to thousands of square miles. The regional screening phase was com-
pleted with the publication of regional characterization reports and
area-recommendation reports.

3. A survey of the areas, narrowing to locations that usually occupy an
area smaller than 100 square miles. This phase was completed with 'the
publication of location-recommendation reports for bedded salt and
site-recommendation reports for salt domes.

4. A survey of the locations, narrowing to sites, which are generally
smaller than 10 square miles. While a location may be large enough
to contain several sites, only one or two potential sites are usually
identified in a particular location.

During each screening stage, the DOE identified as many potentially suit-
able land units as were judged to be necessary for an adequate sample to be
studied in the next stage. Only the regions and areas believed most likely to
contain suitable sites received further study; the evaluation of all others was
deferred.

Data for comparing regions, areas, and locations became increasingly de-
tailed as progressively smaller land units were considered and as exploration
and testing were concentrated on them. National, province, and regional sur-
veys were based on potential host rocks, published geologic maps, maps of
earthquake epicenters, land use, available geohydrologic information, and other
information available in the open literature. Area and location surveys
require more thorough investigations, which included field exploration and
testing and the drilling of boreholes to investigate subsurface hydrologic,
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stratigraphic, and geochemical conditions. The field studies were supported
by laboratory studies that focused on both the waste-isolation and the
engineering characteristics of potential host rocks.

The bedded-salt sites in Texas and Utah were identified through the gen-
eral siting process described above,beginning with national surveys and pro-
gressively narrowing to locations and sites. The salt domes were selected by
a screening that began with more than 200 domes and ended with the three sites
identified as potentially acceptable.

Screening for sites in basalt and tuff was initiated when the DOE began to
search for suitable repository sites on some Federal lands where radioactive
materials were already present. This approach was recommended by the Comptrol-
ler General of the United States (1979). Although land use was the beginning
basis for this screening of Federal lands, the subsequent progression to
smaller land units was based primarily on evaluations of geologic and hydrolo-
gic suitability. The studies began at roughly the area stage.

Thetechnical factors used to guide site-screening decisions have evolved
throughout the site-search period and are specified in a number of published
documents (Brunton and McClain, 1977; DOE, 1981 DOE, 1982a; International
Atomic Energy Agency, 1977; NAS-NRC, 1978).

The sections that follow summarize how the DOE applied the screening pro-
cess outlined above to determine that the nine sites listed in Section 1.1.2
are potentially acceptable. Section 2.2 of each environmental assessment dis-
cusses in detail how the DOE conducted site screening in specific geohydrolo-
gic settings.

1.2.2 SALT SITES

Salt was first recommended as a potentially suitable host rock for waste
disposal in 1955, after the National Academy of Sciences-National Research
Council evaluated many options (NAS-NRC, 1957). This recommendation was reaf-
firmed in subsequent reports (e.g., American Physical Society, 1978; NAS-NRC,
1970).. Rock salt, which occurs both as bedded salt and in salt domes, has sev-
eral characteristics that are favorable for isolating radioactive waste,
including the following:

* Salt deposits that are sufficiently deep thick, and laterally exten-
sive to accommodate a repository are widespread in the United States
and generally occur in areas of low seismic and tectonic activity.

* Many salt bodies have remained undisturbed and dry for tens of mil-
lions to several hundred million years.

* Because of its high thermal conductivity in comparison with other rock
types, rock salt has the ability to efficiently dissipate the heat that
will be generated by the waste.

* Salt deforms in a relatively plastic manner under high confining pres-
sure so that fractures that might develop at repository depth would
tend to close and seal themselves.
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Screening of the entire United States in the 1960s and 1970s resulted in
the identification of four large regions that are underlain by rock salt of
sufficient depth and thickness to accommodate a repository and represent di-
verse geohydrologic conditions (Johnson and Gonzales, 1978; Pierce and Rich,
1962). The four regions are as follows:

* Bedded salt in the Michigan and Appalachian Basins of southern Michi-
gan, northeastern Ohio, western Pennsylvania, and western New York
(also called the "Salina Basin").

* Salt domes within a large part of the Gulf Coastal Plain in Texas,
Louisiana, and Mississippi.

* Bedded salt in the Permian Basin of southwestern Kansas, western Okla-
homa, northwestern Texas, and eastern New Mexico.

* Bedded salt in the Paradox Basin of southeastern Utah, southwestern
Colorado, and northernmost Arizona and New Mexico.

This screening at the national level served as the basis for all subse-
quent screening in salt. After proceeding to the location phase, further
screening of the Salina Basin salt deposits was deferred, and the last three
regions were selected for further study.

1.2.2.1 Salt domes in the Gulf Coast salt dome basin of Mississippi and
Louisiana

There are more than 500 salt domes in the Gulf Coast salt-dome basin of
Texas, Louisiana, Mississippi, and areas offshore from these States. An ini-
tial screening by the U.S. Geological Survey (USGS) eliminated all offshore
domes. The application of this criterion eliminated about half the domes. The
USGS also evaluated the remaining 263 onshore domes and identified 36 as being
potentially acceptable for a repository and another 89 that were worthy of fur-
ther study (Anderson et al., 1973). The USGS screening factors were depth to
the top of the dome and present use for gas storage or hydrocarbon production.

The DOE and its predecessor agencies conducted regional studies of 125
salt domes identified in the earlier USGS screening mentioned above. All but
11 of the domes were eliminated on the basis of three screening factors:
depth to salt, lateral extent of the domes, and potential for competing uses
(NUS Corporation, 1978; ONWI, 1979). Three of the 11 domes were removed from
consideration on the basis of environmental factors, and a fourth was elimi-
nated because solution mining at the site contributed to a collapse of strata
above the dome.

Area-characterization studies were completed for the seven remaining dome
areas: Rayburns and Vacherie domes in Louisiana; Cypress Creek, Lampton, and
Richton domes in Mississippi; and Keechi and Oakwood domes in Texas. The geo-
logic field work conducted during this phase included the drilling of deep
holes to collect rock cores for laboratory tests of their properties, and geo-
physical surveys to determine the underlying rock structures. The area envi-
ronmental studies included descriptions of the plant and animal communities,
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surface- and ground-water systems, weather conditions, land use, and socioeco-
nomic characteristics. An evaluation of the seven domes on the basis of the
DOE's criteria is summarized in a location-recommendation report (ONWI, 1982a).

In the area-characterization studies, a repository-size criterion was cho-
sen that was more restrictive than the one used in earlier screening studies.
The application of this stricter criterion resulted in the elimination of
Keechi, Rayburn's, and Lampton domes (ONWI, 1982a). Thus, at the conclusion of
area characterization, the Vacherie, Richton, Oakwood, and Cypress Creek domes
were recommended for further screening. After further review of the area-
characterization studies, the Oakwood dome was deferred from further considera-
tion because of uncertainties raised by large-scale petroleum exploration.

In accordance with the Act, the DOE identified the Cypress Creek, Richton,
and Vacherie domes as potentially acceptable sites in February 1983.

1.2.2.2 Bedded salt in the Paradox Basin

Screening criteria were developed for the bedded salt of the Paradox
Basin, which the USGS had identified as worthy of further investigation
(Pierce and Rich, 1962). The following factors were applied to identify areas
for further investigation (Brunton and McClain, 1977; DOE, 1981; NUS Corpora-
tion, 1978): depth and thickness of salt, mapped faults, other evidence of
recent geologic instability, zones of ground-water discharge, significant
resources, and potential for flooding. The results of this screening were
integrated with screening for environmental and socioeconomic factors, such as
proximity to urban areas and the presence of certain dedicated lands. On the
basis of this regional screening, four areas were recommended for further
study: Gibson Dome, Elk Ridge, Lisbon Valley, and Salt Valley (ONWI, 1982b).

The screening factors used to identify potentially favorable locations
within the four areas were the depth to salt, the thickness of salt, proximity
to faults and boreholes, and proximity to the boundaries of dedicated lands
(ONWI, 1982c). These screening factors were judged to have the strongest
potential for differentiating possible locations within the areas.

Salt Valley and Lisbon Valley were both deferred from further considera-
tion because all areas with an adequate depth to salt were too close to zones
of mapped surface faults and, for Lisbon Valley, because of existing boreholes
(ONWI, 1982c).

Application of the screening factors to the Gibson Dome showed a location
of 57 square miles near the center of the area that contained appropriately
deep and thick salt deposits and was sufficiently far from faults or explora
tion boreholes that would make a site unsuitable. It also appeared to be suf-
ficiently distant from dedicated lands. This location is referred to as the
Gibson Dome location. The Elk Ridge area contained one location of about 6
square miles and several smaller ones, each less than 3.square miles, that met
the screening criteria (ONWI, 1982c). The smaller locations, were not large
enough for a repository and were therefore excluded from further consideration.
The larger location was designated the Elk Ridge location.
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Further comparisons of the Gibson Dome and Elk Ridge locations were made
on the basis of more-refined criteria that discriminated between them. The
thickness of salt, the thickness of shale above and-below the depth of- a repos-
itory, and the minimum distance to salt-dissolution features were considered
the most critical geologic discriminators. Archaeological sensitivity and site
accessibility were considered the most important environmental factors. The
Gibson Dome location was judged to be superior to the Elk Ridge location in
terms of the number and relative importance of favorable factors and was se-
lected as the preferred location (ONWI, 1982c).

During 1982 and 1983 three sites were identified for further evaluation:
Davis Canyon, Lavender Canyon, and Harts Draw. Since much of the intrinsic
value of southeastern Utah stems from its scenic and aesthetic character, a
study of visual aesthetics was performed ito evaluate the three sites (Bechtel,
Group Inc., 1983). Harts Drawwas found to be less desirable than the sites
at Davis Canyon and Lavender Canyon because it affords a greater total area of
visibility and it was eliminated from further consideration. In February
1983, Davis Canyon and Lavender Canyon were identified as potentially accept-
able sites.

1.2.2.3 Bedded salt in the Permian Basin

In 1976, the Permian bedded-salt deposits in the Texas Panhandle and west-
ern Oklahoma that were identified in the USGS study (Pierce;and Rich, 1962)
were evaluated to determine whether they contained any areas that might be
suitable for waste disposal (Johnson, 1976). Since the parts of the Permian
Basin in western Kansas and Texas and in eastern Colorado and New Mexico had
been screened as part of an earlier site evaluation for the Waste Isolation
Pilot Plant (WIPP), this screening focused on five subbasins: the Anadarko,
Palo Duro, Dalhart, Midland, and Delaware Basins. All contain salt beds of
adequate thickness and depth. A site had already previously been selected in
the Delaware Basin as a site for the WIPP facility for radioactive defense,
wastes (DOE, 1980a). The Palo Duro and the Dalhart Basins had far less poten-
tial for oil and gas production and have not been penetrated as extensively by
drilling as have the Anadarko and the Midland Basins. Therefore, the Palo Duro
and the Dalhart Basins were judged to be preferable to the other, three and were
recommended for further studies at the area stage (ONWI, 1983a). These two
basins rated higher on six major screening factors: the depth and thickness
of salt, seismicity, known oil and gas deposits,the presence of exploratory
boreholes, and evidence of salt dissolution.

More-detailed geologic and environmental studies of the Palo Duro and the
Dalhart Basins began in 1977, and screening criteria were developed to define
locations with favorable characteristics. Six locations in parts of Deaf
Smith, Swisher, Oldham, Briscoe, Armstrong, Randall, and Potter Counties,
Texas met the screening criteria. A second set of criteria was then applied
to further differentiate among the six locations. These criteria reflected
siting factors related to geomorphology, the presence of natural resources,
flexibility-in repository siting at specific locations, the number of bore-
holes at each location, population density, and land-use conflicts. After ap-
plying these criteria, the DOE decided to focus on the two locations that had
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the greatest likelihood of containing a suitable site, one in northeastern Deaf
Smith and southeastern Oldham Counties and one in northcentral Swisher County.
All other locations in the Palo Duro Basin were deferred from further consider-
ation (ONWI, 1983b). In February 1983, the DOE identified parts of Deaf Smith
County and Swisher County as potentially acceptable sites and subsequently nar-
rowed the size of the two sites to be considered at each location (DOE, 1984b).

1.2.3 SITES IN BASALT AND TUFF

In 1977, the waste-disposal program was expanded to consider previous land
use as an alternative basis for site screening. This approach considered the
advantages of locating a repository on land already withdrawn and committed to
long-term institutional control. Because both the Hanford Site and the Nevada
Test Site are dedicated to nuclear operations, will remain under Federal con-
trol, and are underlain by potentially suitable rocks, screening was initiated
in these two areas.

1.2.3.1 Basalt in the Pasco Basin, Washington

The DOE and its predecessor agencies have investigated the geologic and
hydrologic characteristics of the Pasco Basin since 1977 as a continuation of
studies conducted for the defense-waste-management program between 1968 and
1972 (Gephart et al., 1979; Myers et al., 1979). These investigations showed
that the thick formations of basalt lava in the Pasco Basin are suitable for
further investigation as a geologic repository for the following reasons:

* Several basalt flows more than 2100 feet below ground apparently are
thick enough'to accommodate a geologic repository.

* The slow rate of deformation of the basalt ensures the long-term integ-
rity of a repository at the Hanford Site. Also, there are synclines
where structural deformation appears to be limited.

* The potential for renewed volcanism at the Hanford Site is very low.

* The likely geochemical reactions between the basalt rock, ground water,
and the waste are favorable for long-term isolation.

The Pasco Basin was selected for screening to provide a broader scope from
which to study processes that might affect the Hanford Site and to determine
whether there are any obviously superior sites in the natural region outside,
but contiguous with, the Hanford Site (Woodward-Clyde Consultants, 1980, 1981).

The first step in screening was to define the candidate area. The consid-
erations used at this step were fault rupture, ground motion, aircraft traffic,
ground transportation, operational radiation releases from nuclear facilities
at the Hanford Site, protected ecological areas, culturally important areas,
and site-preparation costs. A candidate area was identified that included the
central part of the Hanford Site and adjacent land east of the Hanford Site.
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The second step in the screening was to define subareas(locations). The
siting factors used in this screening step were fault rupture, flooding, ground
failure, erosion, the presence of hazardous facilities, induced seismicity, and
site-preparation-costs. This step eliminated approximately half the candidate
area.

Locations were identified through an evaluation of the subareas inside and
adjacent to-the-Hanfordt Site.On the basis of land use, hydrologic conditions,
and bedrock-dip, subareas outside the Hanford Site were eliminated because they
were not obviously superior to those found within the Hanford Site. After
eliminating these subareas, five locations were identified within the bounda-
ries of the Hanford Site.

The identification of candidate sites from among the five locations was
based on an evaluation of 23 parameters (Rockwell 1980, 1981). Nine candidate
sites were identified, seven of which lay in the Cold Creek Syncline, a major
structural feature of the Pasco Basin. This syncline was selected partly be
cause it is not as extensively deformed as nearby anticlines and is underlain
by relatively horizontal strata. Since the other two sites were not techni
cally superior to those in the Cold Creek Syncline and were closer to the
Columbia River, they were removed from further study. To avoid some geophysi-
cal anomalies of uncertain source,three other sites were identified;they were
largely superimposed on-parts of the original seven sites in the Cold Creek
Syncline (Myers and Price, 1981).

Since preliminary evaluations of the resulting 10 partly overlapping can-
didate sites indicated that the sites were too closely matched to be differen
tiated by routine ranking, a formal decision analysis was used to identify the
best site (Rockwell, 1980). Decision criteria were derived from the following
siting factors: bedrock fractures and faults, lineaments,potential earth-
quake sources, ground-water-travel times, contaminated soil, surface facilit
ties, thickness of the proposed repository horizon, repetitive occurrence of
columnar-jointed zones (colonnades) within the host flow, natural vegetative
communities, unique microhabitats,and special species. The analysis showed
that two approximately coincident sites rated higher than the other sites.
These two sites were combined and designated the reference repository local
tion." - In February 1983,the DOE identified the reference repository location
as a potentially acceptable site.

1.2.3.2 Tuff in the Southern Great Basin, Nevada

At the same time that the DOE was considering the Nevada Test Site (NTS)
on the basis of land use, the USGS proposed that the NTS be considered for in-
vestigation as a potential repository site for a variety of geotechnical rea
sons,-including the following:

Southern Nevada is characterized by closed hydrologic basins. This
means that ground water does not discharge into rivers that flow to
major bodies of surface water.

- Long flow paths occur between potential repository locations and
ground-water discharge points.
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* Many of the rocks occurring at the NTS have geochemical characteris-
tics that are favorable for waste isolation.

* The NTS is located in an arid region (6 to 8 inches per year of rain-
fall). With the very low rate of recharge, the amount of moving ground
water is also low, especially in the unsaturated zone.

In 1977, the geologic medium of prime interest at the NTS was argillite
(a clay-rich rock), which occurs under the Syncline Ridge, near the center of
the NTS. Geologic investigations and exploratory drilling there revealed a
complex geologic structure in the center of the area being considered (Hoover
and Morrison, 1980; Ponce and Hanna, 1982). It was decided in July 1978 that
the geologic complexity of the area would make characterization prohibitively
difficult, and further evaluation was deferred.

A question then arose concerning the compatibility of a repository with
the testing of nuclear weapons-the primary purpose of the NTS. A task group
formed to evaluate this issue determined in 1978 that a repository located in
other than the southwestern portion of the NTS might be incompatible with weap-
ons testing. At that time the program refocused on the area in and around the
southwestern corner of the NTS, which subsequently was named the Nevada Re-
search and Development Area (NRDA). The entire area then being evaluated in-
cluded land controlled by the Bureau of Land Management west and south of the
NRDA and a portion of the Nellis Air Force Range west of the NRDA.

In August 1978, a preliminary list of potential sites in and near the
southwestern part of the NTS was compiled. The areas initially considered in-
cluded Calico Hills, Skull Mountain, Wahmonie, Yucca Mountain, and Jackass
Flats. Of these five areas, Calico Hills, Wahmonie, and Yucca Mountain were
considered the most attractive locations for preliminary borings and geophysi-
cal testing.

The Calico Hills location was known to contain argillite. It was of par-
ticular interest because a geophysical survey showed that granite might occur
approximately 1600 feet below the surface. The first exploratory hole for
waste-disposal studies at the NRDA was drilled in 1978 in an attempt to con-
firm the existence of granite beneath the Calico Hills. Drilling was discon-
tinued at a depth of 3000 feet without reaching granite (Maldonado et al.,
1979). Additional geophysical surveys indicated that the argillite at Calico
Hills is probably very complex structurally, comparable with that at Syncline
Ridge (Hoover et al., 1982). Because the granite was considered too deep and
the argillite appeared too complex, further consideration of the Calico Hills
was suspended in the spring of 1979.

Concurrent with drilling at Calico Hills, geophysical studies and surface
mapping conducted at Wahmonie indicated that the granite there may not be large
enough for a repository, that any granite within reasonable depths may contain
deposits of precious metals, and that faults in the rock may allow vertical
movement of ground water (Hoover et al., 1982; Smith et al., 1981). For these
reasons, Wahmonie was eliminated from consideration in the spring of 1979.

Surface mapping of Yucca Mountain indicated the existence of a generally
undisturbed structural block large enough for a repository. In 1978, the first
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exploratory hole drilled at Yucca Mountain confirmed the presence of thick,
highly sorptive units of tuff (Spengler et al.,l979). Because tuff previ-
ously had not been considered as a potential host rock for a repository, a
presentation was made to the National Academy of Sciences (NAS) Committee for
Radioactive Waste Management in September 1978 to solicit its views on the
potential advantages and disadvantages of tuff as a repository host rock. The
NAS committee supported the concept of investigating tuff as a potential host
rock (DOE, 1980b), and in a letter dated February 5, 1982, to the DOE Nevada
Operations Office, the USGS pointed out the considerable advantages of loca-
ting a repository in the unsaturated zone. After comparing the results of
preliminary exploration at Calico Hills, Wahmonie, and Yucca Mountain, the
USGS recommended that attention be focused on Yucca Mountain. A technical
peer-review group supported the DOE's decision to concentrate exploration
efforts on the tuffs of Yucca Mountain (DOE, 1980b).

Because the foregoing process of selecting Yucca Mountain for early explo-
ration was not highly structured, a more thorough, formal analysis was begun
in 1980 to evaluate whether Yucca Mountain was indeed appropriate for further
exploration. This analysis was conducted in a manner compatible with the area-
to-location phase of site screening described in the national siting plan (DOE,
1982b), which was used by the DOE before the passage of the Act and the formu-
lation of the guidelines. Details of the formal analysis are presented by
Sinnock and Fernandez (1984). In brief, this formal decision analysis evalu-
ated 15 potential locations and concluded that Yucca Mountain was indeed the
preferred location. Several potentially suitable horizons were identified in
the saturated and unsaturated zones. Therefore, the DOE identified Yucca
Mountain as a potentially acceptable site in February 1983.

1.2.4 NOMINATION AND RECOMMENDATION OF SITES FOR CHARACTERIZATION

The preceding sections described the siting process from its beginning to
the point where nine sites had been identified as being potentially acceptable.
The next steps are mandated by the Act: the Secretary of Energy is to nominate
at least five sites that are suitable for characterization and to recommend to
the President not fewer than three of those sites for characterization as can-
didate sites for the first repository. The discussion that follows assumes
some knowledge of the form and content of the DOE's siting guidelines. The
reader unfamiliar with the guidelines is referred to Section 2.4 for a very
brief description or to the guidelines themselves (DOE, 1984a) for a more de-
tailed description.

The guidelines, in 10 CFR Part 960.3-2-2-2, require the DOE to implement
the following six-part process in selecting sites for nomination as suitable
for characterization from among the potentially acceptable sites:

1. Evaluate the potentially acceptable sites in terms of the dis-
qualifying conditions specified in the guidelines.

2. Group all potentially acceptable sites according to their geo-
hydrologic settings.
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3. For the geohydrologic settings that contain more than one poten-
tially acceptable site,select the preferred site on the basis
of a comparative evaluation of all potentially acceptable sites
in that setting.

4. Evaluate each preferred site within a geohydrologic setting and
decide whether such site is suitable for the development of a re-
pository under the qualifying condition of each guideline that
does not require site characterization as a prerequisite for such
evaluation.

5. Evaluate each preferred site within a geohydrologic setting and
decide whether such site is suitable for site characterization
under the qualifying condition of each guideline that requires
characterization for evaluation of suitability for development
as a repository.

6. Perform a reasonable comparative evaluation under each guideline
of the sites proposed for nomination.

To document the process specified above, draft environmental assessments
(EAs) were prepared for each of the nine sites identified as potentially
acceptable (DOE, 1984c-g). The draft EAs, which also include the evaluations
and descriptions specified by the Act, were issued for public comment in
December 1984. The draft EAs proposed the following five sites (listed
together with their corresponding geohydrologic setting) for nomination:

Geohydrologic setting Site

Columbia Plateau Reference repository location at
the Hanford Site, Washington

Great Basin Yucca Mountain, Nevada
Permian Basin Deaf Smith County, Texas
Paradox Basin Davis Canyon, Utah
Gulf Coastal Plain Richton Dome, Mississippi

In addition to requesting written comments on the draft EAs, the DOE held
a series of public briefings and hearings to receive oral comments. More than
20,000 comments were received, and among them were many comments on the three
simple ranking methodologies presented in Chapter 7 of the draft EAs. The
decisions to adopt a formal decision-analysis methodology and to prepare this
separate report were made largely in response to the comments on the draft EAs.
Also in response to public comments, the DOE requested that the Board on Radio-
active Waste Management of the National Academy of Sciences conduct an
independent review of the methodology.

On consideration of all of the comments on the draft EAs and the available
evidence, evaluations, and resultant findings in the now final EAs (DOE,
1986a-e), the Secretary has determined that the five sites proposed for
nomination in the draft EAs should be formally nominated. A notice specifying
the sites so nominated and announcing the availability of the final EAs has
been published in the Federal Register.
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The screening and nomination processes have served the purpose of focusing
closer scrutiny and more-rigorous evaluation on successively smaller areas.
This progression to smaller land units was based primarily on evaluations of
geologic and hydrologic suitability. With the completion of each step there
has been greater basis for confidence that the remaining sites are technically
sound. Thus the selection of three sites to recommend for characterization
is being made from among a set of five sites that have been nominated for con-
sideration only after passing many increasingly stringent tests.

The site-recommendation decision must be based on the available geophysi-
cal, geologic, geochemical and hydrologic data; other information; the evalu-
ations and findings reported in the environmental assessments accompanying the
nominations; and the diversity considerations specified below. The siting
guidelines (10 CFR 960.3-2-3) specify that these data are to be applied in two
distinct steps:

1. Determination of an initial order of preference for sites for charac-
terization.

2. Determination of a final order of preference for sites for character-
ization, based on diversity of geohydrologic settings and diversity
of rock types.

The formal analysis of sites presented herein is being used to determine
the initial order of preference for sites for recommendation for characteriza-
tion.

In determining a final order of preference of sites, the siting guide-
lines specify that, to the extent practicable, consideration be given to
diversity of geohydrologic settings and of rock types. The diversity con-
siderations arise from the premise that sites located in the same geohy-
drologic setting or in the same rock type may be subject to a common flaw.
Also, because diverse geohydrologic settings imply differences in the nature
of the accessible environment (e.g., a setting with surface-water bodies ver-
sus a desert environment), it is possible to consider whether the same
quantity of radionuclides released from a repository at different sites might
lead to drastically different consequences over the long term after repository
closure (see Chapter 3).

The purpose of the process outlined above is to ensure that the sites
recommended as candidate sites for characterization offer, on balance, the
most advantageous combination of characteristics and conditions for the
successful development of a repository at those sites.

1.3 ORGANIZATION OF THE REPORT

The remainder of this report (Chapters 2 through 5) presents the formal
analysis of the comparative advantages and disadvantages of the five sites nom-
inated as suitable for site characterization. Chapter 2 presents an overview
of the formal decision-analysis technique known as multiattribute utility anal-
ysis. The role of the methodology and the process of its application are ex-
plained, its relationship to the DOE siting guidelines is discussed, and the
basic steps in the methodology are outlined.
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Chapters 3 and 4 present in summary form the postclosure and the preclo-
sure analyses, respectively, of the five nominated sites. These analyses are
based on the formal decision-aiding methodology. Results are presented for
both a base case and for numerous sensitivity analyses.

Chapter 5 presents the composite analysis of the results presented in the
two preceding chapters. These overall results form the basis for determining
an initial order of preference for sites for characterization.

There are eight appendixes. Appendix A identifies the participants in the
development and application of the the decision-aiding methodology. Appendixes
B, C, and D contain detailed information on the postclosure analysis summarized
in Chapter 3. Appendixes E and F contain detailed information on the preclo-
sure analysis summarized in Chapter 4.

Appendix G presents background information on the multiattribute utility
theory and detailed information on the assessed value tradeoffs and various
other assumptions made in the application of the methodology.

Finally, Appendix H discusses the DOE's interactions with the Board on
Radioactive Waste Management of the National Academy of Sciences on the devel-
opment and application of the decision-aiding methodology. It also reproduces
most of the DOE's correspondence with the Board.

For the convenience of the reader a glossary of terms is included.
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Chapter. 2

THE DECISION-AIDING METHODOLOGY: OVERVIEW AND RELATIONSHIP
TO THE SITING GUIDELINES

2.1 BACKGROUND AND INTRODUCTION

After selecting five sites for nomination as suitable for characteri-
zation, the DOE developed and applied a formal decision analysis methodology
as an aid in deciding which sites are preferred for recommendation for char-
acterization. The methodology, which is based on multiattribute utility
theory, involves an analysis that explicitly weighs the pros and cons of the
nominated sites. Such an analysis can-be a significant aid to decisionmakers;
it can also help to objectively communicate the basis for the decision. Spec-
ifically, such an analysis can assist decisionmakers in three ways. It can--

* Provide information needed for judging which sites appear to justify
the investment in characterizing them.

* Add credibility to the decision process.

* Provide a mechanism to facilitate constructive discussion and mediate
potential conflict.

To achieve these goals the analysis should provide insights to help the
decisionmakers understand which sites are more desirable than others and why.
Furthermore, the analysis should illuminate which factors (e.g.,, data, profes-
sional judgments, value judgments,models) seem to be most crucial to the
relative desirability of the sites. These suggest the sensitive issues to
which more-careful analyses and time should be devoted. The decision process
acquires credibility from the use of a sound logic and reasonable data, judg-
ments and assumptions to provide understandable conclusions. By providing a
model of the key factors in the decision problem, the analysis can be easily
repeated to incorporate other viewpoints, and the implications of the differ-
ences can be easily identified and examined, thus facilitating discussion and
the resolution of potential conflicts.

As mentioned, the analysis of the nominated sites is based on multi-
attribute utility theory. It has been applied to numerous other siting prob-
lems, such as power plants, dams, and refineries (see Keeney, 1980, for addi-
tional examples). The logical foundations of multiattribute utility analysis
and the systematic procedures for its implementation have been well documented
in the professional literature over the past 40 years (see, for example, von
Neumann and Morgenstern, 1947; Savage, 1954; Pratt, Raiffa, and Schlaifer,
1964; Fishburn, 1970; and Keeney and Raiffa, 1976). The analysis also relies
on the professional experience, judgment, data,,and models that have been
developed in the numerous disciplines involved in repository siting and in
particular the evaluations of each nominated site against the siting guide-
lines (DOE, 1984), as reported in the environmental assessments that
accompanied the nomination (DOE, 1986a-e).
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The selection of multiattribute-utility theory for analyzing the site-
recommendation problem is based on three advantages of the theory. First, it
has an explicitly stated philosophical and logical basis for the methodology
that is appropriate for the site-recommendation problem (see Merkhofer,
1986). Second, it separates the factual information and judgments about the
performance and impacts of a repository at the various sites from value judg-
ments about the desirability of those possible impacts. And third, both of
these sets of information and judgments are made explicit for peer review and
public review.

Crucial to multiattribute utility analysis are the sensitivity analyses
that are conducted. The sensitivity analyses-vary over reasonable ranges any
of the inputs that could substantially affect the relative desirability, and
hence the initial order of preference, of the nominated sites. Their purpose
is to ascertain whether specific judgments or data are crucial to the conclu-
sions drawn from the analysis. They thus suggest where further attention and
effort should be focused.

In spite of its advantages, a formal analysis cannot address every aspect
of the complex siting decision faced here. Excluded from the analysis, for
example, is consideration of the advantages of a diversity of rock types. Be-
cause this or any methodology is capable of providing only a partial ac-
counting of the many factors important to the site-recommendation decision,
its results will not form the sole basis for that decision.

Regarding the design of the methodology, one additional point should be
made; it is related to the concept of the diversity of rock types. The method
of analysis used here evaluates the overall desirability of each nominated
site, not the desirability of combinations of sites. The evaluation of all
possible combinations of sites, each of the possible combinations being con-
sidered as-an alternative, would require an extended, more-difficult form of
analysis known as a "portfolio analysis." As explained by Edwards and Newman
(1982), such sophistication is rarely used in portfolio problems. Instead,
the more-common procedure is to evaluate the options (i.e., sites) by methods
similar to the one described here and then to examine the resulting set of
choices-to determine their acceptability as a portfolio. This is exactly the
procedure outlined in Section 1.2.4.

The sections that follow present a brief overview of the methodology
(Section 2.2), explain the process by which it was implemented (Section 2.3),
and discuss the relationship of the methodology to the DOE's siting guidelines
(Section 2.4).

22 OVERVIEW OF THE ANALYSIS

The logic underlying multiattribute utility analysis is relatively
straightforward, although the specific steps and the nomenclature may-be un-
familiar to some readers. (A glossary is provided at the end of the report.)
The basic premise is that the relative desirability of a site is measured by
the extent to which siting objectives are achieved. The siting objectives are.
derived directly from the DOE's siting guidelines (see Section 2.4). The
degree to which siting objectives are achieved is indicated by the performance
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and impacts predicted for a repository at the site. The performance and
impacts are assessed on the basis of technical models, data, and professional
judgment. The methodology is designed to aggregate these assessments in an
appropriate and logical manner to provide an overall evaluation of the
nominated sites.

The six basic steps of the methodology, as applied to the evaluation of
sites, are the following:

1. Establish the objectives-of repository siting and develop preclosure
and postclosure performance measures for quantifying levels of per-
formance with respect to these objectives.

2. For the postclosure analysis, specify a set of scenarios that, should
they occur, might affect the performance of the repository system as
represented by the postclosure-performance measures.

3. For each scenario, estimate postclosure performance with respect to
each postclosure-performance measure. Estimate preclosure perfor-
mance and impacts with respect to each preclosure-performance measure..

4. Assess the relative values of different levels of performance against
each objective (i.e., assess a utility function over each performance
measure) and assess value tradeoffs to integrate the achievement of
different objectives into an overall utility function.

5. Using the overall utility function, aggregate impacts to obtain a
composite score indicating the relative desirability of each site.

6. Perform sensitivity analyses to determine which models, data, tech-
nical judgments, and value judgments seem most significant for
drawing insights from the analysis.

Each of the steps is reviewed in more detail below.

Step 1: Establish Objectives and Develop Measures for Quantifying Levels of
Performance

A basic premise of the decision-aiding methodology is that the "good-
ness," or the utility, of a site is related to the extent to which that site
achieves the various objectives of a geologic repository for radioactive
waste. Thus, the first step in the application of the methodology is to
explicitly define objectives. It is convenient to organize the objectives in
a tree, or hierarchical, structures as shown in Figure 2-1.

The overall objective is to minimize the adverse impacts of a reposi-
tory. This objective is divided into "minimize adverse preclosure impacts"
and "minimize adverse postclosure impacts." Because such objectives are too
broad to be of practical value in distinguishing among sites, more-detailed
lower-level objectives necessary for meeting the top-level objectives were
identified. These lower-level objectives make it easier to specify perfor-
mance measures and describe site impacts. -The lower-level objectives are
shown in Figures 3-1 and 4-1 for the postclosure and the preclosure periods,
respectively.
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Figure 2-1. General objectives hierarchy for geologic disposal.

Any objectives hierarchy should capture collectively all of the important
considerations relevant to a decision. The objectives hierarchy of Figure 2-1
(and Figures3-1 and 4-1) is assumed to satisfy this goal because the objec-
tives are derived from the DOE's system guidelines and technical guidelines
(see Section 2.4), which were developed through an extensive process'of con-
sultation, public comment, and NRC concurrence. In developing an objectives
hierarchy, care must be taken to avoid double-counting objectives. Extra or
unnecessary objectives make the analysis more complex and reduce the quality
of the insights provided.

After a hierarchy of objectives is developed, "yardsticks" must be de-
vised to indicate how well a site meets them. Formally, these yardsticks are
known as performance measures. The development of performance measures is a
process that requires professional judgment, knowledge, and experience.
Ideally, performance measures should be expressed in natural scales based on
physical measurements or quantitative-data. An example is the performance
measure of millions of dollars for the objective "minimize costs."
Inevitably, however, some measures concern intangible impacts that are not
easily described or quantified. For these cases a performance measure must be
constructed, as illustrated by the example in Table 2-1. The ranges spanned
by any performance measure should be realistic in order to describe the
impacts of all sites being evaluated.

In this particular application of the multiattribute utility analysis, a
graphic device known as an influence diagram was constructed for each perfor-
mance measure. The influence diagrams, shown for all performance measures in
Appendixes B and E, indicate the factors that must be accounted for in de-
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scribing the possible site impacts and the interrelationships among these
factors. An example of an influence diagram is shownlater in the chapter
(Figure 2-2). Many of the factors in the influence diagrams may be derived
directly from the statements of the disqualifying, favorable, or potentially
adverse conditions in the siting guidelines.

Step 2: Specify Scenarios That, if They Occur, Might Affect Postclosure
Performance

A good repository-site should perform well under nominal, or expected
conditions. -It should also perform well even if the site contains unexpected-
features or if disruptive events and-processes occur. To estimate and account
for risks, it is necessary to identify the disruptions that may adversely.
affect each site and to estimate the performance of the repository under these
conditions.

To account-for the risks of unexpected features and disruptive events or
processes, scenarios are used in the postclosure analysis of sites. (As
explained in Appendix F, preclosure accident scenarios are not considered
because they are not expected to be significant site discriminators.) Scenar-
ios are postulated conditions or sequences of processes or events that could
affect the postclosure performance of a repository. Each scenario may be re-
garded as a possible "future" for a repository over a 10,000 year of the
period. Examples of scenarios would be exploratory drilling within the con-
trolled area around a repository and movement of a large fault in the reposi-
tory.

Table 2-1. Example of constructed performance measure for
the objective "minimize biological impacts" for a specific

problem context'

Score Description

0 No loss of productive wetland and no members of rare
species present

1 Loss of 320 acres of productive wetland and no members
of rare species present

2 Loss of 640 acres ofproductive wetland and no members
of rare species present or 30 members of rare species
present and no productive wetland loss

3 No loss of productive wetland and 50 members of rare
species present

4 Loss of 640 acres of productive wetland and 40 members
of are species present

5 Loss of 640 acres of productive wet land and 50 members
of rare species present

Modified after R. L. Keeney, Siting Energy Facilities,
Academic Press New York, 1980.
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For a scenario to be considered for a site it must satisfy two condi
tions. First, it must be reasonably likely to occur. Sequences of events or
processes-that are impossible or so unlikely as to not merit serious attention
are not considered. Second,a scenario must have a chance of producing a sig -

nificant change in repository performance. For example, the score achieved by
a site should change from the nominal case by at least one unit if the sce-
nario occurs

Scenarios for each site were developed by a panel of individuals selected
for their expertise in the processes and events-that might alter repository
performance. Lists of scenarios were screened to find those with some likeli
hood of occurrence and a potential for affecting performance. Scenarios were
designed to be nonoverlapping (so that the occurrence of any one would pre
clude the occurrence of any other) and exhaustive (so that one and only one
scenario could be presumed to occur). The panel provided judgmental estimates
of the probability of each scenario's occurring at each site. Since panel
members differed slightly in their estimates, high- and low-probability esti-
mates were provided in addition to base-case estimates.

Step 3: Score Each Site oil Each Measure and for Each Scenario

The next step in the methodology is to assess each site, using the per-
formance measures developed in step l and the scenarios developed in step 2.
For the preclosure analysis such assessments result in a base-case estimate
and a range for the possible impacts-of each site indicated in terms of the
performance measures. These estimates are based on technical models, data,
and professional experience. For the postclosure analysis, base-case esti-
mates and a range are provided for the nominal-case scenario and for each of
the disruptive scenarios that apply to that site. These estimates are based
on technical analyses and professional judgments.

Step 4: Assess the Multiattribute Utility Function

To account for differences in the importance of different impacts, it is
necessary to assess values for different impact levels, and these values must
be used to arrive at a common scale of desirability. Such a scale is referred
to as a "utility scale," and the transformation from impacts to utility is
provided by a multiattrlbute utility function for both preclosure and post-
closure performance. For the preclosure analysis, a scale of 0 to 100 was
adopted, with 0 assigned to the highest and100 assigned to the lowest of pos-
sible impact levels. For the postclosure analysis, 100 was also assigned to
the lowest possible impact level, but the possibility of a negative utility
was also included in the scale. On the postclosure scale-, a O represents just
meeting applicable regulatory requirements. The desirability of any site can
be indicated by its utility by substituting the impact levels into the multi-
attribute utility function. Higher utilities imply preferred consequences
(i.e., sets of impacts). In cases of uncertainty, the mathematical expected
utility, obtained by multiplying the probabilities of consequences by the
utilities of these consequences, is the appropriate indicator of site desir-
ability (see von Neumann and Morgenstern, 1947).

The multiattribute utility function assessed for this analysis is pre-
sented in Appendix G. As discussed in detail in this appendix, it is con-
structed from responses to many detailed questions'about value judgments
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appropriate for the site evaluations. Because such value judgments are
largely policy, rather than technical, judgments, they were elicited from DOE
management.

Step 5: Aggregate Impacts and Values To Provide an Overall Evaluation of
Nominated Sites

At this point in the-methodology,-four sets of information are avail-
able: (1) probabilities for each postclosure scenario for each site, (2) a
collection of postclosure-impact estimates for each postclosure scenario at
each site, (3) a collection of preclosure-impact estimates for each-site, and
(4) the multiattribute utility function. These sets of information are aggre-
gated into a composite evaluation, of sites in three steps.

In the first step, for each site and postclosure scenario, the utility is
calculated for each consequence. This is multiplied by the corresponding
scenario-probability estimate, and the results are summed to obtain the
expected postclosure utilities for each site. These expected utilities
indicate the relative postclosure desirability of each site. Sensitivity
analyses were used to examine the implications of uncertainties in the post-
closure analysis.

In the second step, the utility of each consequence representing pre-
closure site impacts is determined by using the preclosure utility function.
These utilities indicate the relative preclosure desirability of each site.
Sensitivity analyses were also used to examine the implications of uncertain-
ties in the preclosure analysis.

The third step is to combine the various expected postclosure and pre-
closure utilities into an overall composite utility for each site. This is
accomplished by multiplying-both preclosure and postclosure utilities by
weights obtained from assessed value judgments about the relative importance
of postclosure and preclosure impacts.

The most difficult of the value judgments concern value tradeoffs, which
may involve impacts of a similar nature (e.g., costs of one type versus costs
of another type, different types of environmental impacts, and different
health-and-safety impacts),or impacts of a different nature (e.g.., health
effects versus costs). The value tradeoffs among impacts of a similar nature
may be easier to make and to clarify and justify than the value tradeoffs bet-
ween impacts of different types. To specify the value tradeoffs between
health effects and costs or between costs and environmental as well as
socioeconomic impacts is not an easy task. And yet -it may be that these value
tradeoffs are crucial to establishing the relative desirability of the
nominated sites. Because of this possibility, they should be explicitly
considered in the analysis. The value judgments assessed for this purpose are
presented in Appendix G.

Step 6: Perform Sensitivity Analyses

The purpose of sensitivity analyses is to test how the overall utilities
calculated in step 5 change as assumptions and judgments change. If the im-
plications from the original analysis are resilient under changes in assump-
tions and judgments, they are more-likely to be valid. An obvious sensitivity
analysis is to vary the value judgments, since different people have different
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opinions on the relative importance of various siting impacts. Other input
data for the methodology, such as the site impacts (step 3), should also be
varied.

Summary

One of the major assets of the decision-aiding methodology is that it
divides the problem of selecting sites for characterization into several parts
that can be analyzed and scrutinized more easily. The methodology does not
reduce the professional judgment required in selecting sites for characteri-
zation. By following the sequence of steps outlined above,however, the DOE
hopes to make these scientific and policy judgments explicit to the reviewer.
The methodology does this in essentially five ways First, it specifies and
organizes the DOE's siting objectives. Second, it provides a means for
summarizing how well each site meets each objective. Third, it provides a
means for specifying alternative value judgments about the relative importance
of impacts with respect to each objective. Fourth, it provides a systematic
way to aggregate site impacts on individual objectives. Finally, the
methodology allows the DOE to test how implications change as judgments and
assumptions change.

2.3 APPLICATION PROCESS AND PARTICIPANTS

Having identified and described the steps in the methodology, it is
worthwhile to discuss briefly the process and participants involved in con-
ducting the steps in the methodology. Additional details on the application
process are given in Chapters 3 and 4. The participants and their qualifi
cations are listed in Appendix A.

A task force for developing and carrying out the methodology was estab-
lished within the DOE's Office of Civilian Radioactive Waste Management
(OCRWM), and a management plan for this purpose was developed. The task force
was composed of three separate groups. One group, consisting of DOE staff and
experts in decision analysis and other disciplines, was responsible for seeing
that the methodology was carried out according to the procedures and sequence
of application recommended in the professional literature. This group was
under the general oversight of the senior DOE managers (see below). The other
two groups provided the two major inputs required for the methodology:
technical judgments and value judgments.

To provide the technical judgments, six panels of technical specialists
were established. Each panel was responsible for a major technical area
represented in the siting guidelines, and the responsibilities of the panels
are consistent with functional responsibilities and staff responsibilities for
program execution within the OCRWM. Specifically, panels were established to
evaluate all sites in the following areas:

* Postclosure repository performance.
* Preclosure radiological safety.
* Environment.
* Socioeconomics.
* Transportation.
* Ease and cost of siting, construction, operation, and closure.
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The technical-specialists were thoroughly-familiarwith the information (i.e.,
.1 data, models, etc.) contained in all five environmental assessments (DOE,

1986a-e) and with the siting guidelines. They developed the measures for
quantifying levels of performance, the scenarios and probabilities required to
assess postclosure repository performance, and the estimates of the perfor-
mance (i.e.,, scores) of each site on each performance measure. A decision
analyst assisted in the process of constructing the performance measures and
scenarios and formally elicited the probability of each postclosure scenario
for each site. The decision analysts were less involved in the estimation of
performance, since this is mainly the purview of the technical specialists.

The technical knowledge and experience of the individuals participating
on each panel varied, depending on the responsibilities of the panel (e.g.,
assessments of postclosure repository performance are highly multidiscipli-
nary, requiring experts in geology, hydrology, geochemistry, performance as-
sessment, nuclear physics, etc.). All technical specialist panels consisted
of a lead person from DOE headquarters and technical support staff. None of
the three DOE Operations Offices that are involved in the repository program
or their prime contractors participated in the scoring of the sites.

The aspects of the methodology that deal with preferences-that is, value
judgments were assigned to DOE management. In particular, four senior DOE
managers in the Office of Civilian Radioactive Waste Management participated
in the specification of the siting objectives, the verification of indepen-
dence assumptions required to define the multiattribute utility function, and
the specification of utility curves and value tradeoffs among objectives. The
decision analysts formally elicited these value judgments. Care was taken to
maintain separation between technical and value judgments. Thus, the DOE
managers had no knowledge of the formal estimates of site impacts,-and the
technical specialists had no knowledge of the value tradeoffs among impacts
before their aggregation into-the composite evaluation of the sites reported
here.

2.4 RELATIONSHIP BETWEEN THE ANALYSIS AND THE SITING GUIDELINES

The decision-aiding methodology must be-consistent with the DOE siting
guidelines, 10 CFR Part 960 (DOE, 1984). This consistency can be explained
most easily after briefly reviewing the structure of the guidelines.

The siting guidelines are organized into three categories: implementa-
tion (see below), postclosure guidelines, and preclosure guidelines. The
postclosure guidelines deal with the siting considerations that are most im-
portant for ensuring long-term protection (10,000 years) for the health and
safety of the public. The preclosure guidelines deal with the siting con-
siderations important to the operation of a repository before it is closed
(about 80 years), such as protecting the public and repository workers from
exposures to radiation, protecting the quality of the environment, mitigating
adverse socioeconomic impacts, and the ease and cost of repository construc-
tion and operation. Both the postclosure and the preclosure guidelines are
divided into system and technical guidelines. System guidelines contain broad
repository-performance requirements that are largely derived from applicable
regulations promulgated by the U.S. Environmental Protection Agency (EPA) and
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the U.S. Nuclear Regulatory Commission (NIC). The technical guidelines
specify requirements on one or more elements of the repository system. Each
guideline (system and technical) contains a qualifying condition. Taken
together, these qualifying conditions are the minimum conditions for site
qualification. Twelve technical guidelines also contain disqualifying
conditions, which describe a condition so adverse as to constitute sufficient
evidence to conclude,without further consideration, that a site is
disqualified. Both the postclosure and the preclosure technical guidelines
specify conditions that would be considered favorable or potentially adverse.

As explained in Section 2.2, a basic premise of the decision-aiding
methodology is that the overall desirability of a site is related to the ex-
tent to which the site achieves the various objectives of site selection. The
identification of objectives is a very important task in any siting problem.
This task was simplified here because the objectives are readily derived from
the siting guidelines, especially from the system guidelines.

At a broad level, the DOE believes that it is important to ensure that
the fundamental concerns of the guidelines have been reflected-in the metho-
dology. Toward this end Table 2-2 has been prepared as a guidelines-to-
objectives index. As can be seen, all guidelines* can be traced to one or
more objectives. In fact, some guidelines for example, the technical guide-
line on transportation correspond to more than one objective defined for use
in the methodology. Besides the statements of the guidelines themselves, the
interested reader is referred to the "Supplementary Information" and Appendix
IV of the guidelines (DOE, 1984) for evidence of the correspondence between
the guidelines and the objectives.

With regard to the favorable and potentially adverse conditions, these
conditions ate intended to provide preliminary indications of system perfor-
mance and are intended to be used in the screening phase of site selection,
during the search for potentially acceptable sites. Notwithstanding, these
conditions are useful at this stage of the siting process as well. Many of
the conditions served to guide the specification of the factors in the in-
fluence diagrams shown in Appendixes B and E. The influence diagrams, in
turn, were used in the scoring process.

As an illustration of the relationship between favorable and potentially
adverse conditions and the decision-aiding methodology consider Figure 2-2,
which shows a portion of the influence diagram for the postclosure analysis.

*No attempt was made to include explicitly the disqualifying conditions
of the technical guidelines. As explained in detail in Chapters 2 and 6 of
each environmental assessment (DOE, 1986a-e), the evidence does not support a
finding that any of the sites is disqualified. In addition, it is often the
case that the concerns of the disqualifying conditions are represented in the
performance measures defined for use in the methodology. For example, the
ground-water travel time, the key factor in the disqualifying condition in the
guideline on geohydrolbgy,`is included in the postclosure performance measures.
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Table 2-2. Index showing correspondence between the qualifying
conditions of the siting guidelines and siting objectives'

Section 960 Guideline Related siting objective(s)a

4-1(a)

4-2-1(a)

4-2-2(a)

4-2-3(a)

4-2-4(a)

4-2-5(a)

4-2-6(a)

4-2-(a)

4-2-8-1(a)

4-2-8-2(a)

5-1-(a)(1)

5-1(a)(2)

5-1(a)(3)

5-2-1(a)

System guideline on
postclosure performance

Geohydrology

Geochemistry

Rock characteristics

Climatic changes

Erosion

Dissolution

Tectonics

Natural resources

Radiological safety of the
public for 0 to 10,000 and
lO,OOO to-100,00 years
after closure

Site ownership and control

System guideline on pre-
closure radiological safety

System guideline on
environment socioeconomics,
and transportation

System guideline on ease
and cost of siting,
construction, operation,
and closure

Population density and
distribution

Radiological safety, public,
repository; radiological safety,
workers, repository; radiological
safety,public, transportation:
radiological safety, workers,
transportation

Nonradiological safety, public,
repository: nonradiological
safety, public, transportation;
aesthetic effects; biological
effects; archaeological, cul-
tural, and historical effects

Nonradiological safety workers,
repository:nonradiological
safety, workers, transportation;
total repository costs; total
transportation costs

-Radiological safety, public,
repository

5-2-2(a)

5-2-3(a)

5-2-4(a)

5-2-5(a)

5-2-6(a)

Site ownership and control

Meteorology :

Offsite installations and
operations

Environmental quality

Socioeconomic impacts

Radiological safety, public,
repository

Radiological safety, public,
repository; nonradiological
safety, workers, repository;
total transportation costs

Radiological safety, public,
repository; radiological safety,
workers, repository; total
repository costs

Nonradiological safety, public,
repository; aesthetic effects;
biological effects; archaeo-
logical, cultural, and historical
effects

Socioeconomic effects
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Table 2-2. Index showing correspondence between the qualifying
conditions of the siting guidelines and siting objectives (continued)

Section 960 Guideline Related siting objectives)a

5-2-7(a) Transportation Radiologicalsafety, public,
transportation; radiological
safety, workers, transportation;
nonradiological safety, public,
transportation; nonradiological
safety, workers, transportation;
total transportation costs

5-2-8(a) Surface characteristics Nonradiological safety, workers,
repository; total repository costs

5-2-9(a) Rock characteristics Nonradiological safety, workers,
repository; total repository
costs; radiological safety,
public, repository; radiological
safety, workers, repository

5-2-10(a) Hydrology Nonradiological safety, workers,
repository; total repository costs

5-2-11(a) Tectonics Nonradiological safety, workers,
repository; total repository costs

"The objectives listed here are abbreviated versions of the objectives. The full
statements of the objectives are given in Tables 3-1 and 4-1 for the postclosure and the
preclosure periods, respectively.

The top half of the diagram contains a number of double ellipses, which indi-
cate the most significant factors in the diagram. These factors can be
readily associated with a number of favorable and (or) potentially adverse
conditions specified for the technical guidelines on geohydrology, geo-
chemistry, and rock characteristics. For example, the ground-water travel
time (ellipse (26)) is a factor in favorable condition 1 and the criterion for
the disqualifying condition for the guideline on geohydrology. (Ground-water
travel times can be calculated from knowledge of the more-specific site con-
ditions listed in favorable condition 4 as well.) Ground-water flux (ellipse
(28)) is mentioned in potentially adverse condition 1 of the geohydrology
guideline and favorable condition 4 of the geochemistry guideline. Retar-
dation (ellipse (27)) is a factor listed in favorable conditions 2 and 5 and
potentially adverse condition 2 of the geochemistry guideline. Tens and
probably hundreds of other examples of direct ties to favorable or potentially
adverse conditions could similarly be shown if all the influence diagrams were
so broken down.

Many of the ties between factors in the influence diagrams with the
guideline conditions are more subtle and complex than the preceding paragraph
would indicate. For example, again referring to Figure 2-2, waste-package
lifetime (ellipse (35)) has ties to favorable conditions 2, 4, and 5 and
potentially adverse conditions l and 3 of the geochemistry guideline as well
as potentially adverse conditions 2 and 3 of the rock-characteristics guide-
line. Many more examples of these interrelationships could be derived on com-
parisons of the guideline conditions and the influence diagrams.
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Figure 2-2. Partial diagram showing relationships among factors influencing the numbers of

postclosure health effects attributable to the repository. (See Figure 3-2 for complete diagram.)
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A final point concerns the implementation guidelines. These guidelines
govern the application of all other guidelines in the evaluation of sites and
establish general rules to be followed during siting. Of; particular relevance
here is that they require that primary significance be placed on the post-
closure guidelines and secondary significance be placed on the preclosure
guidelines. The order of importance assigned to the three groups of preclo-
sure guidelines is as follows: preclosure radiological safety is given the
most importance, followed by environment, socioeconomics, and transportation
and by ease and cost of siting, construction, operation, and closure. The DOE
has met the intent of these requirements in making the value tradeoffs re-
quired to establish the multiattribute utility function, as explained in de-
tail in Appendix G (Section G.5).
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Chapter 3

POSTCLOSURE ANALYSIS OF THE-NOMINATED SITES

As described in Chapter 2, the formal decision-analysis method known as
multiattribute utility analysis was applied to obtain a quantitative compari-
son of the five sites nominated as suitable for characterization. The appli-
cation independently evaluated the estimated performance of a repository at
each potential site before and after closure. This chapter describes the
analysis of postclosure performance.

The components of the postclosure analysis are presented in the various
sections of this chapter. Section 3.1 describes the objectives selected to
guide the analysis. Section 3.2 summarizes the performance measures defined
to quantify the degree to which these objectives are achieved. Section 3.3
discusses the scenarios, or sequences of processes and events, that-could af-
fect the postclosure performance of a repository and the judgmental prob-
abilities assigned for each scenario at each site. Section 3.4 describes the
performance estimated for each site, expressed in terms of performance mea-
sures, for each applicable scenario. Section 3.5 describes the multiattribute
utility function developed to integrate the various assessments into an over-
all postclosure evaluation and the various value judgments for the analysis.
Numerical results and sensitivity analyses are presented in Section 3.6.
Finally, the conclusions derived from the postclosure analysis are summarized
in Section 3.7.

3.1 THE OBJECTIVES HIERARCHY

As noted in Chapter 2, a multiattribute utility analysis is based on the
premise that the relative desirability of a site is determined by the extent
to which the selection of that site would achieve the siting objectives. The
implementation of this logic requires that site-selection objectives be made
explicit. For this reason, specific statements of performance objectives for
the long-term period after repository closure were developed. Postclosure ob-
jectives establish the basis for judging the suitability of a site after repo-
sitory closure and-guide the specification of quantitative performance meas-
ures.

Objectives may be stated as very broad and general-goals, such as mini-
mizing adverse impacts on the health and safety of the public after closure,
or as specific objectives that must be achieved in order for the general
objectives to be achieved, such as minimizing the number of health effects
attributable to radionuclide releases from a repository. For the application
of a multiattribute utility analysis, specific and relatively detailed
objectives are required.

Objectives for the postclosure analysis were established by proposing
alternative sets of postclosure objectives and then evaluating these alterna-
tives. The basis for generating alternative sets of postclosure objectives
was provided by the general siting guidelines published by the U.S.

3-1



I

Department of Energy (DOE) as 10 CFR Part 960 (DOE, 1984). The selection
among these alternatives was based on consistency with the intent and history
of the siting process as well as on criteria of completeness nonredundancy,
significance, operationality, and decomposability.

The fundamental criterion for judging the postclosure performance of a
repository was assumed to be the extent to which the repository would mini-
mize, after closure the adverse impacts on public health and safety that
could result from exposure to the radionuclides in the waste. This view is
consistent with the Nuclear Waste Policy Act of 1982 (the Act), the DOE siting
guidelines, and regulations established by other agencies. The length of this
postclosure period has been established by the U.S. Environmental Protection
Agency in 40 CFR Part 191, Subpart B (EPA, 1985), to be 10,000 years after
closure. In evaluating the postclosure performance of a repository it is
necessary to consider not only performance under the conditions expected for
the first 10,000 years after closure, but also the effects of potentially dis-
ruptive natural phenomena and inadvertent human interference. In addition,
the implementation provisions of the siting guidelines (10 CFR 960.3-1-5) call
for comparisons of the undisturbed performance of alternative sites for
100,000 years to support the recommendation of sites for the development of
repositories. -The DOE believes that sites capable of meeting the stringent
requirements for these time periods would continue to provide safe isolation,
for even longer time periods.

Accordingly,, two objectives were defined:

1. Minimize the adverse health effects attributable to the repository
during the first 10,000 years after closure.

2. Minimize the adverse health effects attributable to the repository
during the period 10,000 to l00,000.years after closure.

The term "minimize" is used in the statements of the above objectives to
indicate that, all other things being equal, a repository system that leads to
the fewest postclosure health effects would be preferred. It must be recog-
nized that preclosure considerations (such as the desire to avoid significant
environmental impacts and economic costs) may make strict minimization (i.e.,
selecting the site that would produce the smallest number of postclosure
health effects regardless of costs or other preclosure considerations)
undesirable. Performance against the above objectives may have to be traded
off to obtain improved performance against preclosure objectives. Making any
necessary tradeoffs of one objective against another in a way that is
consistent with the fundamental values of our society is one of the principal
goals of multiattribute utility analysis.

In this chapter, terms like "repository performance" mean the perfor-
mance of the total repository system--that is, the geologic setting at the
site and the engineered barriers, all acting together to contain and isolate
the radioactive waste.

3-2



Defining objectives in terms of health effects ensures that proper consid-
eration will be given to the various means by which sites might minimize
adverse health effects. Alternative site-selection objectives, such as
"maximize the physical separation of radioactive waste from the accessible
environment after closure" or "maximize the flexibility to use engineered bar-
riers to ensure compliance with applicable regulations" derive their impor-
tance from being means to minimize health effects. Basing objectives on end
consequences ensures that criteria defined in terms of the means for achieving
the desired consequences will be taken into account and assigned an appro-
priate degree of importance.

The two postclosure objectives defined above could be combined into a
single objective of minimizing health effects for 100,000 years after reposi-
tory closure. Alternatively, these objectives could be further split into sub-
objectives that cover shorter time intervals, such as minimizing health effects
from 0 to 1000 years, from 1000 to 10,000 years, from 10,000 to 25,000 years,
and so forth. Because there is little evidence that health effects would
occur at appreciably different times for different repository sites, only two
time periods were considered.

Figure 3-1 shows the two postclosure objectives displayed as part of a
simple objectives hierarchy. The hierarchy indicates that the two lower-level
objectives must be achieved in order to achieve the higher-level objective of
minimizing adverse impacts on public health and safety after closure.

MINIMIZE ADVERSE POSTCLOSURE
IMPACTS ON PUBLIC HEALTH AND

- SAFETY

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY

DURING THE FIRST 10,000 YEARS
- AFTER REPOSITORY CLOSURE

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY

DURING THE PERIOD 10,000 TO 100,000
YEARS AFTER REPOSITORY CLOSURE

Figure 3-1 . Postclosure objectives hierarchy.
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3.2 PERFORMANCE MEASURES

The second step in the postclosure analysis consisted of defining perfor-
mance measures to quantify the degree to which a site achieves each post-
closure objective. According to the multiattribute utility theory, per-
formance measures can be either direct or indirect (surrogate) measures of ob-
jectives. For example, the following would be a direct measure for the objec-
tive of minimizing the health effects attributable to the repository: the
total number of premature deaths from cancer that are attributable to the repo-
sitory. However, it is sometimes difficult or impractical to use direct per-
formance measures. In this analysis, the use of direct measures, such as the
example given above, was judged impractical because the size and the geographic
distributions of populations, dietary habits, and ways of life will undoubt-
edly change over a period of 10,000 years. These factors, which must be known
to estimate health effects, cannot be usefully predicted over such long per-
iods of time. For this reason, appropriate surrogates were sought to serve as
more useful measures of performance.

3.2.1 METHODS USED IN THE DEVELOPMENT OF PERFORMANCE MEASURES

The first step in the development of performance measures for the post-
closure analysis was the identification of the key factors that affect the
number of postclosure health effects that might result from a repository at a
given site. To help summarize these factors and to illustrate the relation-
ships among them, a diagram was constructed. Called an "influence diagram,"
this diagram shows the major cause-and-effect and other influencing relation-
ships among the identified factors.

The postclosure influence diagram is shown in Figure 3-2. Only a brief
explanation is given here because a detailed description and explanation of
the relationships represented in the diagram appear in Appendix C. Shown at
the top of the diagram is a direct measure of postclosure performance in any
given time period-the number of adverse health effects attributable to the
repository. All of the factors-shown below this factor influence it, either
directly or indirectly. For example, the diagram shows that two factors, the
number of people exposed (the population at risk) and the dose received by
each person, directly influence the number of health effects. Radiation doses,
in turn, indirectly depend on radionuclide releases to the accessible environ-
ment and on the transport, retardation, dispersion, accumulation, and uptake
of those radionuclides along a variety of environmental pathways. The doses
received by people result from ingestion, inhalation, and immersion.

Of the various factors shown in the influence diagram, the factor defined
as "releases to the accessible environment" was selected to serve as a surro-
gate for health effects. There were two reasons for this choice. The first
reason is practicality. Even though the diagram shows a number of factors
whose influence on health effects is more direct than that of releases
(examples are radiation doses received through ingestion, inhalation, and im-
mersion), these factors cannot be estimated for the next 10,000 to 100,000
years. As mentioned, it is not possible to predict the long-term changes in
the environment, population distributions, and behavioral patterns that deter-
mine how releases result in the doses received by people. Although there may
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Figure 3-2. Relationships among the factors influencing the numbers of postclosure health
effects attributable to the repository.
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be distinctions among the sites now in terms of population size and land use,
these distinctions cannot be reasonably extrapolated far into the future. An
argument that, over the next tens of thousands of years, releases at one site
will be less hazardous than the same releases at another site would be highly
speculative.

The second reason for selecting releases as a surrogate for health effects
is consistency with the EPA standards (40 CFR Part 191). The primary contain-
ment requirements of the EPA standards, in particular Table 1 of Appendix A of
40 CFR Part 191, specify the allowable cumulative releases of radionuclides to
the accessible environment per 1000 metric tons of heavy metal (MTHM) for
10,000 years after repository closure. These release limits were established
by the EPA after evaluating the expected performance of geologic repositories
in generic basalt, granite, salt, and tuff host rocks. They are based on (1)
very general models of environmental transport; (2) a linear, nonthreshold
dose-effect relationship between radiation exposures and premature deaths from
cancer; and (3) current population distributions and death rates. For each
1000 MTHM, the overall cumulative-release limit specified by the EPA repre-
sents the potential for approximately 10 premature deaths from cancer during
the first 10,000 years after repository closure. The EPA has, in effect, pro-
vided scaling factors that relate cumulative releases to premature deaths from
cancer. Thus, releases expressed as fractions or multiples of the overall EPA
release limit provide a useful surrogate for health effects.

3.2.2 PERFORMANCE MEASURES SELECTED FOR THE ANALYSIS

Selecting radionuclide releases as a surrogate for postclosure objectives
leads to the following performance measures:

1. Cumulative releases of radionuclides to the accessible environment
during the first 10,000 years after repository closure.

2. Cumulative releases of radionuclides to the accessible environment
during the period 10,000 to 100,000 years after repository closure.

To account for the different radionuclides that will be disposed of in the
repository, releases were quantified in terms of the release limits specified
by the containment requirements of 40 CFR Part 191, Subpart B. As noted in
the preceding section, Table 1 in Appendix A of 40 CFR Part 191 specifies, in
terms of curies per 1000 MTHM, the allowable cumulative releases of individual
radionuclides for 10,000 years after repository closure. As explained by Note
6 in Appendix A of 40 CFR. Part 191, a cumulative release of a mixture of radio-
nuclides can be compared against the EPA limits by dividing the release quan-
tity for each radionuclide in the mixture by the limit specified in the table
and summing the result. A repository at each of the nominated sites was as-
sumed to contain 70,000 MTHM. Thus, the estimated releases from a repository
at a given site can be expressed as a fraction or multiple of the same weigh-
ted total allowed by the EPA limits. The statement "the releases estimated
for the repository during the first 10,000 years are equal to 0.1 of the EPA
limits" means that the weighted sum of the cumulative releases of various
radionuclides over this period is estimated to be one-tenth of the EPA limit.
The EPA limits were also used as a basis to establish a scale for measuring
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cumulative releases during the period 10,000 to 100,000 years after closure.
Thus, the statement "cumulative releases of radionuclides for l10,000 to
100,000 years after repository closure are estimated to be 0.1 of the EPA
limits"means that the cumulative releases-over this 90,000-year period are
estimated to be one-tenth of-the EPA-limits for the first 10,000-years.

Table 3-1 summarizes the correspondence between postclosure objectives
and performance measures and the units -in which performance is expressed. As
noted in the table, y is used to designate the performance measure for the
first 10,000 years and y2 the performance measure for the second time period,
10,000 to 100,000 years.

Table 3-1. Objectives land performance measures for the postclosure period

Objective Performance measure: Units

1. Minimize the total y: Cumulative releases of Multiples of the release
number of health radionuclides to the limits specified by Table 1
effects-attributable accessible environment and Note 6 of Appendix A
to the repository during the first 10,000 of 40 CFR Part 191 for the
during the first years after first 10,000 years
-10,000 years after repository closure
closure

2. Minimize the total Y2: Cumulative releases of Multiples of the release
number of health radionuclides to the limits specified by Table 1
effects attributable accessible environment and Note 6 of Appendix A
to the repository during the period - of 40 CFR Part 191 for the
during the period 10,000 to 100,000 first 10,000 years
10,000 to 100,000 years after repository
years after closure closure

3.3 SCENARIOS

The releases that will occur if the repository is located at a particular
site obviously depend on the processes and events that will occur at that site,
such as major earthquakes. The influence of such processes and events on re
leases, and therefore health effects, is represented in the influence diagram
(Figure 3-2) by the ellipse labeled "scenarios." The scoring of each site in
terms of releases was based on specific scenarios. Credible scenarios were
developed by identifying the different processes, events, and conditions that
might affect the performance of a repository at a site.

3.3.1 METHOD USED FOR IDENTIFYING SCENARIOS

The set of scenarios used in estimating releases was developed through a
sequence of steps conducted by a panel of technical specialists under the gen-
eral guidance of the methodology lead group. The various participants are
identified in Tables A-1 and A-2 of Appendix A. First, the various conditions
that could affect postclosure performance were identified. As shown in the
influence diagram of Figure 3-2, disruptive scenarios can affect health effects
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by (1) altering the characteristics of the engineered barriers so as to change
the rate and the magnitude of the release of radionuclides;(2) altering the
characteristics of the natural barriers so as to change the rate of radio
nuclide transport to the accessible environment; (3) altering the accessible
environment in ways that affect the extent to which the released radionuclides
change the concentration of radionuclides in sources of ground water; and (4)
altering the population at risk. Because the last two mechanisms-do not af-
fect releases, the development of scenarios, focused on the mechanisms that
affect releases from the engineered-barrier system and transport through the
natural barriers in the controlled area.

As shown in Figure 3-2, the releases from a repository are affected by
such factors as the ground-water travel time,-flux, and chemistry-as well as
the rates of radionuclide dissolution and retardation. Conditions relating to
or altering these factors thus potentially affect releases. Three categories
of conditions were considered: (1) expected conditions (nominal case), (2)
unexpected features, such as undetected faults, and (3) disruptive processes
and events. Many studies in the past several decades have attempted to iden
tify and evaluate processes and events that may affect the performance.of a
repository. This literature was reviewed to aid the identification of rele-
vant conditions. In accordance with 40 CFK Part 191, Subpart B, only the dis-
ruptive processes and events that might occur in the first 10,000 years after
closure were considered. In all cases, however, the effects of postulated con-
ditions were evaluated for both the first 10,000 years and the period 10,000
to 100,000 years.

To identify scenarios that pose a credible risk to the performance of a
repository, the individual and combinations of conditions falling into the
above categories were screened by applying two criteria. First, any process
or event judged to be incapable of increasing releases by more than 10 percent
from those for expected conditions, regardless of the other conditions that
might occur, was excluded, unless the process or event was also judged to have
a high probability (more than 1 chance in 10) of occurrence. Second, a pro-
cess or event judged to have a probability of less than 1 chance in 10,000 over
10,000 years was eliminated unless it was judged possible that the occurrence
of the scenario might increase releases by a very great amount (so that the
product of the probability and the factor by which releases might be increased,
would be greater than 0.01). When there was reasonable doubt as to whether a
process-or event should be eliminated, it was retained.

The final step in the process.was to-construct sequences of the remaining
events and processes that might lead to impacts on repository performance.
Table 3-2 lists the scenarios that were developed. The scenarios were judged
to encompass all of the significant phenomena, processes, or events that might
occur at the sites. The scenarios are mutually exclusive because it was as-
sumed that the occurrence of a scenario implied the occurrence of only the
events specified by the scenario (and none of the events specified by other
scenarios). Although scenarios involving combinations of the conditions indi-
cated in the table were considered, such scenarios were eliminated in the
screening. A detailed explanation of the scenarios and their development can
be found in Appendix C.
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Table 3-2. Potentially significant scenarios

Scenario Description

1 Nominal case (expected conditions)
2 Unexpected features
3 Repository-induced dissolution of the host rock
4 Advance of a dissolution front
5 Movement on a large fault inside the controlled

area but outside the repository
6 Movement on a large fault within the repository
7 Movement on a small fault inside the controlled

area but outside the repository
8 Movement on a small fault within the repository
9 Movement on a large fault outside the controlled

area
l0a Extrusive magmatic event that occurs during the

first 500 years after closure-
lOb Extrusive magmatic event that occurs 500 to 10,000

years after closure
11 Intrusive magmatic event
12 Large-scale exploratory drilling
13 Small-scale exploratory drilling
14 Incomplete sealing of the shafts and the repository

3.3.2 ASSIGNMENT OF PROBABILITIES TO SCENARIOS

Each scenario was assigned probabilities that indicate the judged like-
lihood of occurrence at each site. These probabilities were assessed by a
panel of technical specialists selected for their expertise in the processes
and events that could affect the performance of the repository. The members
of the panel are listed in Table A-2 of Appendix A.

Care must be taken in generating judgmental probabilities if the proba-
bilities are to reflect accurately the underlying knowledge and beliefs of the
persons who generate them. To help avoid errors in assessed probabilities,
panel members were introduced to the theory of judgmental probability and
apprised of the biases that experiments (e.g., Kahneman, Slovic, and Tversky,
1982) have shown can produce distortions in probability estimates. Panel
members practiced making probability estimates by using a broad range of sample
questions. The probabilities estimated by each panel member were then tabula-
ted and compared with the actual answers to the sample questions. This per-
mitted each panel member to test his or her skill at assessing judgmental pro-
babilities and provided an increased awareness of the need to avoid potential
biases that might affect the assessments.

The process by which the panel made judgmental probability estimates con-
sisted of several steps. At the outset, the panel members reviewed the avai-
lable information on the scenarios and the estimates of their probabilities.
Then, using his or her professional judgment, each panel member-individually
provided initial best-judgment, high, and low estimates of the probability of
occurrence of a given scenario at a particular site. The high probability was
that person's recommended upper bound for the probability. Similarly, the low-
probability estimate was the panel member's recommended lower bound for the
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probability. After the various probability estimates were tabulated, summary
statistics were computed and presented to the panel. The results were then
discussed by the panel members, including the merits of higher versus lower
estimates. After the discussion, some members elected to modify some of their
initial estimates. Finally, by consensus, the panel recommended a set of pro-
babilities to be used in the analysis. Often times, the geometric mean of the
suite of individual assessments was selected for the recommended base-case pro-
bability, and the highest of the individual high-probability estimates and the
lowest of the individual low-probability estimates were selected for the high
and the low probabilities..

Table 3-3 shows the judgmental probabilities recommended by the panel for
the various site-specific scenarios. Probabilities were not assessed if, in
the judgment of the panel, the occurrence of the scenario at a site would not
significantly affect the performance of the repository, or if the maximum pro-
bability of the scenario was judged to be less than one chance in 10,000 over
10,000 years. The decision not to assess probabilities in such cases repre-
sented a more rigorous application of the screening criteria that had been
applied earlier. Where probabilities were assessed, three probability values--
high, base-case, and low--were estimated.. All such probabilities were assig-
ned as direct judgments, with the exception of the probability for the nominal
case (scenario 1). The probability of this scenario was calculated for each
site by summing the probabilities of all the other scenarios and subtracting
the result from unity.

As can be seen from Table 3-3, scenario 1 (the nominal case) was viewed
as the most likely scenario at all sites (between 96 and 98 percent of the pro-
bability in the base case). Scenario 2 (unexpected features) was judged to be
the next most likely scenario to occur at all sites, with 1.3 to 2.4 percent
of the probability of the base case. Of the disruptive scenarios, exploratory
drilling was regarded to be more likely to occur at the salt sites. Incomplete
sealing of the shafts and the repository was viewed to be more likely at the
Hanford site than at the other sites. Movement on a large fault of sufficient
magnitude to affect expected repository performance was judged most likely at
the Hanford site. A magmatic event of sufficient magnitude to affect expected
repository performance was judged most likely at the Yucca Mountain site.

3.4 SITE SCORING

Scoring a site against the postclosure performance measures requires esti-
mating the cumulative releases that would occur from a repository at that site
under each of the applicable scenarios. Estimating cumulative releases in the
two postclosure time periods is extremely difficult because of limited data
and the limited understanding of the mechanisms by which releases can occur.
Various performance-assessment models have been developed to estimate releases
from the repository over time. Although the results produced by these models
are regarded as providing useful bounds the models are known to be simplifi-
cations of the complex processes that are involved.

A more appropriate approach is to augment the results of analyses based
on release models with assessments of the accuracies and limitations of the
models. This can be accomplished by obtaining direct judgmental assessments
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Table 3-3. High, base-case, and low probabilities assessed for scenarios



of releases from experts who understand the analyses, know the extent and limi-
tations of the data for the sites, and appreciate the complexity of the proc-
esses by which releases can occur at a given site.

3.4.1 METHOD OF OBTAINING ASSESSMENTS OF RELEASES

Judgmental assessments of releases were obtained in a two-step process.
The first step was to clarify the relationship between releases and the basic
hydrologic, geochemical, and geomechanical characteristics of a site. This
step was performed by members of the methodology lead group and technical spe-
cialists from the postclosure analysis group. The technical specialists were
familiar with the processes by which radionuclides could be released from a
repository, the available conceptual models for predicting radionuclide release
and transport, and the results of analyses conducted with these models. They
were also familiar with the level of conservatism in the assumptions incorpo-
rated into the release models (when information to support more-realistic as-
sumptions is lacking) and the processes that have been omitted from the models;
an example of the latter is the effect of waste-generated heat on the host
rock and surrounding units in the repository. The purpose of this step was to
state explicitly the best current scientific judgment about the relationship
between site characteristics and radionuclide releases for the benefit of those
less familiar with the subject.

To make these judgments explicit, descriptions of six hypothetical sites
were developed. These hypothetical sites ranged from a site with relatively
poor characteristics to one with extremely good characteristics for waste iso-
lation. Consensus estimates of the releases that would occur during each time
period from a repository at each of the hypothetical sites were then provided
by persons with the most expertise in the assessment of releases. The hypothe-
tical site descriptions were then modified and generalized until an orderly
correspondence between releases and site descriptions was obtained.

Figures 3-3 and 3-4 show the relationships between site characteristics
and estimated releases. Each figure shows a scale of 0 to 10, with the left-
hand side defined in terms of releases expressed as multiples of the EPA re-
lease limits and the right-hand side defined in terms of site characteristics.
It must be emphasized that various combinations of site characteristics can
lead to the same magnitude of releases; that is, the descriptions on the right
of the scale are not unique (see Appendix B).

During the first 10,000 years after repository closure, as shown on the
left of the scale in Figure 3-3, the releases estimated for the hypothetical
sites ranged from a value 10,000 times lower than the EPA release limits to 10
times higher than the EPA limits. This range was judged to encompass all
levels of releases that could occur at any of the nominated sites. For the
period 10,000 to 100,000 years after closure, release estimates ranged from a
value 1000 times lower than the EPA limits to 100 times higher than the
limits, as shown in Figure 3-4. This range was similarly judged to encompass
all levels of releases that could occur at any of the nominated sites during
that time period. A 0 to 10 scale was used to simplify the association of
site characteristics with releases.
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PERFORMANCE MEASURE Cumulative Releases of Radionuclides to the Accessible Environment During The First 10.000 Years After Repository Closure

Cumulative Releases
Over the first of Scale Characteristics of the Site for Which the Cumulative Releases on the Left Are Judged To Be Reasonable

EPA Release Limit

The characteristics and conditions at the site are such that during the first 10,000 years after closure, radionuclide releases to the
accessible environment are insignificant. This judgment is based on a combination of site characteristics that implies an extremely
limited potential for radionuclide releases from the engineered-barter system and transport through the natural barriers to the
accessible environment. One such combination would be-

The quantity of radionuclides potentially dissolved in ground water In 10,000 years is about 1 percent of the EPA release lmits
because of an extremely low volumetric low rate of ground water across or through the host rock together with geochemical
ground-water conditions that very strongly inhibit waste dissolution
The median travel time to the accessible environment of any key radionuclide is about 200.000 years because of extremely favorable
retardation of any reactive or nonreactive radionucides by physical and chemical processes during transport together with an
extremely long ground water travel time.

The characteristics and conditions at the site are such that, during the first 10.000 years after closure, radionuclide releases to the
accessible environment are extremely small. This judgment is based on a combination of site characteristics that implies every
limited potential for radionuclide releases from the engineered-barrier system and transport through the natural barriers to the
accessible environment. One such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 10.000 years is about 3 percent of the EPA release limits
because of an extremely low volumetric low rate of ground water across or through the host rock together with geochemical
ground-water conditions that strongly inhibit waste dissolution.

7 Themedian travel time to the accessible environment of any key radionuclide is about 150.000 years because of extremely favorable
retardation at any reactive or nonreactive radionucildes by physical and chemical processes during transport together with an
extremely long ground-water travel time.

The characteristics and conditions at the site are such that, during the first 10,000 years after closure, radionuclide releases to the
accessible environment are very small. This judgment is based on a combination of site characteristics that implies a limited
potential for radionuclide releases from the engineered-barrier system and transport through the natural barriers to the accessible
environment. One such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 10.000 years is about 10 percent of the EPA release limits
because of a very low volumetric flow rate of ground water across or through the host rock together with geochemical ground-water
conditions that inhibit waste dissolution
The median travel time to the accessible environment of any key radionucilde is about 1 00,000 years because of very favorable
retardation of any reactive or nonreactive radlonuclides by physical and chemical processes during transport together with very
long ground-water travel time.

The characteristics and conditions at the site are such that, during the first 10,000 years after closure, radionuclide releases to the
accessible environment are small. This judgment is based on a combination of the characteristics that implies some potential for
radionuclide release from the engineered-barrier system and transport through the natural barriers to the accessible environment
One such combination would be-
* The quantity of radionucildes potentially dissolved in ground water In 10.000 year is about 30 percent of be EPA release limits

because of a low volumetric low rate of ground water across or through the host rock together with geochemical ground-water
conditions that inhibit waste dissolution.

*The median travel time to the accessible environment of any key radionuclide is about 50.000 years because of favorable retardation
of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with a long ground-water
travel time.

The characteristics and conditions at the site are such that during the first 10,000 years after closure, radionuclide releases to the
- accessible environment are significant. This judgment is based on a combination of site characteristics that implies high potential

for releases from the engineered-barrier system and transport through the natural barriers to the accessible environment One
such combination would be
a The quantity of redionuclides potentially dissolved. In ground water in 1 0.000 years is about 1 00 percent of the EPA release limits

because of a high volumetric low rate of ground water across or through the host rock together with geochemical ground water
conditions that weekly inhibit waste dissolution.
The median travel time to the accessible environment of any key radionuclide is less than 10.000 years because of moderate
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with a
moderate ground-water travel time.

The characteristics and conditions at the site are such that, during the first 10.000 years after closure. radionuclide releases to the
lO accessible environment are extremely significant. This judgment is based on a combination of site characteristics that implies an

extremely high potential for radionuclide releases from the enginered-barrier system and transport through the natural barriers to
the accessible environment. One such combination would be

The quantity of radionuclides potentially dissolved inground water in 10,000 year is about 1000 percent of the EPA release limits
because of an extremely high volumetric flow rate of ground water across or through the host rock together with geochemical
ground-water conditions that enhance waste dissolution.

* The median travel time to the accessible environment of any key radlonucilde is less than 3000 years because of little reterdation of
any reactive or nonreactive radionuclides by physical and chemical processes during transport together with a short ground-water
travel time.

N OTE, it must be kept in mind that the set of site characteristics that leads to any given score is not unique. Equivalent combinations of performance factors are given
in Table B-1.

Figure 3-3. Scale used to aid the judgmental estimation of releases during the first 10,000 years after
repository closure.
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PERFORMANCE MEASURE-Cumulative, Releases of Radionucides to the Accessible Environment During the Time Period 10,000 to 100,OOO Years After Repository Closure

Cumulative Release
Over the First 10.000 Scale Characteristics of the Site for Which the Cumulative Releases on the Left Are Judged To Be Reasonable

Year as Multples of the
EPA Release Umits

The characteristics and conditions at the site we such that during the period 10.000 to 100.000 years after closure raclionucilde
releases to the accessible environment we insignificant.This judgment is based on a combination of site characteristics that
implies an extremely limited potential for radionuclide releases from the engineered barrier system and transport through the

natural barriers to the accessible environment. One such combination would be
The quantity of radionuclides potantially dissolved in ground-water in 9O.000 years is about 10 percent of the EPA release limits
because of an extremely low volumetric flow sale of ground water across or through the ho rock together with geochemical ground
water conditlons that very strongly inhibit waste dissolution.
The median travel time to the accessible environment of any key radionucilde to about 300.000 years becaue of extremely favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with an
extremely long ground-w travel time.

The characteristics and condition at the site are such tha during the period 10,000 to 100.000 yearn after closure radionuclide
releases to the accessible environment are extremely small. This judgment is based on a combination of site characteristic that
Implies a very limited potential for radionuclide releases from the engineered barrier system and transport through the natural
barriers to the accessible environment. One such combination would be-

The quantity of radionuclide potentially dissolved in ground water In 90.000 years is about 30 percent of the EPA release lmits
because of an extremely low volumetric flow raft of ground water across or through the hoet rock together with geochemical
ground water conditions that strongly. Inhibit waste dissolution.
The media travel time to the accessible environment of any key radionucliede about 250.000 years because of extremely favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with an
extremely long grund water travel time.

The characteristics and conditions at the site are such that during the period 10,000 to 100.000 years after closure radionuclide
releasd to the accessible environment are very small. This judgment is based on a combination of site characteristics that Implies
a limited potential or radionuclide releases from the enginered-barrier system and transport through the natural barriers to the

accessible environment. One such combination would be
The quantity of radionuclide potentially dissolved in ground water. In 90.000 years is about 100 percent of the EPA release limits
because of a very low volumetric flow rate of ground water across or through the host rock together with geochemical ground-water
conditions that inhibit waste dissolution.
The median travel time to the accessible environment of ay key radionucilde is about 200.000 years because of very favorable
retardation of any reactive or nonreactive radionucildes by physical and chemical processes during transport together with a very
long ground-water travel time.

The characteristics and conditions at the site are such that during the pertod 1 0,000 to 100,000 years after closure radionucilde
4 releases to the accessible environment are small. This judgment is based on a combination of site characteristics that implies

some limited potential for radionuclide releases fron the engineered-barrier system and transport through the natural barriers to
the accessible environment. One such combination would be

The quantity of radionuclides potentialy dissolved In ground water. In 90,000 years is about 300 percent of the EPA release limits
because of a low volumetric flow rate of ground water across or through the host rock together with geochemical ground-water
conditions that inhibit waste dissolution.
The median travel time to the accessible environment of any key radionuclide is about 150,000 years because of favorable retardation
of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with a long ground-water

travel time

The characteristics and conditions at the site are such that during the period 10,000 to 100.000 years after closure radionuclide
ses to the accessible environmert are significant. This judgment is based on a combination of site characteristics that implies

high potential for radionuclide releases from the engineered barrier system end transport through the natural barriers to the
accessible environment. One such combination would be

The quantity radionuclides potentially dissolved in ground water in 90,000 y about 1000 percent the EPA release limits
because of a high volumetric flow rate of ground water across or through the host rock together with geochemical ground water
conditions that weakly inhibit waste dissolution.
The median travel time to the accessible environment any key radionuclide about 0 years because of moderate
retardation of any reactive or nonreactve radionuclides by physical and chemical processes during transport together with a
moderate ground-water travel time.

The characteristics and conditions at the site are such that during the period 10.000 to 100,000 years after closure, radionuclide
releases to the accessible environment are extremely significant. This judgment is based on a combination of site characteristics

that implies an extremely high potential for radionuclide releases from the engineered barrier system and transport through the
natural barier to the accessible environment One such combination would be
* The quantity of radionuclides potentially dssolved in ground water in 90,000 years is about 0.0 percent of the EPA release limits

because of an extremely high volumetric flow rate of ground water across or through the host rock together with geochemical
ground water conditions that enhance waste dissolution

* The median travel time to the accessible environment of any key radionuclide is about 10,000 years because of little retardation of any
reactive or nonreactive radionuclides by physical and chemical processes during transport together with a short ground travel
time.

NOTE It must be kept in mind that he set of the site characteristics that 1eads to any given score is not unique. Equivalent combinations of performance factor are given
Table B-2

Figure 3-4. Scale used to aid the judgmental estimation of releases occurring during the period 10,000 to
100,000 years after repository closure.
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The scale was chosen to be geometric (e.g., 0 corresponding to 10 times
the release limits, 2 corresponding to the release limits, 4 corresponding to
one-tenth the release limit, etc.) to provide greater resolution at low
release levels. In view of the performance assessments presented in Section
6.4.2 of the environmental assessments for the nominated sites (DOE, 1986a-e),
it was expected that the estimated releases from the sites would be too low
for a linear scale to provide sufficient discrimination among sites.

The right-hand sides of the scales shown in Figures 3-3 and 3-4 contain
qualitative statements about the factors (shown in Figure 3-2) that affect re-
leases, such as the time of ground-water travel, the ground-water flux, the
solubility of key radionuclides, and retardation factors for key radionuclides.
As mentioned, there are many combinations of these factors that would lead to
the same releases. For example, a site with a long ground-water-travel time
and a moderate solubility of key radionuclides may produce the same releases
to the accessible environment as one with a moderate ground-water-travel time
and a very low solubility of key radionuclides. To account for all of the com-
binations that are possible, two performance factors were used to summarize
the effect of site characteristics on releases:

* A factor, denoted F, for release from the engineered-barrier system;
it measures the amount of radionuclides that can be dissolved into the
ground water during the period of interest.

* A factor, denoted T, for transport through the natural barriers; it
measures the time of radionuclide travel from the engineered-barrier
system through the natural barriers to the accessible environment under
post-waste-emplacement conditions.

These parameters are explained in detail in Appendix B.

3.4.2 PERFORMANCE-MEASURE SCORES

The application of the scales shown in Figures 3-3 and 3-4 to estimate
releases was made in a series of workshops attended by the full panel of post-
closure technical specialists (see Appendix A). This panel consisted of spe-
cialists who were involved in the development of the scales as well as speci-
alists selected for their detailed knowledge of the comparative characteristics
of the nominated sites. The sequence of steps conducted at these workshops is
summarized below.

For each applicable scenario, beginning with the nominal case, panel mem-
bers individually provided (by secret ballot) high, best-judgment, and low
scores for each site, using the 0 to 10 scales shown in Figures 3-3 and 3-4.
Before making these estimates, the panel discussed the relevant characteristics
of each site and their significance for releases, using the influence diagram
(Figure 3-2) as a guide. The panel then estimated the values of the factors F
and T (defined above) for the specified scenario. To obtain an initial
best-judgment score for a site for a particular scenario, each member compared
the site against the various descriptions shown on the right-hand sides of the
scales. The computed estimates of F and T were considered in relation to
these descriptions and the equivalent combinations of factors specified in
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Tables B-1 and B-2 of Appendix B, taking into account the range of uncertainty
in these parameters. If for a given scenario the site was judged to have char-
acteristics comparable to one of the descriptions, it was assigned the even-
number score corresponding to that description; if judged to have characteris-
tics that placed it between two of the descriptions, it was assigned the odd-
number score between the even numbers corresponding to those descriptions.
The high scores of each panel member were to represent site characteristics
and releases so favorable that the scorer believed there was only 1 chance in
20 that the actual conditions at the site would be even more favorable. Simi-
larly, the low scores were intended to represent site characteristics and re-
leases so unfavorable that the scorer believed there was only 1 chance in 20
that the actual conditions would be even less favorable.

To reach a decision on a single set of high, base-case, and low scores
for a given scenario at a particular site, the panel used a process similar to
that used in generating scenario probabilities. The estimates of each panel
member were tabulated by representatives of the methodology lead group and
reviewed by the panel, with various members presenting arguments for higher or
lower estimates. The discussion continued until all members of the panel
agreed on a recommended high, base-case, and low score for the scenario. Panel
members were then asked to rethink their assessments and to review the data for
the site in preparation for a repetition of the scoring exercise two weeks
later. The final scores obtained in this second exercise, which differed only
slightly from the initial results, are summarized in Table 3-4.

The very low releases implied by the relatively high scores shown in the
table should not be surprising. Various preliminary assessments conducted over
the last decade have supported the view that, because of the characteristics
of the potential host rocks, a loss of waste isolation is highly unlikely.
These studies, which used various approaches to analyze the postclosure perfor-
mance of a repository (e.g., qualitative comparisons of expected performance
with natural analogs or quantitative comparisons against regulatory criteria
with complex analytical models), have shown that, for carefully selected sites,
it is difficult to conceive of credible mechanisms for the loss of waste isola-
tion.

Although additional steps of the multiattribute utility analysis are re-
quired to obtain an estimate of the overall postclosure performance for each
nominated site, a comparison of the scores in Table 3-4 provides some imme-
diate insights. For each postclosure period, the lowest base-case score given
for any salt site for any scenario is as high or higher than the base-case
score assigned to the Hanford site for scenario 1 (the nominal case). Thus,
in the best collective judgment of the panel, the performance of the salt sites
under disruptive conditions will be better (or at least as good) as the perfor-
mance of the Hanford site under expected conditions. This is not to say that
the postclosure performance of the salt sites is guaranteed to be superior to
that of the Hanford site or that the releases that could occur from the
Hanford site are large enough to be of concern. The high scores for the
Hanford site are all 10. Thus, in the judgment of the panel, a repository at
the Hanford site may perform better than any of the salt sites under any or
all scenarios (since the low scores for the salt sites range from 8 to 4).
However, because there is a fairly clear dominance relationship between the
salt sites and the Hanford site, it can be expected that the quantitative
measure developed to compare the overall postclosure performance of the sites
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Table 3-4. High, base-case, and low scores for sites and scenarios

Scenario d



will rank the Hanford site lower than the salt sites. Analogous dominance
arguments involving other pairs of sites cannot be made on the basis of the
scores in Table 3-4.

3.5 MULTIATTRIBUTE UTILITY FUNCTION

The preceding sections described the low, base-case, and high scores as-
signed to quantify repository performance for each nominated site in the nomi-
nal case and for various disruptive scenarios. As described, judgmental scores
were assigned to estimate performance in the first 10,000 years after closure
and in the period 10,000 to 100,000 years after closure. This section discus-
ses the various value judgments that are required for a logical aggregation of
these scores to obtain an overall measure of the postclosure performance of
each site. The value judgments for the analysis were made by the senior mana-
gers from the DOE's Office of Civilian Radioactive Waste Management (see Table
A-4 of Appendix A).

Three steps are necessary to aggregate the various postclosure scores.
First, it is necessary to account for the relative desirability of achieving
higher versus lower scores for each performance measure. Single-attribute
utility functions are used to quantify the desirability of various performance-
measure scores. Second, the relative importance of achieving a given score in
the first 10,000 years after closure as compared to achieving that same score
in the next 90,000 years must be specified. The relative importance of perfor-
mance in the two time periods is addressed by assigning scaling factors.
Finally, the scores assigned to each site for various scenarios must be aggre-
gated to obtain a single number, a so-called expected utility, that represents
the expected postclosure performance of the site.

3.5.1 ASSESSMENT OF SINGLE-ATTRIBUTE UTILITY FUNCTIONS

To understand why single-attribute utility functions are needed, consider
the definitions of the postclosure performance measures. It is clear that
higher scores for the performance measures are more desirable, all other things
being equal. For example, a site that scores 10 would be more desirable than
an otherwise identical site that scores 8 for the same scenario, and a site
that scores 8 would be more desirable than a twin that scores 6. It is not
immediately clear, however, how much more desirable the higher-scoring site
would be. For example, would a site that scores 8 be halfway between a site
that scores 10 and a site that scores 6? The answer depends on two issues.
The first is the relative magnitude of the releases that could occur at each
site; the second is the level of concern about those releases.

The first issue--the relative magnitude of releases from sites with var-
ious scores-is easily resolved by examining the definitions of the perfor-
mance-measure scales. As noted in Section 3.4, the scales are geometric. A
site that scores 6 for the first 10,000 years is estimated to produce releases
100 times lower than the EPA limits; a site that scores 8 is estimated to pro-
duce releases 1000 times lower than the limits; and a site that scores 10 is
estimated to produce releases 10,000 times lower than the limits. Thus, equal
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increases in scores (e.g., going from 6 to 8 versus from 8 to 10) do not pro-
duce equal increments in estimated releases. The marginal reduction in re-
leases per unit increase in score decreases with increasing scores.

The second issue, the significance of various release magnitudes, requires
value judgments. The single-attribute utility functions account for both the
scales established for measuring performance (the first issue) and the value
of achieving various levels of performance on those scales (the second issue).

The method used for assessing the single-attribute utility functions is
the so-called midpoint method. The following notation will help to simplify
the description of this method. Let ym n denote the smallest possible re-
leases from a repository site (for simplicity, y in was assumed to be zero)
and let y&.x denote the largest releases. In the assessment of a utility
function for the first time period, ymax was taken to be ten times the EPA
limits, in accordance with the performance-measure scale of Figure 3-3. The
utilities of y'ax and ymin are denoted by Ui(ymax) and Ui(ymin).
Various release levels between y"'u and yma were then considered until
one was found, denoted y', such that it was judged equally desirable to change
a site with yma releases to the level y' as it would be to change a site
with y' releases to the level yma. The release level y' is called the mid-
point, or mid-utility point, because the utility of this level is midway bet-
ween the utilities of the other two outcome levels (i.e., UM(y') is one half
of UM(y",) + UM(y"')). The same process was repeated to find other
mid-utility points (e.g., the mid-utility point between y' and ym&X) until
enough points were identified to permit fitting a smooth curve. Finally, the
curve was scaled so that the utility of zero releases (i.e., where y = y"'
= 0), would be 100 and the utility of releases at the EPA limits (i.e., where
y = 1), would be 0.

The same process was followed to obtain the utility curve for releases
during the second period, 10,000 to 100,000 years after closure. In the second
time period, releases could be as great as 100 times the EPA limits, whereby
the definition of ym aw was changed accordingly. Also, the utility curve was
scaled so that the utility of releases equal to nine times the limit for the
first 10,000 years would be zero.

The utilities obtained in the two encoding exercises were found to be very
nearly proportional to the magnitude of releases. Figures 3-5 and 3-6 show the
utilities obtained for the first and the second time periods, respectively,
plotted as functions of cumulative releases during those periods. Because the
deviations from linearity were very small, the DOE managers elected to assume
direct proportionality between releases and utility. Specifically, linearity
implies that

Ui(yi) = 100(1 - yO) (3-1)
and

UZ(y2) = 100(1 - y2/9). (3-2)

A linear relationship is an intuitive result, since it might be expected that
postclosure releases would be roughly proportional to radiological health ef-
fects and that the desirability of a site would be directly proportional to
decreases in radiological health effects.
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Figure 3-5. Assessed utility of cumulative releases during the first 10,000 years
after repository closure.
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Range of Expected
Repository Performance
During the Period
10,000 to 100,000 Years
After Closure

(Expressed as Multiples of the EPA Release lmits for the First 10,000 Years)

Figure 3-6. Assessed utility of cumulative releases during the period 10,000
to 100,000 years after repository closure.
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When utilities that are proportional to releases are plotted as a func-
tion of scores that represent geometrically increasing releases, the curves
shown in Figures 3-7 and 3-8 are obtained. Because of the geometric relation-
ship between scores and releases, the utility function increases rapidly at
first, but then levels out as further increases in score produce only very
small reductions in the magnitude of releases. The utilities and the releases
corresponding to various scores for each time period are shown in Table 3-5.

Range of Expected
Respository Performance

During the First 10,000 Year:
After Closure

Figure 3-7. Utility plotted as
after repository closure.

a function of the score for the first 10,000 years
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Figure 3-8. Utilities plotted as a function of score for the time period 10,000
to 100,000 years after closure.

As can be seen from Table 3-5, the policy judgment that the utility of
postclosure performance in a given time period should be proportional to the

cumulative releases during that time period has the effect of assigning a very
high utility to any site receiving a score above 6. The reasoning underlying
this judgment is that a site with releases that are 10,000 times lower than

the EPA limits has little practical advantage over a site with releases that

are 100 times lower. Although the use of.a performance-measure scale that is
geometric in releases allowed technical specialists the opportunity to make

fine distinctions in the estimates of releases from repositories at the various

sites, from a policymaking perspective these distinctions have little signifi-
cance.
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Table 3-5. Correspondence among scores, releases,
and utilities

Releases' Utility
Score (y1. y2) (U1 . U2)

EARLY PERIOD: 0 to 10,000 YEARS AFTER CLOSURE

- 0.0000 100.00
10 0.0001 99.99
9 0.0003 99.97
8 0.0010 99.90
7 0.0032 99.68
6 0.0100 99.00
5 0.0316 96.84
4 0.1000 90.00
3 0.3162 68.38
2 1.0000 0.00
1 3.1623 -216.23
O 10.0000 -900.00

LATE PERIOD: 10,000 to 100,000 YEARS AFTER CLOSURE

0.0000 100.00
10 0.0010 99.99
9 0.0032 99.96
8 0.0100 99.89
7 0.0316 99.65
6 0.1000 98.89
5 0.3162 96.49
4 1.0000 88.89
3 3.1623 64.86

2.09 9.0000 0.00
2 10.0000 -11.11
1 31.6228 -251.36
0 100.0000 -1011.11

Multiple of EPA limits for
years after repository closure.

the first 10,000

3.5.2 ASSESSMENT OF SCALING FACTORS

The postclosure release estimates provide a measure of how well a reposi-
tory at a given site is expected to perform under a given scenario in each of
the time periods under consideration--the first 10,000 years and 10,000 to
100,000 years after closure. The utility functions translate the estimated
releases into units of utility, or desirability. To obtain an overall measure
of a site's postclosure utility, the various release estimates and utilities
must be aggregated. The method of aggregation can be described in the follow-
ing manner. Let S1, S2,...,S denote the scenarios to be considered at
a given site. For a given scenario S1, let y1(S1) denote the estimated
releases during the first 10,000 years. Similarly, let y2(S1) be the re-
leases estimated for 10,000 to 100,000 years after closure. Let U1[y1(S1)]
and U2[y2(S1)] denote the utilities for the releases y1(S1) and y2(S1).
The combined postclosure utility for a site given a scenario S1 is obtained
from an equation of the form
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where k1 and k2 are scaling factors. The linear additive form, which in-
volves weighting and adding the utilities for the two postclosure time periods,
may be justified from independence arguments, as described in Appendix G.

The parameters k1 and k2 in Equation 3-3 are scaling factors that re-
flect the relative values of performance against the first and the second post-
closure objectives. The numerical values of the parameters can be interpreted
as follows. The parameter k1 is the increase in the overall postclosure
utility that would be achieved by decreasing releases in the first period
enough to increase by one unit the utility on the first performance measure.
According to Equation 3-1, a reduction in releases equal to 0.01 of the EPA
release limits would increase the utility of performance in the first time
period by one unit. Hence, k1 is the increase in the overall postclosure
utility of a site that would result if that site's releases during the first
time period were reduced by 0.01 of the limits specified by the EPA standards.
Similarly, k2 is the increase in the overall postclosure utility that would
be achieved by decreasing releases in the second period enough to increase' by
one unit the utility on the second performance measure. By Equation 3-2, k2
is the increase in the overall postclosure utility of a site that would result
if that site's releases during the second time period were reduced by 0.09
(0.01 in each 10,000-year interval) of the EPA limits.

To obtain a range of reasonable values for k1 and k2, the DOE managers
(Table A-4) were asked to estimate societal preferences for hypothetical per-
formance outcomes. The considerations involved hypothetical sites that would
perform relatively well in one time period but poorly in the other. For exam-
ple, one comparison involved the following performance outcomes for hypotheti-
cal sites A and B: At site A, the cumulative releases during the first 10,000
years are 10,000 times lower than the EPA limits (a score of 10 for this per-
iod). In the second period, however, the cumulative releases at site A were
100 times higher than the EPA limits (a score of.O). In contrast, at site B,
the cumulative releases during the first 10,000 years were equal to 10 times
the limits (a score of 0), but the cumulative releases during the second per-.
iod were 1000 times lower than the limits (a score of 10). The table below
summarizes the comparison (the releases are'given as fractions of the EPA
limits).

Period 1 Period 2
Site Release Score Release Score

A 0.0001 10 100 0

B 10 0 0.001 10

Three contrasting opinions were presented for which performance outcome--that
associated with site A or B--would be preferable. With one view, site A is
preferable because it performs extremely well during the first 10,000 years,
the period that is emphasized in the regulations governing geologic disposal.
According to another view, however, site B is preferable because the combined
release from the two time periods is approximately only one-tenth as great

3-25



(10.001 times the limits versus 100.0001 times the limits). According to the
third view, sites A and B are roughly equally desirable. One argument support-
ing this last view is that the rate of release per unit time in each of the
time periods is approximately equal.

If the third view is taken (that the two sites are equally desirable),
values for the scaling factors can be derived as follows: From Equation 3-3
and Table 3-5, the postclosure utility of site A is

A

Up.,t= k1U (10-4) + k2U2(100) = 99.99k, - 1011.11k2.

Similarly, the postclosure utility of site B is

Upost= k1U1(lO) + kzU2(10-3) = -900.00k1 + 99.99k2.

Because indifference between the two cases implies equal utility,

99.99k, - 1011.11k2 = -900.00k1 + 99.99k2,

which implies that

k1 = 1.111k2.

If the scaling factors are normalized to sum to unity,

k1 + k2 = 1,

then

k= 0.526 and k2 = 0.474.

After considerable discussion among the DOE managers, the above values
were adopted as base-case values for the scaling factors. To accommodate the
alternative views, however, more extreme values were adopted to provide a range
for sensitivity analyses. At one extreme, it was argued that all weight should
be given to the first time period. Thus,

k1 = 1.0 and k2 = 0.0

were selected as one extreme for sensitivity analysis. At the other extreme,
it was assumed that a given magnitude of cumulative releases during the second
period was just as undesirable as the same magnitude of cumulative releases in
the first period. With this view, the following hypothetical site outcomes
(with releases stated as fractions of the EPA limits) would be judged equally
desirable:

Period 1 Period 2
Site Release Score Release Score

C 0.001 8 10 2

D 10 0 0.001 10
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The utilities of sites C and D are

Upost = kiUi(lO3) + kpUz(10) 99.90k- 11. llk2
and

Upast-= k1U1(10) + k2U2(103) = -900.00k1 + 99.99k2.

Assuming indifference implies that the two utilities are equal, then

k1 = 0.100 and k2 = 0.900.

These values of k, and k2 were used as the other extreme for sensitivity analyses.

3.5.3 SPECIFICATION OF THE MULTIATTRIBUTE UTILITY FUNCTION

According to the multiattribute utility theory, which is described in
more detail in Appendix G, a measure of site desirability with respect to
postclosure performance can be obtained by calculating the expected value of
the postclosure utility, where utility is calculated from Equation 3-3.
Mathematically, the expected utility can be expressed as

E(Upost) = piUpost(S1) + p2UP..t(S2) + ... + pmUpost(SM), (3-4)

where Upost (Si) is the postclosure utility of the site for scenario S1
(computed from Equation 3-3) and p1 is the probability assessed for scenario
S1 for the given site (where i = 1,2,...,m). Thus, the expected utility is
obtained by weighting the postclosure utility of the site for each applicable
scenario by the probability of the scenario and summing the results.

Equation 3-4 assumes a neutral attitude toward risk in the sense that the
effect on the computed expected postclosure utility of a low-probability sce-
nario is proportional to the product of the release and the probability of the
scenario. However, many people are averse to risk: to avoid a possible loss,
they would pay more than the probability times the magnitude of the loss (e.g.,
pay more than $5 to avoid a 5-percent chance of losing $100). Because of risk
aversion, it is sometimes argued that low-probability scenarios with signifi-
cant adverse consequences should be given greater emphasis than that provided
by an expected-value calculation. It is possible to test whether the ranking
of a set of options changes if a risk-averse, rather than a risk-neutral, atti-
tude is assumed. The next section presents the numerical results of applying
Equations 3-3 and 3-4 and includes tests of the sensitivity of these results
to changes in attitudes toward risk, evaluations of site performance, and esti-
mates of scenario probabilities.

3.6 RESULTS AND SENSITIVITY ANALYSIS

If the base-case probabilities in Table 3-3 are used for the appropriate
scenarios and the base-case scores in Table 3-4 are used with Table 3-5 to
estimate the releases that would occur for a given scenario, the expected
releases for various time periods and the corresponding expected postclosure
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utilities for the sites are as given in Table 3-6. "Expected utilities" are
the expected values of the utilities of the site. "Expected releases" are the
expected values of releases; that is, the sum of the releases estimated for
various scenarios, weighted by the probabilities of the scenarios. As in-
dicated, all of the sites have very low expected releases and very high
expected postclosure utilities. The Davis Canyon and the Richton Dome sites
have the highest expected utility values of 99.99 and are ranked first. The
Deaf Smith and the Yucca Mountain sites are only slightly lower at 99.98, and
the Hanford site is the lowest, with an expected postclosure utility of 99.76.

These high expected utility values can be compared with the corresponding
utilities that would be calculated for the hypothetical sites used as bench-
marks in the scales of Figures 3-3 and 3-4. Suppose, for examplethat a site
with the characteristics given a score of 4 in Figure 3-3 and a score of 4 in
Figure 3-4 was evaluated. The computed base-case postclosure utility for that
site would be 89.47. More generally, sites whose scores for the first and the
second postclosure time periods (10,000 years and 10,000 to 100,000 years) are
10 and 10, 8 and 8, 6 and 6, 4 and 4, 2 and 2, and 0 and 0 would have base-case
postclosure utilities of 100, 99.90, 98.95, 89.47, -5.27, and -952, respec-
tively. Only the sites with the lowest pairs of scores, 0 and 0 as well as 2
and 2, would receive low postclosure utilities. This is because it is judged
that only under these relatively poor site conditions are significant releases
likely.

The differences in the computed base-case expected postclosure utilities
can be traced to the different scenario probabilities and scores assigned in
Tables 3-3 and 3-4. Because scenario 1 (the nominal case) is by far the most
likely for each site, its scores have a dominant effect on the expected post-
closure utilities. The ranking of the sites, in fact, exactly matches the
order of the base-case scores assigned for this scenario. Scenario 2 (unexpec-
ted features) also has a significant effect because of its relatively high pro-
bability in comparison with the other scenarios. Because the base-case scores
for scenario 2 are closely correlated with the base-case scores for scenario
1, the effect of the second scenario is to reinforce the differences in the ex-
pected performances estimated for the sites in the nominal case.

The expected postclosure utilities can be interpreted by recalling the
relationship between the individual utilities for each postclosure period and
the releases that occur during that period (Table 3-5). The fact that the
Davis Canyon and the Richton Dome sites were computed to have expected post-
closure utilities of 99.99 implies that these sites were judged essentially
equal to a site whose cumulative releases are approximately 0.00011 of the EPA
limits during each 10,000-year interval after repository closure for 100,000
years. The expected utilities for the Deaf Smith and the Yucca Mountain sites
are only slightly lower. The computed utilities indicate a judgment that
these sites are comparable to a site with releases approximately twice that
given above (about 0.00023 of the EPA limits). The computed postclosure
utility of 99.76 for the Hanford site indicates that it is estimated to be
equal to a site with releases approximately 22 times higher (about 0.0024 of
the EPA limits) than that given in the first instance above. The uniform
releases per 10,000-year interval that would be assigned a utility equal to
the expected utility for each site are called "equivalent releases" and are
shown in Table 3-6. The utilities computed for the various sites are
extremely high (close to 100) because the equivalent releases are only a small
fraction of the EPA release limits.

3-28



Table 3-6. Computed base-case expected releases and postclosure utilitiesA

Davis Canyon 1.03x I0-4 1.03 x 10-3 1.13 x 10-3 99.99 1.09 x 10-4

Deaf Smith 1.15 x 10- 3.26 x 10-3 3.38 x 10-3 99.98 2.33 x 10-4

Richton Dome 1.04 x 10-4 1.04 x 10-3 1.15 x 10-3 99.99 1.10 X 10-4

Hanford 1.25 x 10-3 3.32 x 10-2 3.44 x 10-2 9976 2.41 x

Yucca Mountain 1.47 x 10-4 3.29 x 10-3 3.40 x 10-3 99.98 2.35 x 10-4

A See text for explanation.
B Fraction of EPA limits for the first 10,000 years after repository closure.



Some indication of whether the differences in expected postclosure utili-
ties are significant in relation to existing uncertainties can be found by ex-
ploring the sensitivity of the results to various assumptions. Sensitivity
analyses are performed to determine (1) which parameters of the expected-
utility equations (i.e., Equations 3-3 and 3-4) have the greatest effect on
the expected utilities and rankings of the five nominated sites and (2) which
parameters, when varied across their ranges of uncertainty, cause the base-case
ranking of sites to change, thus indicating which assumptions or values could
affect the ranking of the sites.

The key results of the various sensitivity analyses are shown in the fig-
ures to be presented in this section. Most of the figures show how various
assumptions affect the expected postclosure utility for each site and the equi-
valent releases (releases per 10,000 years that would cause a site to have a
utility just equal to the expected utility). In general, the sensitivity
analyses indicate that the base-case ranking of the sites is robust in the
sense of being relatively insensitive to uncertainties or value assumptions.

Figures 3-9, 3-10, and 3-11 show how the expected postclosure utilities
for each site depend on basic uncertainties and value assumptions. Figure 3-9
shows the range of expected postclosure utilities as the scores for each site
are simultaneously varied from the high to the low estimates in Table 3-4 with
the probabilities of scenarios kept at the base-case estimates. Figure 3-10
shows the range of the expected postclosure utilities as the probabilities of
disruptive and unexpected-feature scenarios are simultaneously varied from the
high to the low estimates given in Table 3-3 with the scores kept at base-case
values. Figure 3-11 shows the range of the expected postclosure utilities as
scores and probabilities are simultaneously varied from optimistic assumptions
(high scores for the sites and low probabilities for disruptive and unexpected-
feature scenarios) to pessimistic assumptions (low scores for the sites and
high probabilities for disruptive and unexpected-feature scenarios).

Figure 3-12 shows the effect of assuming increasing aversion to risk. To
obtain these results, possible outcomes involving high releases were given
greater weight through the use of an exponential function whose effect is
determined by a parameter called the "risk-preference constant." Chapter 4
describes the method in more detail. When the constant is set to zero, no
risk aversion is assumed, and the results are identical with the expected-
value calculation. Decreasing the value for the coefficient below zero ad-
justs the utilities to account for greater aversions to the possibilities
involving high releases. Because the base-case release estimates are low even
for the scenarios involving unexpected features and disruptive processes and
events, risk aversion does not significantly alter the relative utilities or
change the site rankings. With high levels of risk aversion, Yucca Mountain
is slightly less preferred because of the possibility of relatively high
releases under the low-probability scenarios involving extrusive magmatic
events. The y-axis in the figure is expressed in terms of equivalent releases.

Figure 3-13 shows the effect of changing the assumption that the single-
attribute utility functions are linear in cumulative releases. The effect is
to intensify (or reduce) the impact of scenarios, but the ranking of sites is
not changed. Thus, if the utility function is curved in such a way that the
marginal value of reducing releases is greater when releases are low than it
is when they are high, the sites with smaller nominal releases attain more-
favorable expected utilities. Sensitivity analysis shows that the effects of
such curvatures on expected utilities are extremely small.
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Figure 3-9. Sensitivity of the expected postclosure utility and the equivalent
releases to variations in site scores from high to low judgmental estimates.
Arrowheads indicate the base-case expected utilities.
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Figure 3-10. Sensitivity of the expected postclosure utility and the equivalent releases to
variations in scenario probabilities for the sites. The figure at the top shows an
enlargement of the extreme top of the scale (99.8 to 100). Arrowheads indicate the base-
case expected utilities.
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Figure 3-1 1. Sensitivity of the expected postclosure utility and the equivalent
releases to variations in scores and scenario probabilities from optimistic (high
scores and low probabilities for disruptive and unexpected-feature scenarios) to
pessimistic (low scores and high probabilities for disruptive and unexpected-
feature scenarios). Arrowheads indicate the base-case expected utilities.
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Figure 3-12. Sensitivity of postclosure certain-equivalent releases to risk attitude.
The figure at the top shows an enlargement of the extreme top of the scale
(0.00 o to 0).



Figure 3-13. Sensitivity of the expected postclosure utility and the equivalent
releases to variations in assumptions about the curvature of the single-attribute
utility function. The figure at the top shows an enlargement of the extreme top of
the scale (99.5 to 100).
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As explained in Section 3.3.1, scenarios involving disruptive processes
and events considered only the processes or events that might occur during the
first 10,000 years after repository closure. To check the effect of relaxing
this assumption, the expected postclosure utilities of the sites were recom-
puted with the probabilities of disruptive scenarios increased by a factor of
10. Such an assumption would tend to overestimate the effects of disruptive
processes and events that might occur during the first 100,000 years because,
although this period is 10 times as long, disruptions occurring 10,000 to
100,000 years after closure are unlikely to produce cumulative releases as
large as they would if they were to occur in the first 10,000 years. The
results, shown in Figure 3-14, thus provide a conservative estimate of the
effect of disruptions beyond the first 10,000 years. As indicated, there is
little effect on the expected postclosure utilities.

The scaling constants k1 and k2 for early and late releases, respec-
tively, reflect a value judgment about the relative importance of early and
late releases. As shown by Figure 3-15, the Davis Canyon and the Richton Dome
sites are not significantly affected by the values of the scaling constants,
since estimated releases per 10,000-year interval are approximately constant.
The Deaf Smith and the Yucca Mountain sites are slightly affected, and the
Hanford site is more strongly affected. As the scaling factors are changed to
increase the importance of later releases (i.e., from k1 = 1 and k2 = 0 to
k1 = 0.1 and k2 = 0.9), the latter three sites decrease in expected util-
ity. However, the rankings do not change, and the relative differences bet-
ween the sites are not significantly affected. The magnitudes of the effects
are much less than that produced by varying the probabilities of scenarios or
the scores for the sites.

As explained in Section 3.4.1, the releases from a repository at various
sites were estimated with the aid of constructed scales (Figures 3-3 and 3-4).
These scales establish a correspondence between the hydrologic, geochemical,
and geomechanical characteristics of a site and the radionuclide releases. As
noted in the discussion of these scales, the releases corresponding to any
given set of site characteristics could be 10 times higher or lower than the
estimates given in the scales. Figure 3-16 shows the effect on the expected
utility for each site as the releases are varied by a factor of 10 above and
below the levels shown in Figures 3-3 and 3-4. Although the differences in
expected utilities change, the ranking of the sites does not change.

The sensitivity results suggest that the most critical uncertainty for
the calculation of the expected postclosure utilities of the sites is uncer-
tainty in the scores assigned to represent the releases from the sites under
various scenarios. As can be seen by comparing Figures 3-9 and 3-11, the ef-
fect is compounded by uncertainty over the appropriate judgmental probabili-
ties for the unexpected-feature and disruptive scenarios.

To obtain a clearer understanding of the impact of the uncertainty on
site scores and scenario probabilities on postclosure performance, an approxi-
mate analysis was conducted to estimate the full range of possible releases
that might occur at each site, taking into account uncertainty in scores and
scenario probabilities. Figure 3-17 shows the estimated ranges within which
the releases at, and the corresponding utilities of, each site are likely to
fall. Although Figure 3-17 appears similar to the earlier figures, the bars
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Figure 3-14. Sensitivity of the expected postclosure utility and the equivalent
releases to scaling the probabilities of disruptive scenarios. The figure at the top
shows an enlargement of the extreme top of the scale (99.5 to 100).
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Figure 3-15. Sensitivity of the expected postclosure utility and the equivalent
releases to variations in the values of the scaling factors. The figure at the top shows
an enlargement of the extreme top of the scale (99.5 to 100).
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Figure 3-16. Sensitivity of the expected postclosure utility to uncertainty in
correspondence between site characteristics and releases for the first 10,000 years
and for the period 10,000 to 100,000 years. The figure at the top shows an
enlargement of the extreme top of the scale (97.5 to 100).
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Figure 3-17. Ranges illustrating uncertainty in postclosure utilities and releases.
Arrowheads indicate the base-case expected utilities. This figure should be
considered together with Figure 3-18, which shows the relative likelihood of
utility within a range of uncertainty.
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indicate the likely range of actual utilities that might occur, rather than
expected utilities wherein the low utility associated with each disruptive
scenario is weighted by the low probability of the scenario's occurrence.

The approximate analysis that produced the results of Figure 3-17 consis-
ted of the following steps. High, base-case, and low scores were assumed to
have probabilities of .13, .74, and .13, respectively, for each site and sce-
nario. These probabilities provide a more accurate discrete approximation to
the uncertainty over scores (i.e., they more accurately approximate the var-
iance) than probabilities of .05, .09, and .05, assuming that the continuous
probability distributions on scores are bell-shaped. Similarly, probabilities
of .13, .74, and .13 were assigned to each of the high-probability, base-case,
and low-probability estimates for each scenario. The releases associated with
the various combinations of scores were then evaluated, and each release was
assigned a probability, assuming the independence of all probabilities.

The ranges shown in Figure 3-17 can be interpreted as approximate 98-
percent confidence bands, derived according to the above assumptions. They
encompass all but the highest and the lowest computed results, each of which
accounts for 1 percent of the total probability. Although the uncertainty in
the postclosure performance of the nominated sites is such that any of the
utilities within the ranges are possible, outcomes near the high end of the
ranges are much more likely. Figure 3-18 illustrates the general shape of the
probability density functions that describe the relative likelihoods of var-
ious postclosure utilities. (The curve has been smoothed to eliminate discon-
tinuities produced by the discrete approximation.) Because of the approxima-
tions and questionable assumptions underlying Figure 3-17 and 3-18 (especially
independence), the numerical results should not be taken literally. Neverthe-
less, they strongly suggest that sites with a lower expected postclosure uti-
lity also tend to have greater uncertainty in postclosure performance.

3.7 CONCLUSIONS FROM THE POSTCLOSURE ANALYSIS

A number of conclusions can be derived from the base-case expected uti-
lities, the ranges of uncertainty in releases, and the sensitivity analysis.
Most striking is that all of the sites are expected to perform extremely well
and are capable of providing exceptionally good waste isolation for at least
100,000 years after repository closure. As already mentioned, this finding is
consistent with other studies of expected repository performance at carefully
screened sites. When placed on a scale where a 0 can be interpreted as perfor-
mance at the minimum level required by the primary-containment requirements of
the EPA standards and 100 is perfection, all of the sites have expected utili-
ties of 99.7 or higher. This corresponds to an assessment that all of the
sites are as desirable as a site with an average release rate that is less
than 0.003 of the EPA limits for 10,000 years.

The analysis shows that, under some unlikely disruptive scenarios and
pessimistic assumptions, it is possible for a site to have releases that are a
significant fraction of the EPA limits. At the salt sites, releases could be
as high as one-tenth or so of the limits; at the nonsalt sites, releases could
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Figure 3-18. Approximate relative likelihood of achieving any given utility within
a specified range of uncertainty (see Figure 3-17). Small arrowheads on the
bottom bar indicate the base-case expected utility.
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be equal to or greater than the limits. However, the probabilities of scenar-
ios producing these higher releases are judged to be extremely low, only a few
chances in a thousand at most.

From the relative ranking of the sites and estimates of uncertainty, it
appears that the postclosure performance of a repository at the Hanford site
would be slightly less favorable than that of a repository at the salt sites
or at the Yucca Mountain site. The principal bases for this conclusion are
technical judgments regarding the potential for waste dissolution, radio-
nuclide travel time, and the possibility of the existence of unexpected fea-
tures at the site. It must be kept in mind, however, that the release esti-
mates are very low, and the utility differences among the sites are extremely
small. The probabilities of the various possible postclosure releases and
utilities (Figures 3-17 and 3-18) indicate that there is about one chance in
five to one chance in ten that a repository at the Hanford site would actually
have a lower level of releases than a repository at any of the salt sites.

Thus, there is greater confidence in the salt sites than in the nonsalt
sites, and there is more confidence in the Yucca Mountain site than in the
Hanford site. This is because of greater uncertainty in the performance of
the nonsalt sites (especially the Hanford site) under expected conditions and
a higher probability of significant disruptive scenarios and unexpected fea-
tures at the nonsalt sites. Despite these differences, however, it is clear
that the confidence in all sites is extremely high.

The postclosure rankings produced by the analysis are relatively insensi-
tive to variations in assumptions, the uncertainty represented by the range of
release estimates, and alternative value judgments. The differences in the
expected postclosure utilities estimated for the sites, which quantify the
relative postclosure desirabilities of the sites, are extremely small. Uncer-
tainties not accounted for in the analysis, such as errors associated with the
limits of human judgments or the possibility of unidentified mechanisms for
releases, may be greater than the small postclosure differences identified by
the analysis.
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Chapter 4

PRECLOSURE ANALYSIS OF THE NOMINATED SITES

This chapter presents a preclosure analysis of the five sites nominated
as suitable for characterization. Section 4.1 presents the objectives defined
for the evaluation of the sites. Section 4.2 defines a performance measure for
each objective to indicate the degree to which the five sites achieve the ob-
jectives. Section 4.3 describes the performance of each site in terms of a set
of performance measures. Section 4.4 discusses the multiattribute utility
function assessed to integrate the ratings on the different performance mea-
sures into an overall evaluation of the sites. The results of the base-case
evaluation and numerous sensitivity analyses are presented in Sections 4.5 and
4.6, respectively. Section 4.7 discusses the conclusions of the preclosure
analysis of sites.

4.1 THE OBJECTIVES HIERARCHY

The perspective taken in this analysis is that the sites should be evalu-
ated in terms of minimizing adverse preclosure impacts. This requires a set
of objectives that characterize in a useful way the meaning of "adverse pre-
closure impacts." Specifically, the preclosure guidelines of 10 CFR 960.5
(DOE, 1984) specify the factors to be considered in evaluating and comparing
sites on the basis of expected repository performance before closure. The
preclosure guidelines specify three categories of factors: radiological
safety; environment, socioeconomics, and transportation; and ease and cost of
siting, construction, operation, and closure.

The preclosure guidelines were used as the basis for constructing the set
of objectives represented by the objectives hierarchy in Figure 4-1. A combi-
nation of a top-down and bottom-up approach was used to develop the objectives
hierarchy. In the top-down approach, the methodology lead group formulated an
initial set of the most general objectives bearing on the ranking of the sites
for the site-characterization decision. These general objectives, which were
reviewed by members of DOE management and staff (see Appendix A), pertained to
health and safety, environmental quality, socioeconomics, and costs. The gen-
eral objectives were then made more specific by establishing what was meant by
each, why it was important, how it might be affected by site selection, and so
forth. As suggested in the professional literature, criteria of completeness,
nonredundancy, significance, operationality, and decomposability were then ap-
plied to refine and improve the specification of lower level objectives. The
bottom-up approach involved working with the technical specialists (identified
in Appendix A) to generate lists of objectives based on-the siting guidelines
and the "Supplementary Information" and Appendix IVto the guidelines. The
identified objectives were then integrated into the objectives hierarchy devel-
oped from the top-down approach and approved by DOE management as the objec-
tives of the preclosure analysis.
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Figure 4-1. Preclosure objectives hierarchy.



As is readily evident, the minimization of preclosure impacts is defined
to be equivalent to achieving to the.extent practicable the following four
major objectives:

* Minimize adverse impacts on health and safety before closure.
* Minimize adverse ..environmental impacts.
* Minimize adverse socioeconomic impacts.
* Minimize costs..

The meanings of each of these major objectives are made more precise by sub-
objectives and by the definition of the performance measures in Section 4.2.

Regarding preclosure health and safety, the possible impacts may be at-
tributable to the repository itself or to waste transportation', they may be due
to radionuclide releases or to nonradiological accidents and hazards, and they
may be experienced by the public or by workers at the repository or in trans-
portation. Thus, as shown in Figure.4-l, there are eight lowest-level objec-
tives that correspond to the objective of minimizing adverse effects on pre-
closure health and safety. They range from minimizing the radiological health
effects incurred by the public from the repository to minimizing the nonradio-
logical health effects incurred by workers from waste transportation.

The environmental objective is divided into three more-specific subobjec-
tives: to minimize adverse aesthetic impacts; to minimize adverse archaeo-
logical, historical, and cultural impacts; and to minimize adverse biological
impacts. It is useful to recognize that objectives like "minimize air pollu-
tion" and "minimize the degradation of water resources," though important, are
not explicitly included in the objectives hierarchy, because they are a means
to achieving the fundamental objectives of the hierarchy. For instance, air
pollution is a cause of nonradiological health effects in both the public and
in workers, a cause of aesthetic degradation in rural areas and a cause of
biological impacts.

The socioeconomic objective is concerned with adverse impacts on the local
communities surrounding a repository and disturbances of the lifestyles of
their residents. These disturbances might be due, for example, to the influx
of new residents or the use of local water resources.

The cost objective is divided into two subobjectives: to minimize the
costs of the repository itself and to minimize the costs of waste transporta-
tion. As stated in the Nuclear Waste Policy Act, these costs are to be borne
by the generators and owners of the waste.

4.2 PERFORMANCE MEASURES

For each of the lowest-level objectives in Figure 4-1, it is necessary to
define a performance measure to indicate the degree to which the objective is
achieved. For each site, repository performance before closure is then des-
cribed in terms of impact levels for each performance-measure. For example,
the performance measure for the objective of minimizing repository costs is
millions of dollars. The impact level for a given site might then be 8500 mil-
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lion dollars (i.e., 8.5 billion dollars). Collectively, the two cost impact
levels indicate how well the overall cost objective is met. Similarly, the
eight health-and-safety impacts collectively describe the degree to which each
site meets the objective of minimizing adverse impacts on health and safety.
Three impact levels are necessary to describe the environmental degradation
for each site, and one level is used for adverse socioeconomic impacts.

As noted in Chapter 3, performance measures may involve scales of two
different types: natural scales and constructed scales. Natural scales are
those that have been established and enjoy common usage and interpretation;
examples are costs in millions of dollars and numbers of fatalities. Con-
structed scales, on the other hand, are developed specifically for the problem.
For instance, there is no natural scale for the objective "minimize aesthetic
degradation." Hence, it is necessary to construct a scale that describes pos-
sible impacts. As will be readily apparent, health-and-safety objectives and
cost objectives are measured by natural scales, whereas environmental and
socioeconomic objectives are measured by constructed scales.

A listing of the 14 preclosure objectives and the associated performance
measures is given in Table 4-1. For convenience in future reference, the per-
formance measures are designated X1 through X1 4 in the table.

4.2.1 PERFORMANCE MEASURES FOR HEALTH AND SAFETY

The eight performance measures for health and safety are the number of
fatalities that might be attributed to the category characterized by the cor-
responding objective. For instance, with regard to the first objective of
minimizing worker health effects due to radiation exposures at the repository,
the performance measure is the number of cancer fatalities incurred by workers
from radiation exposure at the repository.

All of the health-and-safety performance measures that are related to
radiation exposure are numbers of cancer fatalities. The performance measures
for nonradiological health-and-safety objectives are numbers of fatalities
from accidents and possibly air pollution. (Air pollution is included mainly
for completeness, as it is not expected to cause any fatalities.) The main
reason for the nonradiological fatalities experienced by both workers and the
public from the transportation of waste is traffic accidents.

Health-and-safety effects other than fatalities were not explicitly
accounted for in the analysis. Since potential illnesses and injuries were
felt to be strongly correlated with fatal health effects, the implications of
their inclusion were examined in sensitivity analyses that greatly increased
the weight on fatalities in the evaluation. These analyses, described in Sec-
tion 4.6, indicate that the inclusion of nonfatal health effects would not
lead to any additional insights or change any implications of the analysis.

The performance measures were selected by panels of technical specialists
(see Appendix A) with expertise in health physics; repository design, con-
struction, and operation; air pollution; and transportation. For most of the
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Table 4-1. Objectives and performance measures

Objective Performance measure

HEALTH-AND-SAFETY IMPACTS

1. Minimize worker health effects from
radiation exposure at the repository

2. Minimize public health effects from
radiation exposure at the repository

3. Minimize worker health effects from
nonradiological causes at the repository

4. Minimize public health effects from
nonradiological causes at the repository

5. Minimize worker health effects from
radiation exposure in waste transportation

6. Minimize public health effects from
radiation exposure in waste transportation

7. Minimize worker health effects from
nonradiological causes in waste
transportation

8. Minimize public health effects from
nonradiological causes in waste
transportation

X1: repository-worker radiological
fatalities

X2: public radiological fatalities
from repository

X3 repository-worker nonradiological
fatalities

X4 public nonradiological fatalities
from repository

Xs: transportation-worker radiological
fatalities

X6: public radiological fatalities
from transportation

X: transportation-worker nonradiological
fatalities

X8: public nonradiological-fatalities
from transportation

ENVIRONMENTAL IMPACTS

9.

10.

Minimize adverse aesthetic impacts

Minimize adverse archaeological,
historical, and cultural impacts

X9:- constructed scale (see Table 4-2)

XtO: constructed scale (see Table 4-3)

X11: constructed scale (see Table 4-4)11. Minimize adverse biological impacts

SOCIOECONOMIC IMPACTS

12. Minimize adverse socioeconomic impacts X12: "constructed scale (see Table 4-5)

13.

14.

Minimize repository costs

Minimize waste-transportation cos

ECONOMIC IMPACTS .

X13 millions of dollars

ts -X1 4; millions of dollars

health-and-safety performance measures, detailed analytical models are avail-
able and were used to evaluate the impact levels at each site. The inputs to
the models, shown in the influence diagrams(see Appendix E), and the results
calculated by the models were reviewed over several-months by the appropriate
specialists. In those instances where the data required for the models are
limited or not comparable from site to site, professional judgment was used to
supplement calculations. This is explained in more detail in Appendix F.
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4.2.2 ENVIRONMENTAL PERFORMANCE MEASURES

It was necessary to construct performance measures to indicate the degree
to which the three environmental objectives are achieved. These constructed
scales are presented in Tables 4-2, 4-3, and 4-4. The performance measure for
aesthetic degradation is mainly concerned with the visual disturbances or the
noise experienced by people living in or visiting the area of a site. The per-
formance measure for impacts on archaeological, historical, and cultural prop-
erties is concerned with the number of such properties that would be affected
and the significance of the impact. The possibility of mitigating such impacts
is included in this performance measure, and it is assumed that such mitiga-
tion, where possible, would definitely occur. The performance measure for ad-
verse biological impacts is concerned with adverse impacts on threatened and
endangered species, on biologically sensitive species, or on the habitats of
either; it is also concerned with any resultant threats to the regional abun-
dance of the species.

A panel of technical specialists (see Appendix A) worked with decision
analysts over several months to construct the scales for the performance mea-
sures. A first step in this process was the development of influence diagrams
to identify the fundamental characteristics of a site that determine its abil-
ity to meet objectives (see Appendix E). These fundamental characteristics
were then used as the basis for the constructed scales. The descriptions of
the specific impact levels for the constructed scales were revised many times
to ensure that the assignment of the impact levels could be traced and ap-
praised by other professionals given the appropriate information.

As can be seen from Tables 4-2, 4-3, and 4-4, there are seven levels of
impact for the performance measure describing adverse aesthetic impacts and six
levels for the other environmental performance measures. The levels of impact
are defined so that level O corresponds to no impact and higher levels desig-
nate increasingly adverse impacts.

4.2.3 SOCIOECONOMICS PERFORMANCE MEASURE

The socioeconomics performance measure is also a constructed scale con-
cerned with the impact of the repository on the local communities, the infra-
structure of those communities, the ability of people in those communities to
retain the lifestyle they are accustomed to, and the indirect economic implica-
tions to persons in the local communities. It consists of a constructed scale
of five levels (see Table 4-5). Level 0 corresponds to essentially no adverse
socioeconomic impact, and higher levels designate a greater level of adverse
impact.

The constructed scale was developed by a panel of technical specialists
with expertise in socioeconomics and institutional analysis (see Appendix A)
and decision analysts in a process that took several months. To guide the
specification of the performance measure, an influence diagram (Figure E-12 in
Appendix E) was constructed. An effort was made to make the descriptions of
impact levels specific enough to represent and communicate distinct socioeco-
nomic impacts of significance.

4-6



Table 4-2. Performance measure for adverse aesthetic impacts from the
:the repository and waste transportation

Impact level Aesthetic impacts in
the affected area b

Major effects are defined as the following:

The affected area contains components of the National Park system, National
Wildlife Refuge system, National Wild and Scenic River:system, National Wil-
derness Preservation system, National Forest Lands or a comparably signifi-
cant State resource area, or an aesthetic resource that is unique to the area.
The locations of such components are such that-

Four or more key observation points or sensitive receptor areas within the
resource area are on the line of sight or within audible distance of the
project and/or

Some key observation points or sensitive-receptor areas on the line of
sight or within audible distance of the project attract many visitors.

The locations of residences, population centers, major vistas, natural or
cultural landmarks, public recreation areas, or public highways are such that
these points are on the project's line of sight and are within a visual set-
ting that would significantly contrast with the project.

The locations of residences, population centers, major vistas natural or
cultural landmarks, public recreation-areas, or public highways are such that
the project would be audible and would exceed established noise criteria.

Minor effects are defined as the following: -

The affected area contains components of the National'Park system, National
Wildlife Refuge system, National Wild and Scenic River system, National Wil-
derness Preservation system,National Forest Lands, or-a comparably signifi-
cant State resource area, or an aesthetic resource that is unique to the area.
The locations of such components-are such that-

Three or fewer key observation points or sensitive-receptor areas within
the resource area are on the line of sight or within audible distance of
the project and/or

No key observation points or sensitive receptor areas on the line of sight
or within audible distance of the project attract many visitors.

The locations of residences, population centers, major vistas, national or
cultural landmarks, public recreation areas, or public highways are such that
these points are on the project's line of sight but are within a visual set-
ting that would not significantly contrast with the project.

The locations of residences, population centers, major vistas, natural or
cultural landmarks, public recreation areas, or public highways are such that
the project would be audible but would not exceed established noise criteria.
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Table 4-3. Performance measure for adverse archaeological
historical, and cultural impacts from the

repository and waste transportation

Impact level Impacts on historical properties in the affected area

There are no impacts on any significant historical properties

1 One historical property of major significance or five histori-
cal properties of minor significance are subjected to adverse
impacts that are minimal or amenable to mitigation

2 Two historical properties of major significance or ten histori-
cal properties of minor significance are subjected to adverse
impacts that are minimal or amenable to mitigation

3 Two historical properties of major significance or ten histori-
cal properties of minor significance are subjected to adverse
impacts that are major and cannot be adequately mitigated

4 Three historical properties of major significance or 15 histori-
cal properties of minor significance are subjected to adverse
impacts that are major and cannot be adequately mitigated

5 Four historical properties of major significance or 20 histori-
cal properties of minor significance are subjected to adverse
impacts that are major and cannot be adequately mitigated

The performance measure is defined by the following:

Historical property of minor significance: A historical property that is
of local or restricted significance, but does not meet the criteria of sig-
nificance for the National Register of Historic Places (e.g., a homestead
or miner's cabin that is of local importance but does not meet the criteria
of the National Register; an archaeological site that is representative of
a period of time for which there are many examples).

Historical property of maior significance: A historical property that meets
the criteria of significance for the National Register of Historic Places
(e.g., first town hall in a community; cave sites representative of an
Indian people at one stage of their history; a Civil War battlefield) or a
religious site highly valued by an Indian group (e.g., an Indian burial
ground).

Minimal impacts: Impacts that may alter the historical property, but will
not change its integrity or its significance.

Major impacts: Impacts that change the integrity or the significance of
the historical property.

Amenable to mitigation: The character of the historical property is such
that it is possible to mitigate adverse impacts, reducing major impacts to
minor or eliminating adverse impacts (e.g., impacts on an archaeological
site that is significant because of the data it contains can be mitigated
by excavating and analyzing those data; subsurface sites located within the
controlled area may be protected under agreements made to guarantee that
they will not be disturbed; a historical site can be adequately protected
from vandals by erecting physical barriers).

Not amenable to mitigation: The character of the historical property is
such that impacts cannot be adequately mitigated because the value depends
on the relationship of the historical property to its environment (e.g., a
historical property of religious significance; a historical property that
has value beyond the data contained; an archaeological site that is too
complex for adequate excavation given state-of-the-art techniques).
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Table 4-4. Performance measure for adverse biological impacts
from the repository and waste transportation

Impact level Biological impacts in the affected area

0 No damage to species of plants or wildlife that are desirable,
unique, biologically sensitive, or endangered or to any biologi-
cal resource areas that provide habitats for such species.

Damage to, or destruction of, individuals of desirable species or
portions of biological resource areas that provide habitats for
the species, but such species or resource areas are nonunique,
nonsensitive, nonendangered, and common throughout the region.

2 Biologically sensitive species or resource areas are in the af-
fected area. The damage to, or the destruction of, individuals
of these sensitive species or portions of such resource areas
does not threaten their regional abundance. Other affected bio-
logical resources are not unique in the region.

3 Threatened and endangered (T&E) species and/or habitats for T&E
species are in the affected area.. The damage to, or the destruc-
tion of; individuals of the T&E species or portions of the habi-
tat does not threaten their regional abundance

or

Biologically sensitive species or resource areas are in the af-
fected area. The damage to, or the destruction of, individuals
of these sensitive species or portions of such resource areas
threatens their regional abundance.

Other affected biological resources are not unique in the region.

4 Threatened or endangered species and/or habitats for T&E species
are in the affected area. The damage, to, or the destruction of,
individuals of the T&E species or portions of the habitats does
not threaten their regional abundance

and

Biologically sensitive species one resource areas are in the af-
fected area.,: The damage to, or the destruction of, individuals
of these sensitive species or portions of such resource areas
threatens their regional abundance.

Other affected biological resources are not unique in the region.

5 Threatened-and endangered (T&E) species and/or habitats for T&E
species are in the affected-area. The damage to, or the destruc-
tion of individuals of the T&E species or portions of the habi
tats threatens their regional abundance

and

Biologically sensitive species or resource areas are in the af-
fected area. The damage to, or the destruction of, individuals
of these sensitive species or portions of such resource areas
threatens their regional abundance.

Other affected biological resources are unique in the region.
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Table 4-5. Performance measure for adverse socioeconomic impacts
from the repository and waste transportation

Impact level Socioeconomic impacts in the affected area

In-migrating population of 2000 persons is dispersed over a broad region
with a population of 100,000. The public infrastructure is adequate
for repository-related growth. The transportation infrastructure and
the housing supply are also adequate.

Because of the large population base and diverse lifestyles, values, and
social structures, social disruptions are not expected.

Direct and indirect employment of 1500 persons during repository oper-
ation, in a region with a total employment of 60,000, is not expected to
lead to the economy of the area becoming overly dependent on the reposi-
tory.

Repository activities are not incompatible with existing land usesd
and no adverse impacts on water resources are expected.

All land is State or federally owned, and no commercial, residential, or
agricultural displacement is expected.

1 In-migrating population of 5000 persons is dispersed over an area with a
population of 50,000. Moderate upgrading of the public infra-
structureb and of the transportation infrastructure is required to
accommodate repository-related growth in the affected area. Moderate (2
percent) increase in housing supply is required to accommodate growth.

Despite the expected population growth, in-migrants have lifestyles and
values that are expected to match those of current residents; major
social disruptions are not expected.

Direct and indirect employment of 3000 persons during repository opera-
tion in a region with a total employment of 30,000 and a moderately
diverse economy is not expectd to lead to a disruption of existing busi-
ness patterns and economic dependence that cannot be avoided by applying
standard economic-planning measures.

Repository activities are not incompatible with existing land uses,d
and no adverse impacts on water resources are expected.

One-quarter of the land is privately owned and minimal commercial, resi-
dential, or agricultural displacement is expected.

2 In-migrating population of 5000 persons is concentrated in a few com-
munities in an area with a population of 50,000. Major upgrading of the
public infrastructureb and of the transportation infrastructure is
required to accommodate repository-related growth in affected communi-
ties. A 10-percent increase in housing is also expected.

More than a quarter of the residents have lifestyles and values that are
unlikely to match those of in-migrants.

Direct and indirect employment of 3000 during repository operation in a
region with a total employment of 30,000 and a moderately diverse economy
is not expected to lead to a disruption of existing business patterns
and economic dependence that cannot be avoided by applying standard
economic-planning measures.
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Table 4-5. Performance measure for adverse socioeconomic impacts
from the repository and waste transportation

(continued)

Impact level Socioeconomic impacts in the affected area

2 Repository activities are somewhat incompatible with existing land
(continued) uses,d and minor impacts are expected; minor diversion of water

resources from other activities is also expected.

Half of the land is privately owned, and commercial, residential, or
agricultural displacement is expected.

3 In-migrating population of 10,000 persons is concentrated in a few com-
munities within an area with a population of 10,000. Major upgrading of
the public infrastructure and of the transportation infrastructure
is required to accommodate repository-related growth in affected com-
munities. Considerable new housing (a75-percent increase) is also
expected.

Affected communities have homogeneous lifestyles, values, and social
structures that do not match those of the in-migrants; conflict between
current and new residents is expected.

Direct and indirect employment during repository operation of 5000 per-
sons in a region with 5000 employees is expected to disrupt existing
business patterns and to lead to substantial economic decline after the
completion of waste-emplacement operations.

Negative impacts are expected on existing land uses,d and minor diver-
sion of water resources from other activities is expected.

All land is privately owned, and commercial, residential, or agricultural
displacement is expected.

4 In-migrating population of 10,000 persons is concentrated in a few com-
munities in an area with a population of 10,000. Major upgrading of the
public infrastructure and of the transportation infrastructurec is
required to accommodate repository-related growth in the affected com-
munities. Considerable new housing (a 75-percent increase) is also
expected.

Affected communities have-homogeneous lifestyles, values, and social
structures that do not match those ofthe in-migrants; conflict between
current and new residents is expected.

Direct and indirect employment during repository operation of 5000 in a
region with 5000 employees is expected to disrupt existing business pat-
terns and to lead to substantial economic decline after the completion
of waste-emplacement operations.

Repository activities are incompatible with existing land uses,d and
negative impacts are expected; major diversion of area water resources
is likely, resulting in impacts on development in the affected area.

All land is privately owned, and commercial, residential, or agricultural
displacement is expected.

Socioeconomic impacts equivalent to those listed in the table.
b The public infrastructure includes schools; medical facilities, police and

fire services; water,-sewer, and solid-waste systems; and recreation facilities.
The transportation infrastructure includes roads, public transportation

facilities, and the like.
Examples of existing land uses are agricultural and residential uses, uses

related to tourism, and uses related to local recreation.
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4.2.4 COST PERFORMANCE MEASURES

The repository costs include the cost of siting, construction, operation,
closure, and decommissioning. These activities will take place over a period
of approximately 80 years. Transportation operations will span about 30 years,
starting in 1998. The cost performance measures are millions of nondiscounted
dollars for the repository and for waste transportation. Nondiscounted costs
rather than discounted costs were chosen as performance measures because, for
various reasons, the latter would not produce more insights from the analysis
(see Section F.4.1). The reasons include large uncertainties about inflation
rates and component escalation costs, the time when expenditures are made, and
the appropriate discount rate.

Analytical models were used to estimate the costs of repository construc-
tion and operation and of transportation operations for each of the sites.
Technical specialists with expertise in these areas reviewed both the data
used in the models and the results--again over a period of several months.
The specialists are identified in Appendix A, and the models are described in
Appendix F.

4.3 DESCRIPTIONS OF POSSIBLE SITE IMPACTS

The possible impacts for each of the five sites for each of the 14 perfor-
mance measures are presented in Table 4-6; both a base-case estimate and a
range consisting of a high estimate and a low estimate are given. The base
case is meant to describe the expected performance of a given site with re-
spect to a given performance measure. Because there is uncertainty about the
possible impacts, the range is included to indicate the significance of that
uncertainty. The ranges were determined with the intent that they would have
a 90-percent chance of encompassing the actual impacts exerted by a repository
at the site. Consider, for instance, the repository-cost performance measure
for the Yucca Mountain site in Table 4-6. The base-case estimate is 7500 mil-
lion dollars (i.e., 7.5 billion dollars), and the range is from 4875 to 10,125
million dollars. This means that, if a repository is eventually developed at
Yucca Mountain, the current judgment is that the estimated cost of construc-
tion and operation will have a 90-percent chance of falling between 4875 and
10,125 million dollars. Very brief comments on the base-case impacts and
their uncertainties are presented below. The impacts are based on information
in the environmental assessments of the five nominated sites (DOE, 1986a-e).
Details on the logic underlying the estimates are provided in Appendix F.

The five panels of technical specialists who developed the preclosure per-
formance measures also estimated the impacts for all five sites. The process
of estimating the site impacts against each performance measure began in mid-
December 1985 and continued through March 1986. A first step was the gather-
ing of a consistent set of site data from the environmental assessments, using
the previously developed influence diagrams and performance measures as guides.
"Consistent set" means a common set of assumptions, level of detail, level of
conservatism, etc. Workshops were then held to generate initial estimates of
site impacts and the ranges. Details of the process used to generate the final
estimates of site impacts reported in Table 4-6 varied somewhat from panel to
panel. Individual panel members in some instances wrote justifications for the
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Table 4-6. Base-case estimates and ranges of site impactsA

Performance measure



initial estimates of impacts and then shared drafts with the other members of
the panel. In some cases additional workshops were held to discuss the bases
for the estimates or, more simply, comments were provided to the lead panel
member.

The initial estimates were in many cases revised and the bases refined
over the course of several months. In most cases a group consensus was
achieved on the estimates of the base-case impacts and the ranges. If consen-
sus was not achieved, differences in opinion over the appropriate estimates
were used to set the range of impacts. In other instances--for example, for
those performance measures where detailed, well-established analytical models
could be used to calculate impacts--the full panel was able to reach consensus
on the appropriate levels of impacts at one workshop. The remainder of the
time was spent checking the data for the models, the assumptions, etc., and in
writing and refining the reasoning for the estimates of site impacts.

4.3.1 HEALTH-AND-SAFETY IMPACTS

4.3.1.1 Repository

Workers at the repository receive radiation doses directly from the natu-
ral radioactivity of the rock and also from repository operations. From the
number of workers involved in each of these situations, the expected radiation
emitted, and assumptions about ventilation, the number of cancer fatalities
attributable to the exposure of workers to radiation in the repository was
calculated. The assumed dose-effect relationship is that 280 cancer fatali-
ties are caused by every million man-rem of population dose (i.e., the sum of
the individual doses received by all the members of a population). As discus-
sed in Appendix F, a different dose-effect relationship would not affect the
relative ranking of sites.

Radiological health effects in the public are due mainly to radionuclide
releases from the repository and subsequent exposure through inhalation or
ingestion. The population density within 50 miles of the sites is a key factor
in determining the number of radiological fatalities.

Nonradiological worker fatalities at the repository are due to accidents
during construction, operation, closure, or decommissioning. In this regard,
it is known that mining is a hazardous occupation, even when a great deal of
attention is paid to the safety of the workers.

A mechanism by which nonradiological fatalities in the public may result
from'repository construction and operation is air pollution; However,as seen
from Table 4-6 and Appendix F, calculations show that air pollution would not
cause any fatalities.

4.3.1 .2 Transportation

Transportation assessments are based on the assumption that 70 percent of
waste is transported by rail and 30 percent by truck. Although many logistics,
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economic, and service factors will be involved in the choice between rail and
truck transportation more than 10 years hence, the DOE believes this is a rea-
sonable assumption for the purpose of comparing sites. For either mode of
transportation, there isapotential for accidents,and small amounts of radi-
ation will be emitted. Both workers and the public will be exposed to any
accidents and the'released radiation. Estimates of the emitted radiation, the
surrounding population densities, the dose-response relationship used for
radiological effects from the repository,and the rates of train and-truck
accidents were used to calculate the base-case estimates of fatalities for the
four performance measures characterizing the effects of transportation on
health and safety.

The ranges of uncertainty for these four performance measures are due to
uncertainty about the analytical models (see Appendix A of the environmental
assessments for the nominated sites (DOE, 1986a-e) and Appendix F of this
report), the assumptions used in calculating the impacts, and uncertainty
about the location of a-second repository. In a coordinated waste-management
system, a second repository would presumably reduce the cost and risk of waste
transportation because the waste could be sent'to the nearest repository. The
influence of a facility for monitored retrievable storage (MRS) on -
transportation assessments is not explicitly considered because the: MRS
facility is not authorized by the Congress at this time.

4.3.2 ENVIRONMENTAL IMPACTS

As mentioned, the environmental impacts were assessed by technical spe-
cialistsfamiliar with the environmental assessments for each of the sites.
These same people participated in constructing the performance measures.

Concerning the aesthetic impacts, it is necessary to consider potential
observation points and sensitive-receptortareas,the location of people visit-
ing or living near a repository, and any natural environmental features of
significance. Then judgments must be made about where aesthetic impacts might
occur and their significance. A detailed discussion of these judgments is
given in Appendix F.

With regard to archaeological, historical, and cultural impacts, the first
step is to characterize the number of historical properties of major and minor
significance known to be in the vicinity of the nominated sites. Then the
likely impact on each is considered as well as the possibilities of mitigating
the impact. As a result of this assessment, the base-case impact given cur-
rent information is specified. The range takes into account the possibilities
of discovering additional historical properties at the various -sites and of
identifying better ways to mitigate potential damage to identified properties.

The appraisal of biological impacts is based on a description in the
environmental assessments of the biological resources at the sites and the
status of those resources (threatened and endangered, biologically sensitive,
or species that are nonunique,-nonsensitive, nonendangered, and common through-
out the region). -
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4.3.3 SOCIOECONOMIC IMPACTS

Assessments of socioeconomic impacts are based on a knowledge of the popu-
lation living in the vicinity of the nominated sites, the characteristics and
lifestyles of various segments of that population, and the effects that an in-
flux of money and people may have on those communities. In addition, there
may be a disruption of local agriculture, local tourism, or employment oppor-
tunities. These are estimated from information in the environmental assess-
ments and from a professional knowledge of what often occurs with a boom-bust
cycle in rural communities.

4.3.4 ECONOMIC IMPACTS

Cost estimates for a repository at the various sites were developed by
considering separately the costs of siting, construction, operation, and clo-
sure and decommissioning. The base-case cost estimates for the Yucca Mountain,
Deaf Smith, and Hanford sites are taken from the most recent information
(Weston, 1986) developed as part of the DOE's annual evaluation of the adequacy
of the fee (1 mill per kilowatt-hour) collected from electric utilities for the
Nuclear Waste Fund. For the Davis Canyon and the Richton Dome sites, site-
specific cost estimates were prepared for this report. Details of these esti-
mates are given in Appendix F. The ranges for repository costs are plus or
minus 35 percent of the base-case estimates. This uncertainty reflects the
currently available level of repository-design information (preconceptual
stage). Although the DOE is reasonably confident about the ranking of the
base-case cost estimates, it recognizes that a first-of-its-kind engineering
project like a repository has a high potential for major design changes. These
may lead to increases above current estimates.

The base-case estimates of transportation costs were generated with the
assistance of a computer model (see Appendix F for details). The range on
transportation costs was based on the assumption that a second repository may
cause a 40-percent increase or a 46-percent decrease in costs. In addition,
it was assumed that a 50-percent increase or decrease in costs should be attri-
buted to uncertainty in the model and the assumptions used to calculate trans-
portation costs.

4.4 THE MULTIATTRIBUTE UTILITY FUNCTION

The selection of sites-for characterization would be easy if some sites
were more desirable than others on every objective. However, this rarely hap-
pens with complex problems, and it did not happen with the five-nominated
sites. Hence, a key question is, "How much should be given up with regard to
one objective to achieve a specified improvement in another?" This key issue
is one of value tradeoffs. In addition, because of the uncertainties inherent
in the problem, any given site is not guaranteed to yield a specific conse-
quence. At each site there are circumstances that could lead to relatively
desirable or undesirable consequences, and the question here is, "Are the
potential benefits of having things go right worth the risks of having things
go wrong?" This issue concerns attitudes toward risk. Both value tradeoffs
and risk attitudes are particularly complicated because there are no right or
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wrong values. However, the multiattribute utility function can be used to
aggregate implications in terms of the individual objectives, using value
tradeoffs and attitudes toward risk.

This section presents the multiattribute utility function assessed for
evaluating the nominated sites. Details of the assessment procedure are found
in Appendix G. The perspective taken was that the sites should be evaluated
in terms of minimizing adverse preclosure impacts through specific objectives
concerning impacts on health and safety, the environment,socioeconomics, and
costs.

The value judgments required to construct the multiattribute utility
function were provided by four senior managers (identified in Appendix A) in
the DOE's Office of Civilian Radioactive Waste Management, which is responsi-
ble for recommending sites for characterization to the Secretary of Energy.
The assessment of the multiattribute utility function was done in structured
discussions between decision analysts and the DOE managers. This process
quantified value judgments about the possible consequences in the problem.
The procedure systematically elicited information about value tradeoffs and
risk attitudes, and it included many consistency checks. To develop the form
of the multiattribute utility function, which is essentially a model of values,
one uses value-independence concepts in the same way that probabilistic inde-
pendence is used in structuring models of impacts. Part of the assessment
procedure verified which independence assumptions were appropriate for the
objectives used to evaluate the sites.

Given the assumptions verified in Appendix G, an appropriate multiattri-
bute utility function is the additive form*

U(X1 ... *X14) = 121 - 1/200 B K±Ci(xl), (4-1)

where the Ci (i = 1,...,14) are component disutility functions representing
units of the respective performance measures with natural scales and percen-
tage of the range of impacts for the constructed scales, and the K1
(i = 1,...,14) are positive scaling factors representing the value tradeoffs
between units of the corresponding performance measure and repository costs

The more common way of writing the additive utility function u is
14

Iu(XI...,X 1 4) A + B - -kuI(x,), (4-2)

where the us (i'= 1,...,14) are the component utility functions scaled from O to 1 the k,
(i = 1,...,14) are scaling factors that sum to 1, and A and B )O are scaling constants chosen
to scale u in a manner that facili- tates interpreting the -results of the analysis.

As discussed in Appendix G, the k. factors are difficult to interpret.For this
problem, both because preferences decrease with increasing impact levels for all of the
performance measures and because the component utility functions are linear for each of the
performance measures with natural scales, a more intuitive expression of the utility function
for this problem is Equation 4-1. In this expression, the scaling factors (i - 1,.-..,14)
are directly interpretable as the assessed value tradeoffs and the C, (i.- 1,...,14) are
simply the units of impact. With Equation 4-2, the k, and the u, are derived from the
value tradeoffs and the scaling convention for the problem. Since preferences decrease with
increasing impact levels, the minus sign in front ,of the 1/200 term in Equation 4-1 is needed
and the Clcan be interpreted as disutility functions.
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measured in millions of dollars. The specific C, and K1 values that were
assessed are given in Table 4-7.

The factors 121 and -1/200 in Equation 4-1 are necessary to scale the
utility from 0 to 100, where 100 is chosen to represent a particularly desira-
ble set of impacts for all performance measures and 0 represents a particularly
undesirable set of impacts for all performance measures. For this purpose, the
ranges of the performance measures listed in Table 4-7 were chosen to be broad
enough to include all possible impacts for the sites being evaluated. The
utilities of 0 and 100 are assigned by Equation 4-1 to the sets of impacts
represented by the highest levels and the lowest levels in Table 4-7, respec-
tively. Because the utility function is additive and because the component
utility function for repository cost is linear, it is particularly easy to
interpret units, referred to as"utiles," of the multiattribute utility func-
tion (Equation 4-1) in terms of equivalent costs. Specifically, one utile is
equivalent in value to 200 million dollars.

To get an intuitive feeling for the C1 and the K1 terms in Equation
4-1, some examples are helpful. The component disutility function C1 for
worker cancer fatalities from the repository is simply xi, which represents
the number of such'fatalities. For aesthetic impacts, the component disutil-
ity function Cs represents the percentage of the highest level of aesthetic
impact described in Table 4-2. 'The highest level is level 6, so C,(6) = 100.
Since C9(4) = 33, as shown in Table 4-7, aesthetic impacts of level 4 are
assessed as being one-third as detrimental as impacts of level 6 (i.e., 33 is
one-third of 100).

The value tradeoff K, is 4, which means that the impact of one statis-
tical public fatality due to a transportation accident is deemed as undesir-
able as an additional cost of 4 million dollars. The value tradeoff Ks = 1
means that the impact of an additional 1 percent of aesthetic degradation is
deemed as undesirable as an additional cost of 1 million dollars. The value
tradeoff K14 = 1 means that a million dollars in transportation cost is
deemed equivalent to a million dollars in repository cost. That K1 3 = 1 is
by definition.;

The multiattribute utility function assessed in this problem can be inter
preted as follows. In situations where there is uncertainty about the impacts,
the expected (i.e., average) utility can be used to appraise the relative
desirability of consequences (i.e., set of impact levels). Higher expected
utilities indicate preferred alternatives. In addition, the assessment de-
scribed in Appendix G indicates that the multiattribute utility function is
also a measurable-value function. Hence, differences in utility have a useful
interpretation. Namely, the relative differences in desirability between two
consequences can be measured by the differences in utility between those con-
sequences. Furthermore, the relative differences in desirability between two
alternatives can be measured by the differences in expected utilities between
those alternatives.

To calculate the utility of a consequence with the utility function (Equa-
tion 4-1), clearly the only variable term is

14

C(xl, .. ,x14) = K KICI(x1 ), (4-3)
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Table 4-7. Parameters in the base-case multiattribute
and equivalent-consequence function

utility function



Table 4-8 uses the component disutility functions in Table 4-7 to convert
the base-case estimates of impacts for each site to component disutilities.
These can be easily substituted into the utility function (Equation 4-1) or
the equivalent-consequence function (Equation 4-3) to evaluate the sites. The
component disutilities are identical with the base-case estimates of impacts
in Table 4-6 except for the environmental and socioeconomic performance mea-
sures. To calculate the equivalent consequence for a site, Equation 4-3 is
used. For each site, the appropriate K, value from Table 4-7 is multiplied
by the appropriate C1 value from Table 4-8 to obtain the equivalent-
consequence impacts for each performance measure in Table 4-9. Before
examining these results for all five sites, let us look at the calculations
for the Richton Dome site.

In Table 4-8, the number of nonradiological public fatalities from trans-
portation to Richton Dome, represented by performance measure Xs, is 5.3.
In Table 4-7, the value tradeoff Ks between units of this performance mea-
sure and costs is 4, indicating that 4 million dollars in additional cost is
indifferent to a statistical nonradiological public fatality from transporta-
tion. Hence, the 5.3 fatalities is multiplied by the 4 million dollars per
fatality to yield a 21.2 contribution to the equivalent-consequence impact
associated with performance measure Xa for the Richton Dome site (Table
4-9). Regarding socioeconomic impacts (X12), impact level 2 in Table 4-5
describes that impact at Richton Dome. This has a disutility of 20, as shown
in Table 4-8. The value tradeoff K12 for a unit (i.e., percent) of socio-
economic impacts is 5 million dollars, as indicated in Table 4-7. Multiplying
20 by 5 yields the contribution of 100 to the equivalent-consequence impact
for performance measure X1 2 in Table 4-9. The rest of the entries in Table
4-9 in the column for the Richton Dome site can be calculated similarly.
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Table 4-8. Base-case component disutilities of nominated sites



I

Table 4-9. Base-case equivalent-consequence impacts

Performance measure Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

X1 = repository-worker 2 2 2 4 9
radiological fatalities

X2 = public radiological 2.8 2 0.4 0.4 2.8
fatalities from
repository

X3 = repository-worker non- 27 29 27 18 43
radiological fatalities

X4 = public nonradiological 0 0 0 0 0
fatalities from
repository

X5 = transportation-worker 0.52 0.64 0.73 0.81 0.90
radiological fatalities

X6 = public radiological 9.6 11.6 14 16.4 17.2
fatalities from
transportation

X7 = transportation-worker 1.3 1.6 2.1 2.5 2.7
nonradiological
fatalities

X8 = public nonradiological 21.2 26.8 33.6 40.8 44
fatalities from
transportation

X9 = aesthetic impacts 33 33 100 33 3

X1O = archaeological, 1.2 2.4 11.2 4.6 1.2
historical, and
cultural impacts

XI1 = biological impacts 4.5 3.6 8.7 3.0 3.6

X12 = socioeconomic 100 80 100 30 15
impacts

X13 = repository cost 9000 9500 10,400 7500 12,900

X14 = transportation 970 1120 1240 1400 1450
cost

Equivalent-consequence impacts in million of dollars are computed by multiplying the
base-case component disutilities shown in Table 4-8 by the value tradeoffs shown in Table 4-7.

preferred to the three salt sites, which are barely distinguishable from one
another, while the Hanford site is notably less favorable. This marked dif-
ference is attributable to nonradiological fatalities in repository workers
(mostly from mining accidents), which, in turn, reflects the larger labor
requirements for repository construction and operation at the Hanford site.

Row 3 of Table 4-10 aggregates the health-and-safety impacts on the pub-
lic. The relative ranking is Richton Dome, Deaf Smith, Davis Canyon, Yucca
Mountain, and Hanford. The differences between the sites range from the equiv-
alent of 6 to 30 million dollars and are largely attributable to waste trans-
portation.
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Table 4-10. Base-case equivalent-consequence impacts for various
aggregations of performance measuresaaaggregations of performance measures



Davis Canyon the same ranking as that obtained by considering only environ-
mental and socioeconomic impacts. The most significant difference is between
the sites ranked fourth and fifth that is, Richton Dome and Davis Canyon.
Row 7 of Table 4-10 includes the health-and-safety impacts on the workers at
the repository and hence might be considered an aggregation of the total im-
pact felt by all members of the community near a site. The ranking remains
Hanford, Yucca Mountain, Deaf Smith, Richton Dome, and Davis Canyon.

If all noncost performance measures are aggregated, as in row 8 of Table
4-10, the relative ranking is Hanford, Yucca Mountain, Deaf Smith, Richton
Dome, and Davis Canyon. Again, the most significant difference is between the
sites ranked fourth and fifth; this difference is equivalent in value to 97
million dollars. This difference is larger than that between the sites ranked
first and fourth (equivalent to 61 million dollars). This ranking is changed
drastically by the addition of costs. When transportation costs are combined
with the noncost performance measures, the ranking becomes Richton Dome, Deaf
Smith, Davis Canyon, Yucca Mountain, and Hanford (row 9, Table 4-10). When
repository costs are combined with the noncost performance measures, the rank-
ing becomes Yucca Mountain, Richton Dome, Deaf Smith, Davis Canyon, and
Hanford (row 10, Table 4-10). When both transportation and repository costs
are combined with the noncost performance measures (i.e., all performance mea-
sures are considered), the ranking is Yucca Mountain, Richton Dome, Deaf Smith,
Davis Canyon, and Hanford (row 11, Table 4-10).

4.6 SENSITIVITY ANALYSES

Many sensitivity analyses can be conducted to determine which of the im-
pacts and value judgments are critical to any implications drawn from the anal-
ysis. -This section presents several sensitivity analyses to determine the main
factors that may influence these implications. In most cases the sensitivity
analyses examine the effects of changing impact levels and value judgments on
the total equivalent-consequence impacts (row 11, Table 4-10). The first set
of sensitivity analyses focuses on changes in the impacts from the base case
described in Table 4-6. The second set of sensitivity analyses examines
changes in the multiattribute utility function for evaluating impacts.

4.6.1 SENSITIVITY ANALYSES INVOLVING IMPACTS

Given the base-case impacts and the elicited value judgments about them,
the implications of the analysis seem most likely to be affected by changes in
socioeconomic impacts, transportation-related impacts, and repository cost.
Each of these, as well as other situations, are considered below. These sen-
sitivity analyses examine the significance of uncertainties about preclosure
impacts to the relative desirability of sites. The insensitivity of the impli-
cations of the analysis to the level of impact within the specified ranges of
Table 4-6 is the main justification for the degree to which preclosure uncer-
tainties are examined in the analysis.
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4.6.1.1 Socioeconomic impacts

In one sensitivity analysis, the socioeconomic impacts in Table 4-6 were
changed from the base-case estimate to the high estimate and then to the low
estimate. Thus, for example, for the high estimate, the socioeconomic impact
of the Deaf Smith site was specified as level 3 rather than the base-case level
1.67, and the impact of the Yucca Mountain site was specified as level 2 rather
than the base-case level 0.67. The equivalent-consequence impacts of the five
sites for these cases are shown in Table 4-11. Yucca Mountain remains the most
favorable site, the salt sites still maintain the same order as in the base
case, and Hanford is still the least favorable site for both changes. Indeed,
if the socioeconomic impacts for any site are set at the low level while for
all other sites they are set at the high level, there is no change in the over-
all ranking of sites.

Table 4-11. Sensitivity of total equivalent-consequence impacts to
socioeconomic impacts

Socioeconomic
impact level Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

Low level 10,113 10,773 11,900 9039 14,477

Base case 10,173 10,813 11,940 9054 14,492

High level 10,373 11,033 12,140 9124 14,507

'The numbers in this table represent the total equivalent-consequence
impacts in million of dollars, with socioeconomic impact levels as indicated
and all other performance measures at the base-case level.

4.6.1.2 Low transportation impacts

Because of the uncertainty about the second geologic repository, it seemed
prudent to examine the implications of a low-transportation-impact scenario.
The performance measures related to transportation are Xs through X and
X14. When all impacts for these performance measures are set at the low
level of their ranges in Table 4-6, the equivalent-consequence evaluations
shown in row 1 of Table 4-12 result. Again, the salt sites maintain the rank-
ing Richton Dome, Deaf Smith, and Davis Canyon. Yucca Mountain is preferred
to Richton Dome by the equivalent of 1448 million dollars, and Deaf Smith is
preferred to Hanford by 3424 million dollars.

If in addition to the low transportation impacts the socioeconomic im-
pacts are moved to the high (i.e., least desirable) level, the equivalent-
consequence impacts in row 2 of Table 4-12 result. Again, Yucca Mountain is
the preferred site, and the ranking of the salt sites is maintained. The
Hanford site is still a distant fifth. If for the low-transportation-impacts
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Table 4-12. Sensitivity of the total equivalent-consequence impacts to
transportation impacts and varied socioeconomic impacts



If the repository cost for each site is set at the low level, the equiva-
lent consequence of each site decreases from the base case. The ranking of
the sites does not change, though the specific differences in equivalent-
consequences among the sites are narrowed. The differences are, however,
still very significant. If the repository cost for each of the sites is set
at its high level, the equivalent-consequence implications are again identical
with those for the base case.

Even when their repository costs are at the high levels, Yucca Mountain,
Richton Dome, and Deaf Smith are still more favorable than Hanford with the
repository cost at the base-case level. On the other band, if the cost of the
Hanford site is at its low level and the costs for the other sites are at the
base-case levels, Hanford is slightly preferred to Richton Dome but less pre-
ferred than Yucca Mountain. In general, however, one expects a positive cor-
relation between the costs of constructing a repository at any of the sites.
Thus this scenario appears very unlikely.

4.6.1.4 Ranges of other noncost performance measures

If all of their noncost performance measures are moved to the high levels
of their ranges in Table 4-6, the Richton Dome and the Deaf Smith sites would
still be preferred to the Davis Canyon site even if its noncost impacts are
assumed to be low. If all of the noncost performance measures are at their
high levels for Richton Dome and all of these performance measures are at
their low levels for Deaf Smith, Richton Dome is still preferable to Deaf
Smith. Similarly, even if all of the noncost impacts of Yucca Mountain are
set at their high levels and all of the noncost impacts of the Hanford site
are set at their low levels, the Yucca Mountain site would still be more
favorable than the Hanford site. The results of several sensitivity analyses
are shown in Table 4-14.

Table 4-14. Sensitivity analysis of performance measures other
than repository cost

Impact level b Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

High except X1.3 and 10,445 11,111 12,200 9,211 14,588
X,4 at base case

Low except X13 and 10,045 10,704 11,847 8,957 14,407
X14 at base case

High except X13 11,515 12,341 13,560 10,751 16,178
at base case

Low except X13 9,335 9,884 10,937 7,937 13,347
at base case

The numbers in this table represent the total equivalent-consequence impacts in
millions of dollars of performance measures set at the levels indicated.

bX13 and X14 are repository cost and waste-transportation cost, respectively.
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4.6.2 SENSITIVITY ANALYSES INVOLVING VALUE JUDGMENTS

The sensitivity analyses described below investigated the implications of
different value tradeoffs between key performance measures, possible risk-
averse and risk-prone attitudes, and the form of the overall multiattribute
utility function.

4.6.2.1 Value tradeoffs among statistical fatalities

As shown in Table 4-7, the base-case value tradeoff for worker fatalities
was that an additional cost of 1 million dollars is equivalent to one statis-
tical worker fatality; for public fatalities the value tradeoff is an addi-
tional cost of 4 million dollars for one statistical public fatality. Further-
more, the base case assumed that these tradeoffs were identical for both radio-
logical and nonradiological fatalities. Four variations of these base-case
value tradeoffs were considered in the sensitivity analyses. The first two
sensitivity analyses varied the value tradeoff for a public fatality versus a
worker fatality from a ratio of 1:1 to 20:1, implying that the statistical
fatality of a member of the public was equivalent to an additional cost of
1 million dollars in the first case and 20 million dollars in the second
case. The next two sensitivity analyses varied the relative value on
radiological and nonradiological fatalities from a ratio of 3:1 to 1:3.

Table 4-15 shows the results in terms of the equivalent-consequence eval-
uations for the four cases, as well as the base case repeated from Table 4-10.
The results show almost the same relative ranking in all situations (although
the spread between sites changes) except for the case where a worker fatality
and a public fatality are valued equally. In this case the Yucca Mountain site
is slightly more favorable than the Davis Canyon and the Deaf Smith sites,
whereas the reverse holds in the base case. These differences, however, have
no effect at all on the overall rankings of the sites.

4.6.2.2 Value tradeoffs between statistical fatalities and costs

Because of the importance to everyone of the value tradeoffs between sta-
tistical fatalities and costs, it is prudent to examine the implications of a
wide range of these value tradeoffs. The base-case value tradeoffs were in-
creased by factors of 5 and 25 in two sensitivity analyses. In the former
case, the value tradeoffs for statistical public and worker fatalities were
set at 20 and 5 million dollars, respectively. In the latter case, these value
tradeoffs were 100 and 25 million dollars, respectively. The equivalent-
consequence implications for health-and-safety impacts are presented, along
with the base case, in Table 4-16. The implications of these changes are
identical with those of the base case. In all cases, the overall site
rankings are Yucca Mountain, Richton Dome, Deaf Smith, Davis Canyon, and
Hanford.
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Table 4-15. Sensitivity analysis of value tradeoffs among statistical fatalities

Value tradeoff (millions of dollars per fatality) SiteA

Worker Worker Public Public
radiological nonradiological radiological nonradiological Richton Davis Yucca

Variation from base case (K2.K2) (K2,K6) (K3,K7) (K4.K8) Dome Deaf Smith Canyon Mountain Hanford

None (i.e., base case) 1 1 4 4 64 74 80 83 120

1 public fatality
worker fatality 1 1 1 1 39 43 44 40 72

4 1 public fatality
20 worker fatalities 1 1 20 20 199 235 272 313 376

1 radiological fatality
3 nonradiological fatalities 3 1 12 4 94 106 114 126 179

1 nonradiological fatality =
3 radiological fatalities 1 3 4 12 163 188 205 206 299

A The numbers in these columns represent equivalent-consequence impacts in millions of dollars for the base-case health-and-safety
impacts, given the value tradeoffs stated in the table.



Table 4-16. Sensitivity analysis of value tradeoffs between statistical fatalities and costs

Value tradeoff,
(millions of dollars per fatality) SiteA

Worker Public Richton Davis Yucca

Variation from base case (K,,K 3,Ks,K,) (K2,K4,K6,K8) Dome Deaf Smith Canyon Mountain Hanford

Base case 1 4 64 74 80 83 120

5 times base case 5 20 320 370 400 415 600

25 times base case 25 100 1600 1850 2000 2075 3000

A The numbers in these columns represent equivalent-consequence impacts in millions of dollars for

impacts,given the value tradeoffs stated in the table.
the base-case health-and-safety



4.6.2.3 Value tradeoffs between socioeconomic impacts and costs

The base-case value tradeoff between costs and socioeconomic impacts is
that to reduce the maximum level of socioeconomic impacts to zero is equivalent
to 500 million dollars. If this value tradeoff is doubled to 1000 million
dollars, the equivalent-consequence evaluations in Table 4-17 result. There
is no change in the relative ranking of the sites.

The multiattribute utility function can be changed simultaneously with
changes in possible impacts. The low-transportation-impact scenario (Section
4.6.1.2), which assumes that the impacts on performance measures Xs through
X8 and X14 are at their lowest level as well as a value tradeoff of 1000
million dollars for socioeconomics, the equivalent-consequence evaluations in
the last row of Table 4-17 result.
sites remains the same.

Here again, the relative ranking of the

Table 4-17. Sensitivity analysis of value trade offs for socioeconomic impacts

Variation from
base case Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

Base case
(K12 = 5) 10,173 10,813 11,940 9054 14,492

Double
socioeconomic
value tradeoff
so K12 = 10 10,273 10,893 12,040 9084 14,507

Low trans-
portation
impacts
with K12 = 10 9,541 10,045 11,096 8023 13,404

The numbers in this table represent-the total equivalent-consequence im-
pacts in millions of dollars for the base-case ratings and values except as noted in
the first column.

4.6.2.4 Sensitivity to risk attitudes about fatalities

To examine the implications of risk attitudes about fatalities, note from
the multiattribute utility-function (Equation 4-1) and the information in
Table 4-7 that an aggregate health-and-safety consequence function CH is

(4-4)

where Cm is measured in equivalent-consequence impacts, which in this case
can also be interpreted as equivalent worker fatalities. Using the ranges
from Table 4-6, this function is linearly scaled- from the lowest level of no
equivalent worker fatalities to 350 equivalent worker fatalities for the high-
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est level. Using the linear fatality function, a lottery that yields a 50-50
chance at no fatalities and a 50-50 chance at 350 fatalities is indifferent to
175 fatalities, which is the expected number of fatalities for the lottery.
This is referred to as a risk-neutral attitude.

The risk-averse attitude considered here is when this same lottery is
indifferent to 250 fatalities for sure, which is significantly greater than
the expected number of fatalities. Since the utility function has been shown
to also be a measurable-value function, this risk-averse attitude implies that
the relative importance of the first 250 equivalent worker fatalities is
exactly equal to the relative importance of the next 100 worker fatalities.
In addition, this risk aversion is equivalent to a marginally increasing dis-
utility, meaning that the change from one to two statistical fatalities is more
significant than the change from zero to one, and so on.

The risk-prone attitude toward health effects is when a lottery yielding
a 50-50 chance at each of 0 or 350 equivalent worker fatalities is indifferent
to 100 worker fatalities for sure, much less than the expected number of fata-
lities. In this case, the relative importance of the first 100 equivalent
worker fatalities is equal to that of the next 250 worker fatalities.

Assuming exponential consequence functions fit to the risk-averse and the
risk-prone cases and that the change from zero to one statistical worker
fatality is as undesirable as an increase of 1 million dollars in cost (i.e.,
the base-case linear value tradeoff), the aggregate consequence functions for
fatalities are

CH(Xl ... ,X) = -177 + 1271 exp[0.00563(cH-350)] (4-5)
and

CH(Xl,...,XS) = 178 - 24.83 exp(O.00563(350-cH)), (4-6)

where CH, is the equivalent-consequence impact and CH is the number of equi-
valent worker fatalities. As shown in Table 4-18, the relative rankings of the
sites do not change with either of these risk attitudes.

Table 4-18. Sensitivity to risk attitudes about fatalities

Variation from
base case Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

Base case
(risk neutral) 10,173 10,813 11,940 9054 14,492

Risk averse
for fatalities 10,186 10,831 11,961 9077 14,543

Risk prone
for fatalities 10,163 10,800 11,925 9038 14,459

The numbers in this table represent the total cost-equivalent impacts
in millions of dollars for the base-case ratings, with risk attitudes changed
as noted in the first column.
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4.6.3 SENSITIVITY ANALYSIS OF THE FORM OF THE UTILITY FUNCTION

It seems useful to analyze whether changing the overall evaluation model
to account for a general risk attitude could change the implications of the
analysis. To analyze this possibility, one can treat the utility function
(Equation 4-1) as a measurable value function only and place either a risk-
averse or a risk-prone attitude on the resulting measurable values. As indi-
cated in Appendix G, a new utility function U for this case can be written

where A and B are constants to ensure that U has the same range as u from 0 to
100 and c is a constant indicating the risk attitude. If c is positive, then
the attitude is risk prone; if c is negative, a risk-averse attitude is im-
plied. Also, for this sensitivity analysis, it is assumed that there are sig-
nificant uncertainties in the problem. Specifically, it is assumed that the
uncertainty about the impacts of each site can be summarized by a probability
distribution yielding either all high estimates or all low estimates from
Table 4-6 with a probability of .2 for each. For all base-case estimates from
Table 4-6 the probability is assumed to be .6. Equivalent consequences for
these situations are shown in Table 4-19.

Table 4-19. Equivalent-consequence impacts of
the high-impact, low-impact, and

base-case estimates

Impact level Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

High impacts 14,665 15,666 17,200 13,376 20,693

Base case 10,173 10.813 11,940 9,054 14,492

Low impacts 6,185 6,559 7,297 5,312 8,832

The numbers in this table represent the total equivalent-consequence
impacts in millions of dollars for performance measures set at the levels in-
dicated.

The results are shown in Table 4-20. In row 1, the equivalent consequen-
ces are shown for the base-case analysis. Rows 2 and 3 show the results of the
risk-averse situation where there is a penalty on being rated particularly un-
favorably on several performance categories simultaneously. For both of these
situations, the overall evaluation of the sites remains identical with that in
the base case. In rows 4 and 5, risk proneness is considered. Here, there is
a willingness to take a chance in order to get all of the performance-measure
categories at better levels simultaneously. In these cases, the relative rank-
ings of the sites also remain the same.
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Table 4-20, Sensitivity analysis of the overall risk attitude

Variation from base case Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford

Base case with uncertainty 10,270 10,940 12,060 9170 14,600
(additive)

Multiattribute risk
aversion 10,400 11,090 12,240 9288 14,850

Strong multiattribute
risk aversion 10,620 11,340 12,540 9488 15,280

Multiattribute risk
proneness 10,150 10,790 11,890 9054 14,350

Strong multiattribute
proneness 9,933 10,550 11,600 8862 13,940

The numbers in this table represent the total equivalent-consequence impacts in mil-
lions of dollars for the base-case estimates, with multiattribute risk attitudes changed as
noted.

bThe utility functions of the form in Equation 4-7 were chosen to be consistent with
risk attitudes determined by specifying the certainty equivalent (CE) for a lottery corres-
ponding to an equivalent-consequence impact of 5000 with a probability of .5 and an
equivalent-consequence impact of 20,000 with a probability of .5. Thus, for instance, the
certainty equivalent for the strong-risk-aversion case is that 15,000 is indifferent to an
50-50 chance at each of 5000 and 20,000. For the base-case linear utility function in
Equation 4-1, the certainty equivalent for the lottery is 12,500. The certainty equivalents
and the utility functions for the five cases are as follows:



The socioeconomic impacts of waste transportation are probably directly
related to the total number of miles traveled to deliver waste to the reposi-
tory and hence to the transportation impacts. These impacts, represented by
performance measures Xs through Xs and X14, have the same ranking as the
overall impacts for the salt sites and Hanford. The socioeconomic impacts of
waste transportation to Yucca Mountain could be slightly greater than those
associated with the salt sites. Given the overall differences in desirability
indicated by the equivalent-consequence impacts in row 11 of Table 4-10, it is
unlikely that there would be any change in the ranking of the sites.

4.7 CONCLUSIONS FROM THE PRECLOSURE ANALYSIS

This section summarizes the conclusions for the overall base-case analysis
and the sensitivity analyses. Before discussing the overall preclosure analy-
sis, it is useful to review the conclusions with regard to informative
performance-measure categories.

Table 4-21 shows the equivalent-consequence impacts and rankings of sites
on the performance-measure categories of health and safety, environment and
socioeconomics, noncosts, and costs. The ranking on health-and-safety impacts
is Richton Dome, Deaf Smith, Davis Canyon, Yucca Mountain, and Hanford. In
terms of equivalent-consequence impacts, the difference between the sites
ranked first and fourth is about half the difference between the sites ranked
fourth and fifth. The differences in the rankings on health and safety are
largely attributable to nonradiological repository-worker fatalities due to
accidents and to waste-transportation impacts (radiological and nonradiologi-
cal) on the public, and to the importance associated with each type of impact
(reflected by the value tradeoffs).

Table 4-21.. Summary of base-case analysis'

Health Environment Overall
and and equivalent Base-case

Site safety socioeconomics Noncosts Costs impacts utility

Yucca Mountain 83 (4) 71 (2) 154 (2) 8,900 (1) 9,054 (1)- 75.7 (1)

Richton Dome 64 (1) 139 (4), 203 (4) 9,970 (2) 10,173 (2) 70.1 (2)

Deaf Smith 74 (2) 119 (3) 193 (3) 10,620 (3) 10,813 (3) 66.9 (3)

Davis Canyon 80 (3) 220 (5) 300 (5) 11,640 (4) 11,940 (4) 61.3 (4)

Hanford 120 (5 23 (1) 142 (1) 14,350 (5) 140492 (5) 48.5 (5)

The numbers in the first five columns represent equivalent-consequence impacts in millions
of dollars. The numbers in parentheses represent the ranking of the sites.

b Calculated for each site with Equation 4-1. In interpreting differences in base-case util-
ity, the reader should recall that one utile is equal in value to 200 million dollars.
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The ranking of sites on the aggregate of environmental and socioeconomic
performance measures is Hanford, Yucca Mountain, Deaf Smith, Richton Dome and
Davis Canyon. Hanford and Yucca Mountain are most preferable in this category
because they have the lowest levels of impact in the component performance
measures (i.e., environment and socioeconomics). Deaf Smith has moderate
levels of impact in both performance measures and is ranked third. Richton
Dome is ranked fourth,mostly becauae of socioeconomic impacts. Davis Canyon
is ranked fifth because it has the highest levels of impact in both performance
measures; it is significantly less preferred in the environmental category.

The third column in Table 4-21, labeled "noncosts," aggregates the health-
and-safety impacts and the environmental and socioeconomic impacts discussed
above. The ranking is Hanford, Yucca Mountain, Deaf Smiths Richton Dome, and
Davis Canyon. It is clear from this ranking that the differences among the
sites with regard to health-and-safety impacts are overwhelmed by the differen-
ces with regard to the environment and socioeconomics (compare differences in
equivalent-consequence impacts in the second and third columns).

The fourth column in Table 4-21 shows the ranking of the sites obtained
by combining repository costs and transportation costs. From Table 4-9(last
two rows),it is clear thatrepository costs dominate the ranking in this
performance-measure category.

With these rankings on performance-measure categories is mind, the con-
clusions for the overall base-case analysis and the sensitivity analyses can
be summarized.

The overall equivalent-consequence impacts and ranking of sites for the
preclosure period are shown in the fifth column in Table 4-21. The overall
preclosure ranking is Yucca Mountain, Richton Dome, Deaf Smith, Davis Canyon,
and Hanford. In terms of equivalent-consequence impacts, the difference bet-
ween Yucca Mountain and Richton is the equivalent of 1119 million dollars,
between Richton Dome and Deaf Smith 640 million dollars, between Deaf Smith
and Davis Canyon 1127 million dollars, and between Davis Canyon and Hanford
2552 million dollars.

If the equivalent-consequence impacts shown in the fourth column are com-
pared with the total equivalent impacts shown in the fifth column in Table
4-21, the reason for these differences becomes clear. Because the total cost
differences among sites are in the billions of dollars and the differences in
noncost impacts are equivalent to only 158 million dollars at most (the dif-
ference between the first-ranked Hanford site and the fifth-ranked Davis
Canyon site in noncost performance-measure category), the differences in
costs--especially repository costs--dominate the overall preclosure ranking.

Table 4-21 also shows the overall utility calculated for each site with
Equation 4-1. As in Chapter 3 and as explained earlier in this chapter, the
utility is expressed on a scale of 0 to 100, where higher utilities are more
desirable. This alternative way of expressing preclosure results will facili-
tate the integration of postclosure and preclosure results in Chapter 5.

The stability of the base-case results was examined by sensitivity analy-
ses involving changes in the level of impacts, in the value judgments, and in
the form of the multiattribute utility function itself. Within the ranges
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estimated for possible impacts, the relative ranking of sites obtained for the
base case is totally insensitive to any changes in the level of impacts except
for costs. Furthermore, the ranking is insensitive to any reasonable changes
in the value judgments or in the form of the utility function.
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Chapter 5

COMPOSITE ANALYSIS

This chapter combines the results of the postclosure and the preclosure
multiattribute utility analyses to obtain an overall ranking of the sites. It
also explores the sensitivity of that ranking to basic assumptions. Section
5.1 uses the logic of multiattribute utility analysis to formally aggregate
the quantitative results. Section 5.2 summarizes the insights obtained from
the analysis and presents the initial order of preference for sites for recom-
mendation for characterization.

5.1 FORMAL AGGREGATION OF POSTCLOSURE AND PRECLOSURE RESULTS

Using the logic of the multiattribute utility analysis, the results of
the postclosure and preclosure analyses can be formally aggregated. Given the
independence assumptions discussed in Appendix G, the composite utility, which
quantifies the estimated overall desirability of a site, can be expressed as

where Upr is the preclosure utility of the site calculated from Equation
4-1, E(Upos) is the expected postclosure utility of the site calculated
from Equation 3-4, and kpre and kpost are scaling factors, or weights,
that sum to 1. (The expected postclosure utility is the sum of the post-
closure utilities estimated for various postclosure scenarios multiplied by
the estimated probabilities of the scenarios.)

As explained in Appendix G, it is not easy to interpret the scaling fac-
tors, because they depend on the ranges of the performance measures; indepen-
dent of their ranges, the scaling factors most emphatically cannot be used as
indicators of the importance of the respective performance measure. The selec-
tion of specific values for the scaling factors requires value tradeoffs bet-
ween preclosure and postclosure impacts. These value tradeoffs measure how
much one is willing to give up on postclosure performance to gain a specific
amount on preclosure performance. Before discussing this in detail, it is
informative to conduct a sensitivity analysis over the entire range of values
for the scaling factors kpre and kpost.

Figure 5-1 presents the composite utilities obtained from the results of
analyses for the preclosure and the postclosure periods. Figure 5-2 expands
that part of the ranges of the scaling factors kpr and kpost in which a
change in the ranking of sites according to composite utility occurs. The
base-case utility for preclosure performance is taken from Table 4-21,and the
base-case expected utility for postclosure performance is taken from Table 3-6.
The full range of possible relative weightings is considered, from the case
where all the weight is given to the postclosure utility (kpr. = 0 and
kpost = l)to the case where all the weight is given to the preclosure uti-
lity (kprc = 1 and kpost = 0).
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Figure 5-1. Composite utilities of sites for all possible preclosure-postclosure
weightings and base-case assumptions.
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Figure 5-2. Site comiposite utilities for high postclosure weightings calculated
under base-case assumptions.
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It is clear from Figures 5-1 and 5-2 that the ranking of the sites re-
mains the same for a wide range of weightings. Over most of the range of pos-
sible weightings, the order of overall desirability is Yucca Mountain, Richton
Dome, Deaf Smith, Davis Canyon, and Hanford. When an extremely high weight is
assigned to the expected postclosure utility (i.e., kost > .998), the site
ranking becomes Davis Canyon and Richton Dome (approximately tied for first),
Yucca Mountain and Deaf Smith (approximately tied for second), and Hanford
last. Because the differences among the expected postclosure utilities are
very small, the differences among the composite utilities for the various sites
are also very small when essentially all of the weight is given to the expected
postclosure utility.

Figures 5-3 through 5-6 show composite utilities for the five sites when
assumptions other than base-case assumptions are used. Figure 5-3 shows the
results when optimistic assumptions (high scores and low probabilities for
scenarios involving disruptive events and unexpected features) are used for
the postclosure analysis and optimistic assumptions (low impact levels) are
used for the preclosure analysis. Figure 5-4 shows the results when pessimis-
tic assumptions (low scores and high probabilities for scenarios involving dis-
ruptive events and unexpected features) are used for the postclosure analysis
and pessimistic assumptions (high impact levels) are used for the preclosure
analysis. Figures 5-5 and 5-6 show the mixed cases in which optimistic or
pessimistic assumptions are adopted for the postclosure analysis and the re-
verse assumption is adopted for the preclosure analysis.

Although the values of the scaling factors at which the overall ranking
changes depend on whether base-case, pessimistic, or optimistic assumptions
are used, certain patterns are clear and stable under a wide range of assump-
tions. The Hanford site is in all cases ranked fifth (i.e., it has the lowest
composite utility), regardless of the relative weight assigned to the pre-
closure and the postclosure utilities. This is so because it is ranked fifth
for all sets of assumptions in both the preclosure and the postclosure analy-
ses. The relative ranking among the salt sites (Richton Dome, Deaf Smith,
Davis Canyon) remains the same regardless of whether base-case, optimistic, or
pessimistic assumptions are used unless a very high weight is assigned to the
postclosure utility, in which case the composite utilities of the salt sites
are nearly equal. Yucca Mountain is the site whose ranking is most affected
by the choice of pessimistic, base-case, or optimistic assumptions. Under
pessimistic assumptions for postclosure performance, Yucca Mountain receives a
lower expected postclosure utility because of the possibility of relatively
large radionuclide releases in a scenario due to unexpected features. If pes-
simistic assumptions are used for postclosure performance, then Yucca Mountain
is ranked first only if the postclosure scaling factor kpost is less than
about .2; it is in the three top-ranked sites only if kpost is less than
about .35. Under base-case or optimistic assumptions for postclosure perfor-
mance, Yucca Mountain is ranked first across nearly the entire ranges of kpr.
and kpost.

In view of the dominant effect of costs on the preclosure ranking of sites
and the dominance of the preclosure utility over the postclosure utility in
determining the overall ranking based on the composite utility, it is of inter-
est to investigate what the overall rank order of the sites would be if dif-
ferences in costs were not considered. Figure 5-7 shows the utilities calcu-
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Figure 5-3. Site composite utilities calculated under optimistic assumptions for
postclosure and preclosure.

5-5



Figure 5-4. Site composite utilities calculated under pessimistic assumptions for
postclosure and preclosure.
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Figure 5-5. Site composite utilities calculated under pessimistic assumtions for
postclosure and optimistic assumptions for preclosure.
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Figure 5-6. Site composite utilities calculated under optimistic assumptions for

postclosure and pessimistic assumptions for preclosure.
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lated for each site when repository and transportation costs (X 1 3 and X 1 4 )

are identical for all sites and are set at the lowest levels deemed possible
for the nominated sites. In this case, preclosure differences no longer domi-
nate the overall rank order, and the ranking depends critically on the scaling
factors kpro and kpost. If kpost is less than about .57, the three-top
ranked sites are Yucca Mountain, Deaf Smith, and Hanford. If a weight higher
than .57 is assigned to the postclosure utility, the three top-ranked sites
are Yucca Mountain, Deaf Smith, and Richton Dome. The rankings in this case
are the rankings that would be obtained if only health-and-safety, socioecono-
mic, and environmental objectives were considered.

Figure 5-8 shows the results obtained when socioeconomic impacts, environ-
mental impacts, and costs are assumed to be identical for all sites. Specifi-
cally, all sites are assumed to have no socioeconomic and environmental im-
pacts, and the repository and waste-transportation costs for all sites are set
at the lowest level deemed possible for the nominated sites. Thus, only
health-and-safety objectives are considered. In this case, the three top-
ranked sites are Richton, Deaf Smith, and Davis Canyon, regardless of the pre-
closure-to-postclosure weighting. From Figures 5-7 and 5-8 it can be seen that
costs account for the major differences in composite utilities. When costs or
costs plus socioeconomic and environmental impacts are not considered, the com-
posite utilities of the sites are comparable, indicating that the sites are
nearly equal in desirability, regardless of the values assigned to the scaling
factors kpost and kpost

Because of the sensitivity of the rankings to the relative values of
kpre and kpost, it is of interest to consider the reasonableness of dif-
ferent numerical values. As in the case with the scaling factors used in
Chapters 3 and 4, the scaling factors kpre and kpost must be based on a
value judgment, in this case a value tradeoff between postclosure performance
and preclosure performance. The value of kpre determines the increase in
composite utility that would result from increasing the preclosure utility by
one utile--that is, by one unit. An increase of one utile in the preclosure
utility might be produced in a variety of ways. For example, from Chapter 4,
a one-utile increase in the preclosure utility would be produced by a $200
million decrease in repository costs, by a reduction of 50 statistical fatali-
ties in the public, or by a $100 million decrease in costs coupled with a re-
duction of 25 statistical fatalities in the public. Similarly, kpost deter-
mines the increase in composite utility that would result from increasing the
postclosure utility by one utile. According to Chapter 3, a one-utile in-
crease in the postclosure utility would be produced if the cumulative radio-
nuclide releases were decreased by an amount equal to one one-hundredth of the
limits allowed by the EPA standards for each 10,000-year interval in 100,000
years. A decision to set the scaling-factor values at kpre = kpost = .5,
for example, would be equivalent to the value judgment that a preclosure dif-
ference of $100 million in repository costs and 25 statistical fatalities is
about as significant as a postclosure release difference of one one-hundredth
of the EPA limits during each 10,000-year interval for 100,000 years.

To better judge whether particular numerical values for kpre and kpost
are reasonable, it is helpful to select convenient measures for summarizing
preclosure and postclosure performance and to consider whether the tradeoffs
between these measures are reasonable. This tradeoff is most



Figure 5-7. Composite utilities of sites as a function of preclosure-to-postclosure
weighting for base-case conditions, assuming identical waste-transportation and
repository costs for all sites.
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Figure 5-8. Composite utilities of sites as a function of preclosure-to-postclosure
weighting for base-case conditions, assuming no environmental and socioeconomic
impacts and identical waste-transportation and repository costs for all sites.
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conveniently considered in terms of preclosure and postclosure radiological
safety. Specifically, if the preclosure radiological safety is expressed in
terms of cancer fatalities and the postclosure radiological safety is expres-
sed in terms of cumulative radionuclide releases, the value tradeoff can be
expressed as the postclosure radionuclide releases y (occurring in the first
10,000 years after repository closure) that would be just as undesirable as 10
additional preclosure cancer fatalities. Table 5-1 shows the values for the
scaling factors kpre and kpost that correspond to several different trade-
offs. These values for the scaling factors were calculated as follows:

1. The preclosure-utility decrease from an additional 10 cancer fatali-
ties in the public is found from Equation 4-1 to be (1/200)(4)(10) =
0.2.

2. The postclosure-utility decrease from an increase in radionuclide
releases y during the first 10,000 years is found from Equation 3-3
to be (0.526)(100)(y) = 52.6y, where y is expressed as a fraction of
the EPA limits.

Table 5-1. Value tradeoffs between preclosure radiological health effects
and postclosure radionuclide releases implied by various values

of the scaling factors kpre and kpost

Postclosure release y
deemed as undesirable as
10 preclosure fatalities

kpre bkpost (fraction of EPA limitsc)

1.0 0.0

0.99 0.01 0.38

0.9 0.1 0.03

0.8 0.2 0.02

0.7 0.3 0.01

0.6 0.4 0.006

0.5 0.5 0.004

0.4 0.6 0.003

0.3 0.7 0.002

0.2 0.8 0.001

0.1 0.9 0.0004

0.01 0.99 0.00004

0.0 1.0

Preclosure cancer fatalities incurred by the public from the
repository.

bSince the scaling factors sum to 1, kpost = 1 - kpre.
CPrimary containment requirements of 10 CFR Part 191, Subpart B.
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3. The postclosure-versus-preclosure tradeoff implies that each of the
above changes produces the same decrease in the composite utility.
From Equation 5-1, therefore,

kpr.(O.2) = kpot,(52.6y),

which implies that

y = O.0038(kpr./kpost).

Table 5-1 shows, for various values of the scaling factors, the postclosure
radionuclide releases y that would be regarded as undesirable as 10 preclosure
cancer fatalities in the public.

The reasonableness of the various value tradeoffs in Table 5-1 can be seen
more easily if a relationship is assumed between postclosure releases and post-
closure health effects. As noted in Chapter 3, in 40 CFR Part 191 the U.S.
Environmental Protection Agency adopted the assumption that, for each 1000
metric tons of heavy metal (MTHM), cumulative releases at the level the EPA
limits would result in 10 deaths from cancer. Because a repository at any of
the nominated sites is assumed to accept 70,000 MTHM, releases at the level of
the EPA limits would produce approximately 700 cancer fatalities in 10,000
years.

Table 5-2 shows the tradeoff between preclosure and postclosure cancer
fatalities that is implied by various values of the scaling factors if the
radionuclide releases shown in Table 5-1 are converted to postclosure fatali-
ties under the EPA assumption. Because the EPA relationship between post-
closure releases and cancer fatalities probably overestimates the fatalities,
the implied value tradeoff is likely to be a lower bound on the relative signi-
ficance of postclosure fatalities. It is noted that the selection of scaling-
factor values that imply a willingness to trade off a great many postclosure
fatalities (i.e., values at the top portion of Table 5-2) may be inappropriate
in view of the requirement in the DOE siting guidelines that postclosure consi-
derations be given greater importance than preclosure considerations.

As can be seen from Figures 5-1, 5-2, 5-3, and 5-6, the composite utili-
ties imply that the overall site ranking is Yucca Mountain, Richton Dome, Deaf
Smith, Davis Canyon, and Hanford for all postclosure weights equal to or less
than .99, provided that the postclosure performance is assumed to be at the
base-case level or optimistic (regardless of the preclosure assumptions).
Values of kpos greater than .99 would, according to Table 5-2, imply a wil-
lingness to accept more than 350 preclosure cancer fatalities to avoid 1 post-
closure cancer fatality, If pessimistic assumptions are used for postclosure
performance, Yucca Mountain falls out as the overall preferred site when the
implied value tradeoff between postclosure and preclosure cancer fatalities is
approximately 1:1 (i.e., kpost = .21). It drops from among the three top-
ranked sites when, under pessimistic assumptions, this implied value tradeoff
is such that approximately two preclosure fatalities would be accepted to avoid
one postclosure fatality (i.e., kpost = .35).
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Table 5-2. Value tradeoffs between preclosure and postclosure radiological
health effects implied by various values of

the scaling factors kpre and kpost

Implied value tradeoff
between preclosure and postclosure

kprn kpost cancer fatalities

1.6 0.0

6.99 0.01 1:26

0.9 0.1 1:2.4

0.8 0.2 1:1.1

0.79 0.21 1:1

0.7 0.3 1.6:1

0.6 0.4 2.5:1

0.5 0.5 3.8:1

0.4 0.6 5.6:1

0.3 0.7 8.8:1

0.26 0.74 10:1

0.2 0.8 15:1

0.1 0.9 34:1

0.01 0.99 372:1

0.0 1.0

"Since the scaling factors sum to 1, kpost = 1 - kpr..

In interpreting the significance of computed differences in composite
utilities, it is necessary to consider the values of the scaling factors kpre
and kpost For any given values of these scaling factors, the significance
of a given difference in utilities can be deduced from the meaning of pre-
closure and postclosure utilities. For example, suppose that values of .5
were judged reasonable for kpre and kpost, and suppose that two sites had
composite utilities that differed by 0.1 utile. A decrease of one utile in
postclosure utility corresponds to a decrease in desirability comparable to
that produced by an increase in radionuclide releases equal to one one-hun-
dredth of the EPA limits, assuming that these releases occur during each
10,000-year interval for 100,000 years. A decrease of one utile in preclosure
utility corresponds to a decrease in desirability comparable to that produced
by an additional $200 million in costs (equivalent to, for example, an addi-
tional 50 preclosure statistical radiological fatalities suffered by the pub-
lic). Thus, given the preclosure and postclosure weights selected above, a
difference of 0.1 utile in: the composite utilities corresponds to a difference
in desirability comparable to that of decreasing postclosure releases by one
one-thousandth of the EPA limits and simultaneously decreasing by five the
number of preclosure radiological fatalities in the public. Alternatively,
the difference in composite utilities corresponds to a difference in desir-
ability comparable to that of decreasing preclosure radiological fatalities in
the public by 10 and leaving postclosure radionuclide releases unchanged.
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5.2 INITIAL ORDER OF PREFERENCE FOR SITES FOR
RECOMMENDATION FOR CHARACTERIZATION

As indicated in Chapters 1 and 2,the purpose of the decision-aiding
methodology is to provide insights as to the comparative advantages and disad-
vantages of the five sites and, in so doing, to determine an initial order of
preference for sites for recommendation for characterization. With reference
to the postclosure, preclosure, and composite analyses of sites presented in
this report, the major insights derived from the multiattribute utility analy-
sis are summarized below.

Postclosure analysis

All five sites appear capable of providing exceptionally good radio-
logical protection for future populations for at least 100,000 years
after closure.

The Davis Canyon, Deaf Smith, Richton Dome, and Yucca Mountain sites
appear to be virtually indistinguishable in terms of the expected post-
closure performance. The Hanford site is just discernibly less favor-
able than the other four sites, but its performance is still far above
the threshold of acceptability established by the EPA. It is noted
that the primary containment requirements of the EPA--the criterion of
acceptability used here--provide a very stringent standard for protect-
ing public health and safety: the risk to the public is not to exceed
the risks that would have existed if the uranium ore that was the
source of the waste had not been mined to begin with.

The confidence in the performance of the three salt sites (Davis
Canyon, Deaf Smith, and Richton Dome) is exceptionally high, and it is
higher than that for the nonsalt sites (Hanford and Yucca Mountain).

The overall postclosure ranking of Davis Canyon, Richton Dome, Deaf
Smith, Yucca Mountain, and Hanford is stable over a wide range of sen-
sitivity analyses.

Preclosure analysis

With regard to preclosure health and safety, the site rankings are
Richton Dome, Deaf Smith, Davis Canyon, Yucca Mountain, and Hanford.
The differences among the sites are largely attributable to waste
transportation and to nonradiological repository-worker fatalities due
to accidents.

With regard to environmental and socioeconomic impacts, the site rank-
ings are Hanford, Yucca mountain, Deaf Smith, Richton Dome,and Davis
Canyon. The difference between sites is greater than the difference
on health-and-safety impacts. However, this difference is relatively
small in comparison with differences in total costs.

With regard to total costs, the site rankings are Yucca Mountain,
Richton Dome, Deaf Smith, Davis Canyon, and Hanford.' The difference
between the most favorable site and the least favorable site is equal
to 4380 million (4.38 billion) dollars.
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Considering all preclosure impacts, the overall ranking of sites is
Yucca Mountain, Richton Dome, Deaf Smith, Davis Canyon, and Hanford.
This ranking is stable over a wide range of sensitivity analyses.

The overall preclosure ranking is mainly attributable to the large
differences among sites in total costs. The fact that cost is the
major preclosure discriminator can be explained by the screening pro-
cess that led to the nominated sites (see Chapter 1). Because the
criteria used in screening were concerned with health and safety and
the environment, but not with costs, sites expected to perform poorly
on objectives other than costs have already been screened out.

Composite analysis

Because the differences among sites in postclosure performance are
very small and the differences in preclosure performance are rela-
tively large, the overall composite results are largely a reflection
of the preclosure impacts and thus of costs.

The composite overall ranking of sites is basically insensitive to the
relative values of the scaling factors kpost and kpre.

The composite overall ranking under a wide range of assumptions is
Yucca Mountain, Richton Dome, Deaf Smith, Davis Canyon, and Hanford.

It follows, therefore, that the overall ranking of sites is Yucca
Mountain, Richton Dome, Deaf Smith, Davis Canyon, and Hanford. This ranking
is stable except for the most extreme assumptions about postclosure
performance combined with the most extreme weightings of postclosure
performance versus preclosure performance.

As noted above, this overall ranking of sites is largely a reflection of
differences in costs. This dependence on costs was recognized by the Board on
Radioactive Waste Management of the National Academy of Sciences in its
comments on the application of the methodology (see attachment to Appendix H,
letter dated April 10, 1986, p. 4): "On the basis of the Board's review of the
application to a single site, it appears that the expected total repository
and transportation costs will have a major, if not controlling, effect on the
rankings under pre-closure factors." As shown in Figure 5-7, when repository
and transportation costs are not discriminating and postclosure performance is
weighted up to about .57, the three top-ranked sites are Yucca Mountain, Deaf
Smith, and Hanford. When higher weight is given to postclosure performance,
the three top-ranked sites are Yucca Mountain, Deaf Smith, and Richton.

In view of the requirements of the siting guidelines that costs be among
the factors given the least importance among preclosure considerations, the
above rankings must be carefully considered. The need to consider carefully
the results obtained with the methodology was also recognized by the Board in
the above-cited letter: "This recognition of the heavy dependence on cost
reinforces the Board's judgment that the principal usefulness of the
multi-attribute utility method is to illuminate the factors involved in a
decision, rather than to make the decision itself." Furthermore, as explained
in Section 2.1, the site recommendation decision is analogous; to a
portfolio-selection problem because the DOE is not choosing a single site for
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repository development; rather, the DOE must choose, from a suite of five
well-qualified sites, three sites for characterization. Combinations of three
sites possess properties that cannot be attributed to individual sites, such
as diversity of geohydrologic settings and rock types.
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GLOSSARY:OF TERMS

Accessible enviror The atmosphere, the land surface, surface water,
oceans,and the portion of the lithosphere that
is outside the controlled area.

The Nuclear Waste Policy Act of 1982.Act

Active fault A fault along which, there is recurrent movement,
which 1s usually indicated by small, periodic
displacements or seismic activity.

Active institutional (1) Controlling access to a disposal site by any
controls, means other than passive institutional controls;

(2) performing maintenance operations or remedial
actions at a site; (3). controlling or cleaning up
releases from a site; or (4) monitoring
parameters related to disposal system performance.

Affected area Either the area of socioeconomic impact or the
area of environmental impact, each of which will
vary in size among potential repository sites.

Affected Indian Tribe Any Indian (1) within whose reservation
boundaries a repository for radioactive waste is
proposed to be located or (2) whose federally
defined possessory or usage rights to other lands
outside the reservation boundaries arising out of
congressionally ratified treaties may be
substantially and adversely affected by the
locating of such a facility: provided that the
Secretary of the Interior finds, upon the
petition of the appropriate governmental
officials to the Tribe, that such effects are
both substantial and adverse to the Tribe.

Aquifer A formation, a group of formations, or a part of
a formation that contains sufficient saturated
permeable material to yield significant
quantities of water to wells and springs.

Barrier Any material or structure that prevents or
substantially delays the movement of water or
radionuclides.

Basalt A dark to medium dark igneous rock usually formed
from lava flows and composed chiefly of calcic
plagioclase and clinopyroxene in a glassy or
fine-grained ground mass.

Candidate site An area, within a geohydrologic setting, that is
recommended by the Secretary of Energy under
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Canister

Cenozoic

Section 112 of the Act for site characterization,
approved by the President under Section 112 of
the Act for characterization, or undergoing site
characterization under Section 113 of the Act.

A metal vessel for consolidated spent fuel or
solidified high-level waste. Before emplacement
in the repository, the canister will be
encapsulated in a disposal container.

The latest of the eras into which geologic time,
as recorded by the stratified rocks of the
earth's crust, is divided; this era is considered
to have begun about 65 million years ago.

That certain value, expressed in terms of the
units used to measure an uncertain impact, that a
decisionmaker is just willing to accept in lieu
of the uncertain impact.

Certain equivalent

Closure Final backfilling of the remaining open
operational areas of the underground facility and
boreholes after the termination of waste
emplacement, culminating in the sealing of shafts.

Containment The confinement of radioactive waste within a
designated boundary.

Container Synonym for the metal envelope in the waste
package that provides the primary containment
function of the waste package and is designed to
meet the containment requirements of 10 CFR Part
60.

Controlled area

Cumulative releases of
radionuclides

(1) A surface location, to be identified by
passive institutional controls, that encompasses
no more than 100 square kilometers and extends
horizontally no more than five kilometers in any
direction from the outer boundary of the original
location of the radioactive wastes in a disposal
system; and (2) the subsurface underlying such a
surface location.

The total number of curies of radionuclides
entering the accessible environment in any 10,000-
year period, normalized on the basis of
radiotoxicity in accordance with 40 CFR Part
191. The peak cumulative release of
radionuclides refers to the 10,000-year period
during which any such release attains its maximum
predicted value.

Flow of fluids that is described by a numerical
formulation of Darcy's law.

Darcian flow
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Decommissioning The permanent removal from service of surface
facilities and components necessary for
preclosure operations only, after repository
closure, in accordance with regulatory
requirements and environmental policies.

Disposal The emplacement in a repository of high-level
radioactive waste, spent nuclear fuel, or other
highly radioactive material with no foreseeable
intent of recovery, whether or not such
emplacement permits the recovery of such waste,
and the isolation of such waste from the
accessible environment.

Disqualifying condition A condition that, if present at a site, would
eliminate that site from further consideration.

Disutility A quantitative measure of undesirability.

DOE The U.S. Department of Energy.

dome A diapiric or piercement structure with a central
plug that has risen through the enclosing
sediments from a deep mother bed of salt.

EA Environmental assessment.

Effective porosity

Engineered-barrier system

Environmental assessment

EPA

The amount of interconnected pore space and
fracture openings available for the transmission
of fluids, expressed as the ratio of the volume
of interconnected pores and openings to the
volume of rock.

The manmade components of a disposal system
designed to prevent the release of radionuclides
from the underground facility or into the
geohydrologic setting. Such term includes the
radioactive-waste form, radioactive-waste
canisters, materials placed over and around such
canisters, any other components of the waste
package, and barriers used to seal penetrations
in and into the underground facility.

The document required by Section 112(b)(E) of the
Nuclear Waste Policy Act of 1982.

The U.S. Environmental Protection Agency.

EPA limits The radionuclide release limits for the
containment requirements (cumulative releases to
the-accessible environment for 10,000 years after
disposal) as specified by Table 1 and Notes 1
through 6 of Appendix A of 40 CFR Part 191.
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EPA standard Part 191 of Title 40 of the Code of Federal
Regulations Environmental Standards for the
Management and Disposal of Spent Fuel, High-Level
and Transuranic Radioactive Wastes.

Equivalent releases

Expected releases

Equivalent-consequence
impact

Expected repository
performance

Expected utility

Expected value

Facility

A release rate per 10,000-year interval (at a
given site) that, if it were to occur for 100,000
years, the site would have the same expected
utility as that calculated for the given site.
The equivalent releases for a site are the
certain equivalent of the uncertain releases from
that site (see "certain equivalent").

Expected value of releases.

As used in this report, a monetary equivalent of
an adverse impact expressed in millions of
dollars.

The manner in which the repository is predicted
to function, considering those conditions,
processes, and events that are likely to prevail
or may occur during the time period of interest.

Expected value of an uncertain utility.

A summary measure for an uncertain numerical
variable obtained by weighting all possible
outcomes by their probabilities and summing.

Any structure, system, or system component,
including engineered barriers, created by the DOE
to meet repository-performance or functional
objectives.

Fault A fracture or a zone of fractures along which
there has been displacement of the sides relative
to one another and parallel to the fracture or
zone of fractures.

Faulting The process of fracturing and displacement that
produces a fault.

Favorable condition A condition that, though not necessary to qualify
a site, is presumed, if present, to enhance
confidence that the qualifying condition of a
particular guideline can be met.

Gassy mine Underground operation in which the content of
noxious or explosive gasses has been shown to
exceed levels specified in 30 CFR Part 57 by the
Mine Safety and Health Administration.

The system of geohydrologic units that is located
within a given geologic setting.

Geohydrologic setting
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Geohydrologic system

Geohydrologic unit

Geologic repository

Geologic setting

Geomorphic processes

Great Basin

The geohydrologic units within a geologic
setting, including any recharge, discharge,
interconnections between units, and any natural
or man-induced processes or events that could
affect ground-water flow within or among those
units.

An aquifer, a confining unit, or a combination of
aquifers and confining units comprising a
framework for a reasonably distinct geohydrologic
system.

A system, requiring licensing by the Nuclear
Regulatory Commission, that is intended to be
used, or may be used, for the disposal of
radioactive waste in excavated geologic media. A
geologic repository includes (1) the
geologic-repository operations area and (2) the
portion of the geologic setting that provides
isolation of the radioactive waste and is located
within the controlled area.

The geologic, hydrologic, and geochemical systems
of the region in which a geologic-repository
operations area is or may be located.

Geologic processes that are responsible for the
general configuration of the earth's surface,
including the development of present land forms
and their relationships to underlying structures,
and are responsible for the geologic changes
recorded by these surface features.

A subdivision of the Basin and Range province,
located in southern Nevada in a broad desert
region. The Yucca Mountain site is in the Great
Basin.

Ground water All subsurface water as distinct from surface
water.

Ground-water flux

Ground-water sources

Ground-water-travel time

The rate of ground-water flow per unit area of
porous or fractured media measured perpendicular
to the direction of flow.

Aquifers that have been or could be economically
and technologically developed as sources of water
in the foreseeable future.

The time required for a unit volume of ground
water to travel between two locations. The
travel time is the length of the flow path
divided by the velocity,-where velocity is the
average ground-water flux passing through the
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cross-sectional area of the geologic medium
through which flow occurs, perpendicular to the
flow direction, divided by the effective porosity
along the flow path. If discrete segments of the
flow path have different hydrologic properties,
the total travel time will be the sum of the
travel times for each discrete segment.

Guidelines Part 960 of Title 10 of the Code of Federal
Regulations-General Guidelines for the
Recommendation of Sites for the Nuclear Waste
Repositories.

Hanford Site A DOE reservation covering nearly 600 square
miles in south-central Washington. A portion of
this reservation has been identified as a
potentially acceptable site in basalt and is
called the "Hanford site" or the "reference
repository location."

Heavy metal All uranium, plutonium, or thorium placed into a
nuclear reactor.

High-level waste The highly radioactive material resulting from
the reprocessing of spent nuclear fuel, including
liquid waste produced directly in reprocessing
and any solid material derived from such liquid
waste that contains fission products in
sufficient concentrations; other highly
radioactive material that the Nuclear Regulatory
Commission, consistent with existing law,
determined by rule to require permanent isolation.

Host rock The geologic medium in which the waste is
emplaced, specifically the geologic materials
that directly encompass and are in close
proximity to the underground facility.

Hydraulic conductivity

Hydraulic gradient

Hydrologic process

Hydrologic properties

The volume of water that will move through a
medium in a unit of time under a unit hydraulic
gradient through a unit area measured
perpendicular to the direction of flow.

A change in the static pressure of ground water,
expressed in terms of the height of water above a
datum, per unit of distance in a given direction.

Any hydrologic phenomenon that exhibits a
continuous change in time, whether slow or rapid.

Those properties of a rock that govern the
entrance of water and the capacity to hold,
transmit, and deliver water, such as porosity,
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Igneous activity

Impact level

Indifferent

Influence diagram

Isolation

Judgmental
probability

Lithosphere

Lottery

Maximally exposed
individual

Member of the public

effective porosity, specific retention,
permeability, and the directions of maximum and
minimum permeabilities.

The emplacement,(intrusion) of molten rock
material (magma) into material in the Earth's
crust or the explosion (extrusion) of such
material onto the earth's surface or into its
atmosphere or surface water.

An indication of the degree of impact.

Equally preferable; that is, such that there is
no preference between two or more choices.

A graphic diagram illustrating the various
factors that influence the degree to which an
objective is met:and the relationships among such
factors

Inhibiting the transport of radioactive material
so that the amounts and concentrations of this
material entering the accessible environment will
be kept within prescribed limits.

A. quantitative expression of likelihood-based on:
persona1 belief and obeying the axioms of
probability theory. Judgmental probabilities are
equal to objective probabilities acceptable to
the assessor for a substitute gamble.

The solid part of the earth, including any ground
water contained within it.

A mutually exclusive and collectively exhaustive
set of possible consequences and the probability
of each consequence...

A hypothetical person who is exposed to a release
of radioactivity in such a way that he receives
the maximum possible individual radiation -dose or
dose commitment.For instance, if the release is
a puff of contaminated air, the maximally exposed
individual- is a person at the point of the
largest ground-level concentration and stays

there during the whole time the contaminated-air
cloud remains above.

ic Any individual who is .not engaged in operations
involving the management, storage, and disposal
of radioactive-waste.A worker so engaged is a
member of the public except when on duty at the
geologic-repository operations area.
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Millirem Millirem l millirem is 1/1,000 of a rem.

Mitigation (1) Avoiding the impact altogether by not taking
a certain action or parts of an action; (2)
minimizing-impacts by limiting the degree or
magnitude of the action and its implementation;
(3) rectifying the impact by repairing,
rehabilitating, or restoring the affected
environment; (4) reducing or eliminating the
impact over time by preservation and maintenance
operations during the life of the action; or (5)
compensating for the impact by replacing or
providing substitute resources or environments.

Model

MTHM

NRC

A conceptual description and the associated
mathematical representation of a system,
subsystem,component, or condition that is used
to predict changes from a baseline state as a
function of internal-and/or external stimuli and
as a function of time and space.

Metric tons of heavy metal.

The U.S. Nuclear Regulatory Commission.

Nevada Test Site

Paradox Basin

Pasco Basin

Passive institutional
control

Perched ground water

An area in Clark and Nye Counties in southern
Nevada; it is dedicated to the underground
testing of nuclear weapons.

A:25,900-square-kilometer (10,000-square-mile)
area in southeastern Utah and southwestern
Colorado; it-is underlain by bedded salt and a
series of salt-core anticlines. The Davis Canyon
site is in the Paradox Basin.

A structural and topographic basin in the western
Columbia Plateau. The Hanford Site and the
reference repository location are in the Pasco
Basin.

(1) Permanent markers placed at a disposal site,
(2) public records and archives, (3) government
ownership and regulations regarding land and
resource use, and (4) other methods of preserving
knowledge about the location, design, and
contents of a disposal system.

Unconfined ground water separated from an
underlying body of ground water by an unsaturated
zone. Its water table is a perched water table.
Perched ground water is held up by a perching bed
whose permeability is so low that water
percolating downward through it is not able to
bring water in the underlying unsaturated zone
above atmospheric pressure.
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Performance assessment Any analysis that predicts the behavior of a
system or system:component under a given set of
constant and/or transient conditions.
Performance assessments will include estimates of
the effects of uncertainties in data and modeling.

Performance measure A set of quantitative characteristics or
properties-that are related to an objective and
designed to measure the extent to which the
objective is achieved..

Permian Basin A region in the Central ,United States where,
during Permian time 280 to 225 million years ago,
there were many shallow seas that laid down vast
beds of salt and other evaporites. The Deaf
Smith site is in the Permian Basin.

Population dose The sum of the radiation doses received by the
individual members of a population exposed to a
particular source or event. It is expressed in
units of man-rem.

Postclosure The period of time after the closure of the
geologic repository.

Post-waste-emplacement

Potentially acceptable
site

Potentially adverse--
condition

Preclosure

Pre-waste-emplacement

Qualifying condition

Quaternary Period

After the authorization of repository
construction by the NRC,

Any site at which, after geologic studies and
field mapping but before detailed geologic data
gathering, the DOE undertakes preliminary
drilling and geophysical testing for the
definition of site location.

A condition that is presumed to detract from
expected system performance, but further
evaluation, additional data, or the identifi-
cation of compensating or mitigating factors may
indicate that its effect on the expected system
performance is acceptable.

The period of time before and during the closure
of the geologic repository.

Before the authorization of repository
construction by the NRC.

A condition that must be satisfied for a site to
be considered acceptable with respect to a
specific guideline.

The second period of the Cenozoic Era, following
the Tertiary, beginning 2 to 3 million years ago
and extending to the present.
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Radioactive waste

Radionuclide retardation

High-level radioactive waste and other
radioactive materials, including spent nuclear
fuel, that are received for emplacement in a
geologic repository.

The process or processes that cause the time
required for a given radionuclide to move between
two locations to be greater than the ground-water
travel time, because of physical and chemical
interactions between the radionuclide and the
geohydrologic unit through which the radionuclide
travels.

Rem A unit dose of ionizing radiation that has the
same biological effect as 1 roentgen of x-rays; 1
rem approximately equals 1 rad for x-, gamma, or
beta radiation. Thus, a rem is a unit of
individual dose that allows a comparison of the
effects of various radiation types as well as
quantities.

Repository Synonym for "geologic repository".

Repository closure

Repository construction

Repository horizon

Repository operation-

Repository system

Restricted area

This term is synonymous with "closure" (10 CFR
Part 960, Subpart A).

All excavation and mining activities associated
with the construction of shafts, shaft stations,
rooms, and necessary openings in the underground
facility, preparatory to radioactive-waste
emplacement, as well as the construction of
necessary surface facilities, but excluding site-
characterization activities.

The horizontal plane within the host rock where
the location of the repository is planned.

All of the functions at the site leading to and
involving radioactive-waste emplacement in the
underground facility, including receiving,
transportation, handling, emplacement, and, if
necessary, retrieval.

The geologic setting at the site, the waste
package, and the repository, all acting together
to contain and isolate the waste.

Any area access to which is controlled by the DOE
for purpose of protecting individuals from
exposure to radiation and radioactive materials
before repository closure, but not including any
areas used as residential quarters, although a
separate room or rooms in a residential building
may be set apart as a restricted area.
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Retrieval

Risk averse

Risk neutral

Risk preferring

Risk prone

Salt

The act of intentionally removing radioactive
waste before repository closure from the
underground location at which the waste had been
previously emplaced for disposal.

An attitude toward an uncertain adverse impact
wherein a sure loss equal to the expected value
of the uncertain impact is preferred to the
uncertainty.

An attitude toward an uncertain adverse impact
wherein the uncertainty and a sure loss equal to
the expected value of the uncertainty are equally
undesirable.

Synonym for "risk prone."

An attitude toward an uncertain adverse impact
wherein the uncertainty is preferred to a sure
loss equal to the expected value of the uncertain
impact.

The common mineral sodium chloride (NaCl) and any
impurities in it.

Salt dome

Saturated zone

Scaling factor

Scenario

Sensitivity analysis

A diapiric or piercement structure with a central
plug that has risen through the enclosing
sediments from a deep mother bed of salt.

That part of the earth's crust beneath the water
table in which all voids, large and small, are
ideally filled with water under pressure greater
than atmospheric. -

A numerical parameter (usually between 0 and 1)
used to scale component utilities in a
multiattribute utility function. The magnitudes
of scaling factors represent value tradeoffs
among performance measures, and not the
importance of those performance measures.

A set of postulated conditions or sequence of
processes and events that could affect the
performance of a repository after closure.

A method used to identify the inputs to an
analysis or model to which the results are most
sensitive.

Significant source of
ground water

(1)An aquifer that: (i) is saturated with water
having less than l0,00milligrams per liter of
total dissolvedsolids;(ii) is within 2,500 feet
of the land surface: (iii) has a transmissivity
greater than 200 gallons per day per foot,
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provided that any formation or part of a
formation included within the source of ground
water has a hydraulic conductivity greater than 2
gallon per day per square foot; and (iv) is
capable of continuously yielding at least 10,000
gallons per day to a pumped or flowing well for a
period of at least a year; or (2) an aquifer that
provides the primary source of water for a
community water system as of the effective date
of 40 CFR Part 191, Subpart B.

A potentially acceptable site or a candidate
site, as appropriate, until such time as the
controlled area has been established, at which
time the site and the controlled area are the
same,

Site

Site characterization

Siting

Siting guidelines

Activities, whether in the laboratory or in the
field, undertaken to establish the geologic
conditions and the ranges of the parameters of a
candidate site relevant to the location of a
repository, including borings, surface
excavations, excavations of exploratory shafts,
limited subsurface lateral excavations and
borings, and in situ testing needed to evaluate
the suitability of a candidate site for the
location of a repository; but not including
preliminary borings and geophysical testing
needed to assess whether site characterization
should be undertaken.

The collection of exploration, testing,
evaluation, and decision-making activities
associated with the process of site screening,
site nomination, site recommendation, and site
approval for characterization or repository
development.

Synonym for "guidelines."

Special source of ground Those Class I ground waters identified in
water accordance with the EPA's Ground-Water Protection

Strategy published in August 1984 that: (1) Are
within the controlled area encompassing a
disposal system or are less than five kilometers
beyond the controlled area; (2) are supplying
drinking water for thousands of persons as of the
date that the DOE chooses a location within that
area for detailed characterization as a potential
site for a disposal system (e.g., in accordance
with Section112(b)(1)(B) of the Act); and (3)
are irreplaceable in that no reasonable
alternative sourc of drinking water is available
to that population.
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Spent fuel

Spent nuclear fuel

Surface facilities

Surface water

System

Synonym for "spent nuclear fuel."

Fuel that has been withdrawn from a nuclear
reactor following irradiation, the constituent
elements of which have not been separated by
reprocessing.

Repository support facilities within the
restricted area.

Any waters on the surface of the Earth, including
fresh and salt water, ice, and snow.

The geologic setting at the site, the waste
package, and the repository, all acting together
to contain and isolate the waste.

System performance The complete behavior of a repository system in
response to the conditions, processes, and events
that may affect it.

Tectonic Of, or pertaining to,the forces involved in, or
the resulting structures or features of,
"tectonics".

Tectonics The branch of geology dealing with the broad
architecture of the outer part of the Earth, that
is, the regional assembling of structural or
deformational features and the study of their
mutual relations, origin, and historical
evolution. . .

Tertiary The earlier of the two geologic periods that make
up the Cenozoic Era, extending from 65 million to
1.8 million years ago.

practicable The degree to which an intended course of action
is capable- of being effected in a manner that is
reasonable and feasible within a framework of
constraints.

To the extent

Tuff A rock formed of compacted volcanic ash and dust.

Uncertainty A-situation where there-are a number of possible
outcomes and one-does not know which of them has
occurred or will occur.

Underground facility The undergroundstructure and the rock required
for support, including mined openings and
backfill materials, but excluding shafts,
boreholes, and their seals.

Undisturbed performance The predicted behavior of a disposal system,
including consideration of the uncertainties in
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Unrestricted area

Unsaturated zone

Utile

Utility

predicted behavior, if the disposal system is not
disrupted by human intrusion or the occurrence of
unlikely natural events.

Any area that is not controlled for the
protection of individuals from exposure to
radiation and radioactive materials.

The zone between the land surface and the water
table. Generally, water in this zone is under
less than atmospheric pressure, and some of the
voids may contain air or other gases at
atmospheric pressure. Beneath flooded areas or
in perched water bodies, the water pressure
locally may be greater than atmospheric.

Unit of utility.

A quantitative measure of preference or
desirability.

Utility curve

Utility function

Value judgments

Value tradeoff

Synonym for "utility function."

A means for converting from the unit of
evaluation used for consequences or impacts to
the utility scale.

Intrinsic human values, either personal or
societal, relevant to a decision.

An expression of the relative desirability of
achieving improved performance against one
objective or collection of objectives versus
achieving improved performance against another
objective or collection of objectives.
Expressing a value tradeoff requires answering
the following type of question "How much of a
decrease in performance measure 1 would be
tolerated to obtain an increase in performance
measure 2 of one unit?"

Waste Synonym for "radioactive waste."

Waste form The radioactive waste materials and any
encapsulating or stabilizing matrix.

Waste package

Water table

The waste form and any containers, shielding,
packaging, and other sorbent materials
immediately surrounding an individual waste
container.

That surface in a body of ground water at which
the water pressure is atmospheric.

Weight Synonym for "scaling factor."
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Appendix A

PARTICIPANTS IN THE DECISION-AIDING METHODOLOGY

This appendix identifies the participants in the development and
application of the decision-aiding methodology to the evaluation of the
nominated sites for characterization; it also describes in general terms their
roles in the process. About 60 people, consisting of DOE staff-and
management, technical specialists from support contractors, and consultants,
participated in the development and application of the methodology. The
process began in the summer of 1985 and was completed in April 1986.

A general flow diagram showing the process for implementing the
methodology is presented in Figure A-1. The participants are listed in Tables
A-1 through A-4 together with their organizational affiliations,
qualifications, and the roles they played in the development and application
of the methodology.

A task force was established by the Office of Geologic Repositories (OGR)
in the DOE's Office of Civilian Radioactive Waste Management (OCRWM) for
overseeing, coordinating, and implementing the decision-aiding methodology,
and a management plan for this purpose was developed. This task force
consisted of a methodology lead group, groups of technical specialists with
training and experience in the specialty disciplines represented in the siting
guidelines, and OGR management. In addition to DOE staff, the technical
specialists included employees of the OCRWM technical support contractor (Roy
F. Weston, Inc.).

The methodology lead group was composed of one DOE employee, Mr. T. P.
Longo, and three consultants: Dr. P. F. Gnirk, Dr. M. W. Merkhofer, and
Dr. R. L. Keeney. The three consultants were selected because of their
particular expertise or type of experience. Dr. Gnirk was selected because of
his previous involvement in the development of the DOE siting guidelines and
many years of technical experience in geologic disposal. Drs. Merkhofer and
Keeney were selected because of their experience in applications of.
multiattribute utility theory to similar or related problems.

The methodology lead group was responsible for developing the logical
basis for the application of the methodology, for guiding all participants
through the required steps of the methodology, and for eliciting from the
technical staff and management the technical and value judgments required as
input information. In addition, the group was responsible for compiling and
editing this evaluation report. The group was under the general oversight of
the senior DOE managers identified in Table A-4, and it was assisted by a
number of other key professional people, named in Table A-1.

The groups of technical specialists were composed of Federal employees,
technical experts from the OCRWM technical support contractor, and
consultants. They are organized by discipline in Tables A-2 and A-3; the
responsibilities of the various groups are consistent with functional
responsibilities and staff responsibilities for program execution within the
OCRWM. They were responsible for developing, with guidance from the
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Figure A-1. General flow of activities and division of responsibilities for implementing the
formal methodology.
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methodology lead group, the influence diagrams and associated performance

measures for the various siting objectives. They were also responsible for

scoring the sites against the performance measures. An ad hoc technical

advisory group, composed of technical specialists who were not directly

involved with the development and implementation of the methodology, provided

advice to the postclosure technical specialists on the development of the

performance measures. Also listed in Table A-2, the members of this advisory

group were selected because of their expertise in performance assessment.

Several OGR managers, listed in Table A-4, participated in those parts of

the methodology that require value or policy judgments. These included, in

particular, the specification of siting objectives, the verification of

independence assumptions, and the specification of utility curves and

weighting factors. In addition, the OGR managers reviewed the progress of the

implementation of the methodology on a regular basis.
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Table A-2. Postclosure technical specialists and their roles in the development and application of the methodology



Table A-2. Postclosure technical specialists and their roles in development and application of the methodology
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Table A-3. Preclosure technical specialists and their roles in development and application of the methodology
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Table A-3. Preclosure technical specialists and their roles in development and application of the methodology
(continued)

Years of professional experience
Areas of expertise Geologic Other

Name AffiliationA Academic training and experience disposal areas Role3

SOCIOECONOMICS (continued)

A. M. McDonough

C. G. Halloran

L. G. Shaw

R. K. Travis

DOE/OGR

Weston

Weston

Weston

B.S. in economics,
University of
Pennsylvania (1974)

B.A. in history and
public policy,
Duke University (1983)

Ph.D. in political science,
West Virginia University
(1982)

M.A. in economic geography,
University of Pittsburgh
(1974)

Natural resource analysis,
transportation, program
management, economics

Socioeconomics,
institutional analysis

Institutional affairs,
socioeconomic analysis

Socioeconomics

1 10 2, 6

2. 6

1, 2, 6

2, 6

3 15

1 11

TRANSPORTATION

E. L. Wilmot

L. S. Marks

P. A. Bolton

DOE/OSTS

DOE/OSTS

Weston

M.S. in ceramic engineering,
nuclear materials,
University of Washington
(1972)

B.A. in chemistry,
Queens College of City
University of New York
(1970)

M.S. in biochemistry and
microbiology, University
of Connecticut (1960)

Transportation risk analysis,
radiological protection,
cask design

Transportation risk analysis,
statistical analysis

Radioactive-waste
transportation,
emergency response

10 4

1 14

Lead;
1, 2, 6

2, 6

2, 63 15

EASE AND COST OF SITING, CONSTRUCTION, OPERATION, AND CLOSURE

M. W. Frei DOE/OGR M.S. in nuclear engineering,
University of Washington
(1976)

Repository design and
development, nuclear
engineering

8 3 Lead;
2, 6



Table A-3. Preclosure technical specialists and their roles in development and application of methodology
(continued)

Years of professional experience
Areas of expertise Geologic Other

Name AffiliationA Academic training and experience disposal areas Role'

EASE AND COST OF SITING, CONSTRUCTION, OPERATION, AND CLOSURE (continued)

J. J. Fiore

S. P. Schneider

P. L. Collyer

DOE/OGR

DOE/OGR

ICF

M.S. in business
administration,
University of Maryland
(1978)

B.S. in chemical engineering,
University of Maryland
(1978)

M.S. in economic geology,
Syracuse University (1971)

M.S. in nuclear engineering,
State University of New York
(1970)

M.S. in civil engineering
(geotechnical), Massachusetts
Institute of Technology
(1977)

Repository cost analysis,
mechanical engineering

Repository cost and design
analysis, spent-fuel storage
technology

Mine engineering and design,
mine safety

Repository design and
cost analysis

6 7

6 2

2, 6

2, 6

25 11

D. A. Gardner Weston 2 16 2, 6

J. W. Nelson Weston Repository design engineering,
rock mechanics

6 3 2, 6

G. W. Toth Weston B.S. in industrial engineering,
Pennsylvania State
University (1967)

Repository cost analysis,
underground repository
cost modeling

1 18 2

A Acronyms: ESH, Environment, Safety and Health; OGR, Office of Geologic Repositories; ONWI, Office of Nuclear Waste Isolation; OSTS,
Office of Storage and Transportation Systems.

8 The numbers in this column correspond to the steps in the methodology (Figure A-1) as follows: (1) establish siting objectives; (2)
develop influence diagrams and performance measures; (3) identify independence conditions that hold among the performance measures; (4)
develop utility functions; (5) develop weighting factors; (6) develop site ratings and estimate probabilities, if appropriate; and (7) perform
calculations and sensitivity studies.

Until January 31, 1986.



Table A-4. DOE/OCRWH Management and their roles in the development and application of the methodology

Years of professional experience
Other

Position and Areas of expertise DOE/ Federal Private
Name affiliation Academic training and experience OCRWMA agencies industry Role

W. J. Purcell Associate Director for M.S. in mechanical engineering, Project management, 1.5 3 38 1,3,4,5
the Office of Geologic Carnegie Mellon University management of research
Repositories, (1949) and development,
DOE/OCRWM engineering design,

nuclear engineering

T. H. Isaacs Deputy Associate M.S. in engineering and Waste-management policy. 2 16 1 1,3,4.5
Director for the applied physics, program management,
Office of Geologic Harvard University (1971) nuclear engineering,
Repositories, fuel-cycle activities
DOE/OCRWM

E. S. Burton Director, Siting B.A. in mathematics, Waste management, 4 12 14 1,3,4,5
Division, Office Amherst College (1951) environmental policy
of Geologic analysis,
Repositories, program management,
DOE/OCRWM facility siting,

statistics

R. Stein Director, Engineering B.S. in chemical engineering, Waste management, 8 17 7 1,3,4,5
and Geotechnology University of Pittsburgh project management,
Division, Office (1954) nuclear engineering,
of Geologic repository engineering,
Repositories, siting and licensing
DOE/OCRWM

A Includes the DOE Office of Civilian Radioactive Waste Management and predecessor agencies that were responsible for the geologic
disposal program before the Nuclear Waste Policy Act of 1982.

The numbers in this column correspond to the steps in the methodology (Figure A-1) as follows: (1) establish siting objectives:
(2) develop influence diagrams and performance measures; (3) identify independence conditions that hold among the performance measures;
(4) develop utility functions; (5) develop weighting factors; (6) develop site ratings and estimate probabilities, if appropriate; and
(7) perform calculations and sensitivity studies.
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Appendix B

INFLUENCE DIAGRAM AND PERFORMANCE MEASURES
FOR THE POSTCLOSURE OBJECTIVES

B.1 INTRODUCTION

Chapter 3 briefly summarizes the influence diagram and performance mea-
sures for evaluating the long-term waste-isolation capabilities of the five
nominated sites. This appendix provides additional detail on the influence
diagram and the development of the performance measures. In addition, it
illustrates the application of the performance-measure scales in three exam-
ples.

The overall objective for the postclosure period is to minimize adverse
impacts on the health and safety of the public (see Figure B-1). Specifically,
the objective is to minimize the number of radiological health effects experi-
enced by the public and attributable to the repository. Directly related to
this objective are the DOE siting guidelines of 10 CFR Part 960, Subpart C
(DOE, 1984). For example, the postclosure system guideline specifies waste
containment and isolation requirements based on the regulatory standards estab-
lished by the Nuclear Regulatory Commission (NRC) and the Environmental Protec-
tion Agency (EPA) for the protection of the health and safety of the public in
10 CFR Part 60 and 40 CFR Part 191, respectively (NRC, 1983; EPA, 1985a). Each
of the eight postclosure technical guidelines is related to the containment and
isolation of the wastes for 10,000 years. In addition, the first three techni-
cal guidelines include conditions for the geohydrology, geochemistry, and rock
characteristics of a site--that is, the natural barriers--that relate to the
performance of a repository for up to 100,000 years.

MINIMIZE ADVERSE POSTCLOSURE
IMPACTS ON PUBLIC HEALTH AND

SAFETY

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY

DURING THE FIRST 10,000 YEARS
AFTER REPOSITORY CLOSURE

. .

MINIMIZE ADVERSE HEALTH EFFECTS
ATTRIBUTABLE TO THE REPOSITORY

DURING THE PERIOD 10,000 TO 100,000
YEARS AFTER REPOSITORY CLOSURE

Figure B-1. Postclosure objectives hierarchy.
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The overall postclosure objective is divided into two subobjectives that
are defined as follows:

* Minimize the adverse health effects attributable to the repository
during the first 10,000 years after closure.

* Minimize the adverse health effects attributable to the repository
during the period 10,000 tol00,000 years after closure.

These two time periods allow independent judgments in two distinct time inter-
vals that are considered in the postclosure guidelines of 10 CFR Part 960, Sub-
part C.

B.2 INFLUENCE DIAGRAM

To aid in the development of the postclosure performance measures, a
detailed influence diagram was constructed (Figure B-2). This graphic device
illustrates the influence of important site characteristics on the ability of
a repository to meet the waste containment and isolation requirements speci-
fied in 10 CFR Part 60 and 40:CFR Part 191, Subpart B. The site characteris-
tics have been numbered to'facilitate their description in the text that fol-
lows. The characteristics that are believed to be the most important are
shown as double ellipses.

The most important factors that affect the number of postclosure health
effects are the number of people exposed (the population at risk (2)) and the
radiation dose each person receives (3). Radiation doses are assumed to depend
on radionuclide releases to the accessible environment and the transport,
retardation, dispersion, accumulation, and uptake of the released radionuclides
along a variety of environmental pathways. These pathways determine the doses
received by people from ingestion, inhalation, or immersion and are the fac-
tors designated 19, 21, 22, 23, etc., in Figure3-2.

Although the ingestion, inhalation, and immersion dose pathways in the
accessible environment are shown on the influence diagram for completeness,
evaluations of the factors influencing the accessible environment over the
next 10,000 to 100,000 years are impractical, and, because the estimated
radionuclide releases are so small, a comparison of the sites against these
factors was deemed unnecessary. The preliminary performance assessments
reported in the environmental assessments (DOE, 1986a-e) show that the
releases to the accessible environment over the next 10,000 to 100,000 years
should be relatively insignificant. Indeed, the estimated ground-water-travel
times indicate that the radionuclides released from the engineered barrier'
system are not expected to reach the ground surface or discharge into
surface-water bodies during this time period. Likely pathways to the
biosphere would, therefore, consist of wells or borings drilled for water or
for mineral exploration. For both of these pathways, releases within the
controlled area have been evaluated in the postclosure analysis described here
and in Chapter 3. The DOE therefore adopted an approach to sited evaluations
that is based on comparing the cumulative radionuclide releases to the
accessible environment (23) against the EPA release limits an approach
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Figure B-2. Relationships among the factors influencing the numbers of postclosure health

effects attributable to the repository.
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that is consistent with the EPA and the NRC regulations. Accordingly, the DOE
has not evaluated differences among the sites with respect to pathways to the
biosphere within the accessible environment.

Factors 23, 24, 31, 37 and 38 in Figure B-2 represent a simplified illus-
tration of the defense in depth provided by the multiple barriers of a geolo-
gic repository against releases of radionuclides to the accessible environment.
The influence diagram shows that the releases to the accessible environment in
the postclosure period (23) are largely determined, in the expected case, by
the releases from the engineered-barrier system (31) and the transport of the
radionuclides though the natural barriers in the controlled area (24). In some
instances, there may be scenario-induced changes to the engineered-barrier sys-
tem (39) or the natural-barrier system (42), and these changes would affect
releases to the accessible environment.

The types and quantities of radionuclides transported and the period of
time over which transport occurs depend chiefly on the radionuclide-travel time
(25), the ground-water flux (28), and the geochemical conditions of the geohy-
drologic units in which transport occurs (27, 34, 36). The radionuclide-travel
time may depend on the ground-water-travel time (26) if ground water is the
principal transporting medium and on the processes that retard the movement of
the dissolved radionuclides in relation to the movement of the ground water
(27). Each of these factors is determined by the type and characteristics of
the ground-water pathway (29) and the postclosure characteristics of the natu-
ral barriers (30) (e.g., hydraulic gradients, conductivity, effective porosity,
and geochemistry).

The radionuclides transported through the natural barriers originate as
releases from the engineered-barrier system (31). The types and quantities of
radionuclides released from the engineered-barrier system are related to the
behavior of the engineered-barrier system (37) and the rate of release for
individual radionuclides (32). The behavior of the engineered-barrier system
(e.g., the response to the thermal pulse introduced by the emplaced waste) is
related to the design of the engineered-barrier system (38), such as waste-
package spacing, and any changes in the engineered-barrier system that are
induced by disruptive processes and events (39), such as the breach of waste
packages by fault displacement.

The rate of release of a particular radionuclide from the engineered-
barrier system depends on the volume of ground water in contact with the waste
(33), the concentration of that radionuclide in that water (34), and the waste-
package lifetime (35). The volume of ground water in contact with the waste
is influenced by the ground water flux, while the concentration of radio-
nuclides and the waste-package lifetime are related to the ground-water tem-
perature and chemistry, which, in turn, are influenced by the post-waste-
emplacement characteristics of the natural barriers.

The post-waste-emplacement characteristics of the natural barriers are
affected by the changes expected to occur in the natural barriers because of
ongoing or expected geologic processes (e.g., the erosion of the land surface),
repository-induced changes in the natural barriers (e.g., thermally induced
uplift), pre-waste-emplacement characteristics (e.g., hydraulic gradients), and
changes in the characteristics of the natural barriers induced by disruptive
processes and events (factors 40, 41, 42, and 43).
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The ability of a site to isolate waste from the accessible environment for
thousandsof years after repository closure is influenced by reprocesses, events,
and conditions that are both expected and unexpected. A postulated set of con-
ditions and processes, or sequence of events, at a site is known as a scenario
(53). For the purpose of comparing the nominated sites, three kinds-of sce-
narios-were developed:' (1) a scenario for conditions, processes, and events
that are expected at a site because of existing information (factor 54); (2) a
scenario for unexpected features that may affect repository performance,
including such things as undetected geologic structures and anomalies and -

unforeseen responses of the rock mass to the emplacement of heat-generating
wastes (factor 55); and (3)scenariosthat lead to the disruption of the
expected repository behavior through natural processes and events or human
interference(factor 47). It is intended that the scenarios reflect the favor-
able and potentially adverse conditions (10 CFR Part 960, Subpart C) identified
at the sites in the final environmental assessments (DOE, 1986a-e).

The changes in the characteristics of the natural barriers that are
induced by disruptive processes and events occurring any time during the first
10,000 years after closure are evaluated (as they affect releases from the
engineered-barrier system or transport through natural barriers in the control-
led area) for both the first 10,000 years and for the period 10,000 to 100,000
years after repository closure. Disruptive processes and events include tec-
tonic activity (50), erosion (48), dissolution (49), and human interference
(52). The rates of erosion or dissolution at a site may be affected by other
processes, such as tectonic activity, climatic changes (51), or human inter-
ference.

Although some of the disruptive events may affect the size of the popula-
tion at risk, this is not a discriminator among the sites because of the inabi-
lity to project future population densities and distributions over the next
10,000 years. Accordingly, the relationship is shown on the influence diagram
but was not used in the evaluation of sites.

B.3 PERFORMANCE MEASURES

B.3.1 BACKGROUND INFORMATION

The overall objective for the postclosure performance of a repository is
to minimize adverse impacts on the health and safety of the public. As shown
in Figure B-l, this objective is divided into two lower level objectives that
are stated in terms of minimizing adverse health effects in the public during
two specific-time periods after repository closure: during the first 10,000
years and from 10,000 to 100,000 years.. Health effects were used in the risk
assessment conducted by the EPA to establish the environmental standards for
geologic-disposal under 40 CFR Part 191, Subpart B. The health effects of
concern are the cancer deaths that could result from exposure to the radio-
nuclides released from the repository to the accessible environment. Genetic
effects that could result from exposure to these radionuclides were also con-
sidered by the EPA, but the results of detailed evaluations led to the conclu-
sion that genetic effects are not likely to be significant in comparison with
somatic effects.
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The primary-containment requirements of the EPA standards for the post-
closure system, as embodied principally in Table 1 of Appendix A of 40 CFR
Part,191, specify the allowable cumulative releases of radionuclides to the
accessible environment per, 1000 metric tons of uranium (MTHM) for the first
10,000 years after repository closure. These release limits were developed by
the EPA after evaluations of the expected performance of geologic repositories
in generic basalt, granite, salt, and tuff formations, assuming (1) very gen-
eral models of environmental transport; (2).a linear,: nonthreshold dose-effect
relationship between radiation exposure and premature deaths from cancer; and,
(3) current population distributions and death rates. For each 1000 MTHM,the
allowable cumulative release limits specified by the EPA represent the poten-
tial for approximately 10 cancer deaths in 10,000 years.. Because of the
assumption of a linear dose-effect relationship between radiation exposure and
deaths from cancer, releases are in effect proportional to health effects, and
the former can be taken as a useful surrogate for the latter.

The EPA specifies in 40 CFR Part 191, Subpart B, that, for the first
10,000 years after closure, the releases to the accessible environment must
not exceed the limits given in Table 1 of Appendix A of that regulation. The
EPA chose this time period partly because compliance with quantitative
standards for a substantially longer period would entail projections of
releases that reflect considerably more uncertainty. Furthermore, it was felt
that a repository system capable of meeting the containment requirements for
10,000 years would continue to protect people and the environment well beyond
10,000 years. On the other hand, the DOE siting guidelines (10 CFR 960.3-1-5)
require the sites being considered for development as a repository to be com-
pared in terms of the projected releases from an undisturbed repository over
100,000 years. The DOE therefore chose to evaluate site performance under ex-
pected conditions for two time periods: for scenarios involving unexpected
features and disruptive processes and events during the first 10,000 years and
during the period 1O,000 to 100,000 years after closure. However, evaluations
of repository performance were carried out for both time periods only if the
scenario was judged likely to occur during the first 10,000 years (i.e., with
a probability greater than 1 chance in 10,000); that is, the consequences of
such scenarios were not evaluated if they were postulated to occur after the
first 10,000 years. The effect of relaxing this assumption on the postclosure
analysis was examined in a sensitivity analysis (see Figure 3-14).

Additional postclosure objectives and associated performance measures
were considered. For example, objectives could have been developed in terms
of the individual protection requirements (40 CFR 191.15) and the ground-water
protection requirements: (40 CFR 191.16) of the EPA standards because of their
relationship to health effects. However, it was not practical to do so because
the bounding analyses presented in Section 6.4.2 of the environmental assess-
ments (EAs) for the nominated sites (DOE, 1986a-e) provide no basis for dis-
crimination among sites. That is these analyses indicate no impacts on indi-
viduals or ground water during the first 1000 years at any of the sites for
undisturbed performance of the repository because no releases to special or
significant sources of water are expected. Because of the inability to dis-
criminate among sites on this basis, objectives related to special or signifi-
cant sources of ground water were not included in the objectives hierarchy.
Similarly, postclosure performance measures were not developed in terms'of the
characteristics of the accessible environment, such as future human populations
or environmental pathways, because predictions of such conditions for 10,000
years are not reliable.
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B.3.2 PERFORMANCE-MEASURE SCALES

The performance measures are defined in terms of radionuclide releases as
follows:

* The cumulative release of radionuclides to the accessible environment
during the-first 10,000-years after repository closure.

* The cumulative release of radionuclides to the accessible environment
during the period10,000 to 100,000 years after repository closure.

The scale of each of these performance measures is defined in terms of the
release limits specified as the containment requirements by Table 1 of Appendix
A of 40 CFR Part 191. These requirements specify the allowable cumulative
releases of individual radionuclides to the accessible environment for the
first 10,000 years after repository closure in terms of curies per 1000 MTHM.
These requirements also specify the way in which these individual release
limits are to be combined to define an overall system release limit. The
scales for the performance measures are expressed in terms of this release
limit, as shown in Figures B-3 and B-4. The scale for the first performance
measure is chosen to range between 0 and 10, where a score of 10 corresponds
to a cumulative release of 0.0001 of the release limit and a score of 0 corres-
ponds to 10 times the release limit. The evaluations in Section 6.4.2 of the
EAs suggested that the expected releases to the accessible environment at all
nominated sites may be so low that a linear scale in terms of releases may not
provide sufficient discrimination among the sites. Therefore, a.logarithmic
scale in terms of multiples of the EPA release limits was chosen;that is, a
score of 0 corresponds to lO times the EPA release limits, a score of 2 cor
responds to the EPA release limits,a score of 4 corresponds to 0.1 of the
limits, and so forth.

The scale for the second measure (10,000 years to 100,000 years) is analo-
gous to the scale for the first measure except that now a score of O corres-
ponds to 100 times the EPA release limits for the first 10,000 years, a score
of 2 corresponds to 10 times the limits, and so forth. Therefore, the scale
increments in releases for this90,000year period are 10 times those for the
first 10,000 years..

Also shown on the right of Figures B-3 and B-4 are the site character-
istics for which the radionuclide releases specified on the left are judged to
be reasonably equivalent. As shown in the influence diagram of Figure B-2,
the site characteristics important to the determination of releases include
the ground-water-travel -time the ground-water flux,the solubility of key
radionuclides, and retardation factors for key radionuclides. There are many
combinations of such characteristics that could lead to an equivalent release
or score. For example, the release from a site with a long ground-water-
travel time may be the same as that from a site with a very low solubility of
key radionuclides. These sites, in turn, may be equivalent to another site
that has both a moderate ground-water-travel time and a moderate retardation
of radionuclide movement in relation to the ground water velocity.

It is possible to aggregate these site characteristics in terms of the way
they affect releases from the engineered-barrier system and transport through
the natural barriers by mean of two performance factors:
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PERFORMANCE MEASURE-Cumulative Release of Radionuclides to the Accesible Environment During the First 10,000 Years After Repository Closure,

Cumulative Releases
Over ths First 10.000 Scale Characteristics of the Site for Which the Cumulative Releases on the Left Are Judged To Be Reasonable

Years as Multiples of the
EPA Release Limits

The characterislics and conditions at the site are such that during the first 10,000 years after closure, redionuclide releases to the
0.0001 1 accessible environment are insignificant. This judgment is based on a combination of site characteritics that implies an extremely

limited potential for radlonuclide releases from the engineered barrir system and transport through the natural barriers the
accessible environment. One such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 10,000 yeas is about 1 percent of the EPA release limits
because at an extremely low volumetric flow rate of ground water across or through the host rock together with geochemical
ground water conditions that very strongly inhibit waste dissolution.
The median travel time to the accessible environment of any key radionuclide is about 200,000 years because of extremely favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with an
extremely long ground-water travel time.

Th characterisits and condions at th site ar such that during the first 10,000 years after closure radionuclide rleases to the
0.001 accessible environment are extremely email. This judgment is based on a combination of site characteristics that implies a very

limited potential for radionucilde releases from the engineered-barrier system and transport through the natural barriers to the
accessible environment. One such combination would be

The quantity of radionucilide potentially dissolved in ground water in 10,000 years is about 3 percent of the EPA release lmits
because of an extremely low volumetric flow rate of ground water across or through the host rock together with geochemical
ground water conditions that strongly inhibit waste dissolution.

7 The median travel tim to the accessible environment of any key radionuclide is about 150,000 years because of extremely favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with an
extremely long ground water travel time.

The characteristics and conditions at the site are such that, during the first 10,000 years after closure, radionuclide releases to the
0.01 accessible environment are very small. This judgment is based on a combination of site characteristics that implies a limited

potential for radionuclide releases from the engineered barrier system and transport through the natural barriers to the accessible
environment. One such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 10.000 years is about 10 percent of the EPA release limits
because of a very low volumetric flow rate of ground water across or through the host rock together with geochomical ground-water
conditons that inhibit waste dissolution.
The median travel time to the accessible environment of any key radionuclide is about 100,000 years because of very favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with every
long ground-water travel time.

The characteristics and conditions at the site are such that, during the first 10,000 years after closure, radionuclide release. to the
01 4 accessible environment are small. This judgment is based on a combination of site characteristics that implies some potential for

radionuclide releases from the engineered-barrier system and transport through the natural barriers to the accessible environment
One such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 10,000 years is about 30 percent of the EPA release limits
because of a low volumetric flow rate of ground water across or through the host rock together with geochemical ground-water
conditions that inhibit waste dissolution.

3 The median travel time to the accessible environment of any key radionuclide is about 50,000 years because of favorable retardation
of any reactive or nonreactive radionuclides by physical and chemical processes during transport togeher with a longground-water
travel time,

The characteristics and conditions at the site are such that during the first 10.000 years after closure, radionuclide release to the
2 accessible environment are significant This judgment is based on a combination of its characteristics that implies high potential,

for releases from the engineerd-barrier system and transport through the natural barriers to the accessible environment. One
such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 10,000 years is about 100 percent of the EPA release limits
because of a high volumetric flow rate of ground water across or through the host rock together with geochemical ground water
conditions that weakly inhibit waste dissolution.
The median travel time to the accessible environment of any key radionuclide is less than 10.000 years because of moderate
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with a
moderate ground-water travel time.

The characteristics and conditions at the site are such that, during the first 10.000 years after closure, radionuclide releases to the
accessible environment are extremely significant. This judgment based on a combination of site characteristics that implie an
extremely high potential for radionuclide releases from the enginered-barrier system and transport through the natural barriers to
the accessible environment One such combination would be-

The quantity of radionucildes potenlially dissolved in ground water In 10,000 years is about 1000 percent of the EPA release limits
because of an extremely high volumetric flow rate of ground water across or through tht host rock together with geochemical
groundwater conditions that enhance waste dissolution.
The median travel time is the accessible environment of any key radionucilde is le" than 3000 years because of little retardation of
any reactive or nonreactive radionuclide by physical and chemical processes during transport together with a short ground-water
travel time..

NOTE: It must be kept in mind that the set of site characteristics that leads to any given acore is not unique. Equivalent combinations of performance factors are given
In Table B-1.

Figure B-3. Scale used to aid the judgmental estimation of releases during the first 10,000 years after

repository closure.
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PERFORMANCE MEASURE-Cumulative Releases of Radionuclides to the Accessible Environment During the Time Peried 10,00 to 10,000 Years After Repository Closure

Cumulative Releases
Over the First 10,000.Years as multp of the Scale Characteristics of the Site for Which the Cumulative Releases on the Left Are Judged To Be Reasonable
EPA Release Units

The characteristics and conditions at the site are such that, during the period 10,000 to 100,000 years after closure, radionuclide
oo1 1o releases to accessible environment are insignificant. This judgment is based on a combination of site characteristics that

implies an extremely limited potential for radionuclide releases from the engineered-barrier system and transport through to
natural barriers to the accessible environment One such combination would be-

The quantity of radionuclides potentially dissolved in ground-water in 50,000 years is about 10 percent of the EPA release limits
because an extremely low volumetric low rate ground water across orthrough the host rock together with geochemical ground

water conditions that very strongly inhibit waste dissolution.
The median travel time to the accessible environment of any key radionuclide is about 300,000 years because of extremely favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with an
extremely long ground-water travel tim.

The characteristics and conditions at the site are such that, during the period 10,000 to 100,000 years after closure radionuclide
01 releases to the accessible environment are etremely small This judgment is based on a combination of site characteristics that

implies a very limited potential for radionuclide releases from th engineered barrier system and transport through the natural
barriers to the accessible environment. One such combination would be

The quantity of radionuclides potentially dissolved in ground water in 90,000 out 30 percent of the EPA release limits
because of an extremely low volumetrictic rate of ground water across or through the host rock together with geochemical
ground-water conditions that strongly inhibit waste dissolution

7 The median travel time to the accessible environment of any key radionuclide isabout 250,000 years because o extremly favorable
retardation of any reactive or nonractive radionuclides by physical and chemical processes during transport together with an
extremly longground-water travel time.

The characteristics nd conditions at the sitear such thatduring the period 10,000 to 100,000 years after closure, radionuclide
1 realse to accessible environment are very small. This judgment is based on a combination of site characteristics that implies

a limited potential a limited potential forengineered-barrier system and through the natural barriers to the
accessible environment One such combination would be-

The quantity of redionuclies potentially dissolvedinground water in 00,000 years is about lOO percent of the EPA release limits
because of very low volumetric ground water across or through the host rock together with gochemical ground-water
conditlons that Inhibit waste dissolution.
The median traveltimeto the accessible environment of key radionucildet is about 200,000 years because of very favorable
retardation of any reactive or nonreactive radionuclides by physical and chemical processes during transport together with a very
long groundwater travel time.

The characteristics and conditions at the site much that during the period 10,000 to 100,000 years after closure, radionuclide
releases to the accessible environment are small. This judgment is based on a combination of site characteristics the impiles
some lmited potential for radionuclide releases from the engineered-barrier system and transport through the natural barriers to
the accessible environment One such combination would be-

The quantity at radionuclides potentially dissolved in ground water in 00,000 years is about 30 percent of the EPA release limits
because of a low volumetric flow rate of ground water across or through the host rock together with geochemical ground-water
condions that inhibit waste dissolution.

3 The median travel time to the accessible environment of any key radionuclide is about 150,000 years because of favorble retardation
at any reactive or nonreactive radionucildes by physical and chemical processes during transport together with along ground-water
travel time.

The characteristics and conditions at the site are such that during the period 10,000 to 100.000 years after closure, redionuclide
10 2 releases to the accessible environment ara sgnificant This judgment is based on a combination of site characteristics that Implies

a high potential or radionuclide releases from the engineered-barrer system and transport through the natural barriers to the
accessible environment One such combination would be-

The quantity of radionuclides potentially dissolved in ground water in 60,000 yers in about 1000 percent of the EPA release limits
because of a high volumetric low rate of ground water across or through te host rock together with geochemical ground water
conditions that weakly inhibit waste dissolution.

The median travel time to the accessible environment of any key redionuclide is about 100,000 years because of moderate
retardation of any reactive or nonresactive radionuclides by physical and chemical procesee during transport together with a
moderate ground-water travel time.

The characteristics and conditions at the site are such that during the period 10,000 to 100,000 years after closure, radionuclide
100 0 releases to the accessible environment are extremely significant. This judgment is based on a combination of site characteristics

that implies an extremely high potential for radionuclide releases from the engineered-barrier system and transport through the
natural barriers to the accessible enviroment. One such combination would be- -

The quantity of radionuclides potentially dissolved in ground water in 90,0000 years is about 10,000 percent of the EPA release limits
because of an extremely high volumetric flow rate of ground water across or through the host rock together with geochemical
ground -water conditions that enhance waste dissolution.
The median travel time to the accessible environment of any key radionuclide is about 10,000 years because of little retardation of any
reactive or nonreactive radionuclides by phyical and chemical processes during transport together with a short ground-watertravel
time

NOTE: It must be kept In mind tha the set of site characteristics that leads to any given score is not unique. Equivalent combinations of performance factors are given
in Table B-2

Figure B-4. Scale used to aid the judgmental estimation of releases occurring during the period 10,000 to
100,000 years after repository closure.
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* A factor for release from the engineered-barrier system, F, which is
a measure of the amount of radionuclides that can be expected to be
dissolved into the ground water during the period of interest.

* A factor for transport through the natural barriers, T9 which is a
measure of the travel time of key radionuclides through the.natural
barriers to the accessible environment under post-waste emplacement
conditions.

The first performance factor, F, would be given by the sum of the ratios
of the cumulative releases to the accessible environment to the EPA release
limits if these cumulative releases were predicted in a performance analysis.
For. direct-release scenarios, F could be estimated by considering the quantity
of the total radionuclide inventory that is released in terms of the EPA
release limits. For indirect release scenarios, in which the radionuclides
are dissolved into ground water that moves to the accessible environment, F
can be estimated from 'a simple relationship that depends on the ability of the
ground water to dissolve the waste. In this case, F is approximated by the sum
of the ratios of the maximum quantities of radionuclides dissolved during the
period of interest to the quantities allowable under the EPA release limits:

F QC/RL1,

where

Q = total volume of ground water (cubic meters per 1000 MTHM) that will
be in contact with the waste during the period of interest

C1 the maximum concentration of each radionuclide (curies per cubic
meter of ground water) based on solubility, inventory, or other
factors

RL = the release limit for each radionuclide (curies per 1000 MTHM) as
specified in Table 1 of Appendix A of 40 CFR Part 191

Ingeneral, the performance factor F. depends on two site characteristics:

1. Ground-water flow through or across the host rock.

2. The chemical conditions of the ground water insofar as they may relate
to its capability to dissolve radionuclides.

As an example of the dependence of F on the ground-water flow through the host
rock, the following can be considered: for a host rock characterized by a con-
stant,uniform ground-water flux, the term Q can be estimated from

Q = fAt,
where

f = ground-water flux (cubic meters per square meter per year)

A = effective cross-sectional area (square meters per 1000 MTHM) through
which the ground water flows

t = period of interest (years)
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It is the total volume of ground water available for the dissolution of waste
that is of interest here. The volume of water that is in contact with the
waste also depends on the pathways to and around the waste package. With
regard to the dependence of F on the site geochemistry, Ci can be estimated
from the isotopic solubilities, S, of the radionuclides and waste-form con-
stituents in the ground water at a site, taking into account the expected repo-
sitory conditions (e.g., temperature and controlling phases).

The second performance factor, T,, is the travel time of the i th key
radionuclide from the engineered-barrier system to the accessible environment
under post-waste-emplacement conditions. A key radionuclide is defined as one
that contributes significantly to the quantity of radionuclides that could be
dissolved in the ground water during the period of interest (e.g., more than
1 percent of the quantity F above). An example of the way Ti can be estima-
ted is given by the expression

Ti = RiT,

where R1 is the retardation factor (dimensionless) for a key radionuclide and
T is the travel time (years) of the ground water from the engineered-barrier
system to the accessible environment under post-waste-emplacement conditions.
For other transport mechanisms, such as diffusion, Ti would be estimated on
the basis of other factors.

In general, the travel time of any key radionuclide depends on (1) the
chemical and physical properties of the rock insofar as they may relate to the
capability to retard the migration of radionuclides, and (2) the mechanism of
radionuclide transport through the natural barriers under post-waste-
emplacement conditions.

The two performance factors F and T1 offer a simple and direct way,
though approximate, to relate site characteristics to estimates of releases to
the accessible environment. For example, if the characteristics of the ground
water flowing through the repository result in a value of 0.01 for the para-
meter F during the first 10,000 years, the cumulative release to the accessible
environment can be estimated conservatively to be about 1 percent of the EPA
release limits (assuming that ground water is the only transport medium).
Similarly, if a substantial fraction (say 90 percent) of the pathways through
the natural barriers have radionuclide-travel times longer than 10,000 years,
then only a fraction (10 percent in this example) of the radionuclide inventory
can possibly reach the accessible environment during 10,000 years.

When the two performance factors are considered together, the estimated
releases for a site may be lower than those obtained by considering each factor
individually. For example, in the first case considered-above, F-may be found
to have a value of.0.01 because of favorable geochemical and ground-water-flux
conditions. This value corresponds to 1 percent of the EPA release limits.
Furthermore, suppose that the ground-water-travel time and the radionuclide-
retardation characteristics are such that only 10 percent of the radionuclides
released from the engineered-barrier system can reach the accessible environ-
ment in 10,000 years. Then the actual release to the accessible environment
would be less than 0.1 percent of the EPA release limits.
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Figure B-5. Illustration of relationship between median radionuclide travel time
and fraction of released radionuclides reaching accessible environment.

The actual distribution of the travel times required to quantify Ti is
a site-specific factor that is not easily estimated before site characteriza-
tion. However, the total distribution need not be known in detail in order to
determine the effect on releases. For example, as illustrated in Figure B-5,
the important information is the portion of travel paths with travel times of
less than 10,000 or 100,000 years. A conservative analysis could indicate that
the travel-time distribution has such characteristics that, if the median
travel time is 100,000 years, about 10 percent of the radionuclides released
from the engineered-barrier system would reach the accessible environment in
10,000 years (and 50 percent in 100,000 years).

Similarly, if the median travel time is 200,000 years, then about 1
percent of the radionuclides released from the engineered-barrier system would
be released to the accessible environment in 10,000 years and about 10 percent
in 100,000 years. Furthermore, for each additional 100,000 years of travel
time, the fraction of radionuclides released to the accessible environment in
the specified period decreases by an order of magnitude. The actual
distribution may provide a smaller fraction of the pathways with travel times
of less than 10,000 years or 100,000 years; however, these assumptions are
considered to provide a reasonable and conservative basis for the evaluation
of releases.
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Table B-1. Scores for the first performance measure on the basis of cumulative releases
for the-first 10,000 years after repository closure

T (median
travel time
of key radio- F (fraction of radionuclides dissolved in ground water during the
nuclides to first 10,000 years as multiple of EPA release limits)
accessible
environment)

(years) 10 3.2 1 0.32 0.1 0.03: 0.01 0.003 0.001 0.0003 0.0001

0 0 1 2 3 4 5 6 7 8 9 10

50,000 l 2 3 4 6 7 8 9 10

100,000 2 3_ 4 5 6 7 8 9 10

150,000 3 4 5 6 7 8 9 10

200,000 4 5 6 7 8 9 10

250,000 5 6 7 8 9 10

300,000 6 7 8 9 10

350,000 7 8 9 l0

400,000 8 9 10

450,000 9 10

500,000 10

There are many combinations of F and T1 that, together, result in equi-
valent system performance with respect to releases to the accessible environ-
ment over a given time period. Examples of such combinations are given in
Tables B-1 and B-2 for the two performance measures. For example, in the case
of a site in which F is equal to 0.01 over 10,000 years because of a moderate
quantity of ground-water, flow past the waste and favorable solubility limits,
the associated score for that performance measure is at least 6, regardless of
the radionuclide-travel time at the site. If, in addition, the median value
of T1 is 100,000 years, the fraction of the dissolved radionuclides reaching
the accessible environment is assumed to be about 10 percent; therefore, the
release to the accessible environment would correspond to 0.001 of the EPA
release limits. Therefore, the site would receive a score of at least 8. A
site with the above characteristics is essentially equivalent to another site
with F equal to 0.1 and a median value of T1 equal to 200,000 years. The
potential tenfold increase in the dissolution of waste is compensated for by a
longer median radionuclide-travel time. Since the release to the accessible

environment would be about 0.001 of the release limits, this site would also
receive a score of about 8.

The performance factors F and Ti were developed for the purpose of esti-
mating repository performance on the basis of available information for the
important characteristics of a site. To this point, the performance of the
engineered-barrier system has not been addressed. Impacts of site characteris-
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tics on the engineered-barrier system can be taken into account most conven-
iently by considering the waste-package lifetime. In estimating F the quan-
tity of radionuclides dissolved in the ground water during the first 10,000
years will be affected by the length of time that the disposal container
remains intact or by the quantity of water remaining for waste dissolution
after the container-corrosion process is substantially complete. Likewise,
the time delay before radionuclides reach the accessible environment depends
on container lifetime and the time of radionuclide travel through the control-
led zone. Thus, for site evaluations against the performance measures, esti-
mates of F and T, can be revised by expert judgment to reflect the potential
benefits of the waste package in restricting radionuclide releases.

Careful judgment must be exercised in applying Tables B-1 and B-2 to
obtain site scores from site characteristics. For example, the distributions
used in the preliminary evaluations of travel time in Chapter 6 of the EAs are
consistent with the assumptions given here; however, it is entirely possible
that the actual travel-time distributions vary appreciably from those obtained
with the assumed models of ground-water flow. It is certainly possible that
releases estimated by using F and the median value of T1 may be underestima-
ted or overestimated by a factor of 10 or more. Nevertheless, in spite of
this uncertainty, this approach provides a useful association between site
characteristics (right-hand side) and radionuclide releases (left-hand side)
on the performance-measure scales.

Table 8-2. Scores for the second performance measure on the basis of cumulative releases
between 10,000 and 100,000 years after repository closure

T (median
travel time
of key radio- F (fraction of radionuclides dissolved in ground water in
nuclides to 100,000 years as multiple of 10,000-year EPA release limits)
accessible
envi ronment)

(years) 100 32 10 3.2 1 0.32 0.1 0.32 0.01 0.003 0.001

0 to
10,000 0 1 2 3 4 5 6 7 8 9 10

50,000 0 1 2 3 4 5 6 7 8 9 10

100,000 0 1 2 3 4 5 6 7 8 9 10

150,000 1 2 3 4 5 6 7 8 9 10

200,000 2 3 4 5 6 7 8 9 10

250,000 3 4 5 6 7 8 9 10

300,000 4 5 6 7 8 9 10

350,000 5 6 7 8 9 10

400,000 6 7 8 9 10

450,000 7 8 9 10

500,000 8 9 10

550,000 9 10

600,000 10
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There are two additional points concerning the use of Tables B-1 and B-2
that should'be mentioned. First, the performance factor T1 used in estima-
ting a score in the tables is the median travel time for key radionuclides.
Estimates of ranges in the score should therefore be based not on the range of
travel times but on the range of median values that could result from'alterna-
tive conceptual models and conditions. Second, for scenarios leading to direct
releases to the accessible environment, such as human intrusion or volcanism,
the use of the left-hand scale of a performance measure may be the most appro-
priate approach to arrive at a score, rather than the use of surrogate measures
like F and T1. In such cases, Tables B-1 and B-2 would not be used.

B.3.3 EXAMPLE APPLICATIONS OF THE PERFORMANCE MEASURES

To demonstrate the use of the performance measures in site evaluations,
this section presents three examples: (1) the generic sites used by the EPA
in the development of 40 CFR Part 191, Subpart B; (2) a hypothetical repository
in the Carrizo sandstone aquifer of south Texas; and (3) the five nominated
sites in relation to the performance-assessment results for each.

The examples are included to address comments by the Board on Radioactive
Waste Management of the National Academy of Sciences on portions of this report
submitted for review on March 17, 1986. In particular, the Board made two
recommendations. First, it suggested that the DOE show the postclosure results
that would be obtained with the methodology for a repository at a site with
poor geohydrologic characteristics. Second, the Board recommended that the DOE
compare results obtained with the methodology against results calculated for
generically similar sites considered by the EPA in the development of its final
standards and against results calculated with performance-assessment models.

Example 1: generic sites considered by the EPA

The first example is the set of cases considered by the EPA in developing
the containment requirements of 40 CFR Part 191, Subpart B. Specific cases for
hypothetical repository systems in generic basalt, bedded-salt, tuff, and gra-
nite sites are described in the background-information-document for the final
EPA rule (EPA, 1985b). Using specified site characteristics and repository
descriptions, cumulative releases to the accessible environment during the
first 10,000 years after closure were calculated with the REPRISK code (Smith
et al., 1982). In addition, relationships between predicted releases and asso-
ciated health effects were used to help determine the release limits specified
by Table 1 of Appendix A of 40 CFR Part 191.

The EPA did not evaluate releases for the period 10,000 to 100,000 years
after closure, and therefore only the first performance measure is considered
here. Table B-3 summarizes the application of the performance measure to the
the four generic sites. The first row gives the health effects and the second
row gives the cumulative releases leading to these health effects, as computed
by the EPA. The third row gives the scores that would be assigned to each of
these cases by directly relating the calculated cumulative releases to the
left-hand side of the performance measure in Figure B-3.
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The scores given in Table B-3 could be used to compare these generic sites
if the model predictions were adequate to address site performance, including
the uncertainties in conceptual models and site parameters. Premature reli-
ance on such model predictions can be avoided by scoring the sites against the
right-hand side of the performance measure of Figure B-3. The site parameters
(F and T1) required for this evaluation are given in the fourth and the fifth
rows of Table B-3. These parameters were derived from the characteristics for
the generic cases specified by the EPA (1985b). The scores associated with
these parameters, as estimated from Table B-1, are given in the sixth row of
Table B-3.

Comparison of the scores obtained by the two approaches shows that, for
the four generic sites, scores based on the parameters F and T, provide a

Table B-3. Performance-measure scores for EPA generic sites

Bedded
Parameter Basalt salt Tuff Granite

SCORES OBTAINED BY EPA METHOD

Health effectsb 97 0 0 180

Cumulative release 0.15 0 0 0.32

Score based on the
left-hand side of
Figure B-3d 4 10 10 3

SCORES OBTAINED BY DOE METHOD

F value 0.6 0 0.6 0.6

T, value (years) 1.1 x 105 2.5 x 10 2 x 106 5 x 103

Score based on the
right-hand side
of the performance
measure for first
10,000 years 4-5 10 10 2-3

Examples from the background-information document for the EPA final rule
(EPA, 1985b, Table 8.10-1)

Predicted premature deaths from cancer in 10,000 years for 100,000 MTHM.
Multiple of the EPA release limits computed from Table 7.8-3 of the EPA

background-information document (EPA, 1985b).
dEstimated from the predicted releases and the left-hand side of

Figure 3-3.
Based on the characteristics of the generic sites considered by the EPA

(EPA, 1985b).
Estimated from Table B-1 and the right-hand side of the Figure B-3.

reasonably conservative measure of performance in terms of predicted releases.
Although the generic sites are described in extremely simple terms, relying on
one-dimensional effective-parameter representations for the elements of the
system, the comparison provides some confidence that the performance measure
can be useful in evaluating real sites.
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Example 2: Carrizo sandstone aquifer of south Texas

The second example pertains to an actual geologic formation, a formation
believed to be geologically unsuitable for a repository: the Carrizo sandstone
aquifer of south Texas. Because of its importance as a water supply, this for-
mation has been intensely studied for over 50 years (Klempt, Duffin, and Elder,
1976). Furthermore, trace concentrations of carbon-14, uranium-234, and ura-
nium-238 in the ground water have been investigated for the validation of pre-
dictive models to be used in the evaluation of geologic repositories (Andrews
and Pearson, 1984), and much of the information needed to apply the performance
measure is available.

For the purpose of an illustrative example only, a hypothetical repository
is assumed to be sited in the Carrizo sandstone formation. Hydrologic and geo-
chemical data from the analysis by Andrews and Pearson (1984) are summarized in
Table B-4. These same data were used to derive the F and T1 factors. To
compute F, it was assumed that the dissolution of radionuclides into the moving
ground water is controlled by the solubility of the uranium dioxide ceramic
waste form. It was further assumed that the effective cross-sectional area for
1000 MTHM of spent fuel emplaced in the repository is 10,000 m2. The appli-
cable radionuclide inventories are given in Table 3.3.8 of an earlier DOE docu-
ment (DOE, 1979).

Values for the performance factors F and Ti are given in Table B-4. The
value of F ranges from 0.2 to 2000. If the key radionuclides are retarded very
little, such as for carbon-14, the estimated release to the accessible environ-
ment would range from 0.2 to 2000 times the overall release limits of the EPA
standards. If the transport velocity of the key radionuclides is similar to
that of uranium, then the estimated releases would range from 0.02 to about
1000 times the overall release limits. For a release of 0.02 times the EPA
limits, the Carrizo aquifer would score between 5 and 6 on the performance mea-

Table B-4. Parameters used in the evaluation of the
Carrizo sandstone aquifer

Hydrologic parameters

Darcy velocity (m/hr) 0.6 to 1.0
Effective porosity 0.3 to 0.4
Ground-water velocity:(m/yr) 1.5 to 3.3

Geochemical parameters

Solubility of uranium (g/m3) 10-6 to iO-3
Retardation factor

Carbon-14 1
Uranium 20 to 30

Performance parameters

F 0.2 to 2000
To (years)

Carbon-14 2000 to 3000
Uranium 30,000 to 100,000

From Andrews and Pearson (1984).
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sure for the first 10,000 years, according to Figure B-3 and Table B-1. Con-
versely, a release of 1000 times the EPA limits would give a score of -4 by
extrapolation of Figure B-3 and Table B-1. If this latter situation were
indeed the case, the Carrizo aquifer would be clearly unacceptable for a geo-
logic repository.

Example 3: Nominated sites in relation to performance-assessment results

The third example involves the performance assessments used to evaluate
the suitability of the nominated sites in Section 6.4.2 of the EAs (DOE,
1986a-e). These assessments yielded predictions of radionuclide releases on
the basis of preliminary conceptual models and available data for the site
characteristics and conditions. The models have not been validated and repre-
sent varying levels of development. The applications have ranged from bounding
analyses to more-detailed evaluations that exclude the effects of the heat
emitted by the waste. The results are useful for indicating the general trends
to be expected at particular sites, but are not adequate for detailed and
meaningful comparisons between and among sites. In part, the purpose of con-
sidering the performance-assessment results for the nominated sites as an exam-
ple is to compare the scores obtained from the performance measure for 10,000
years against those obtained for the generic sites evaluated by the EPA.

Two separate cases were considered in Section 6.4.2 of the EA for each
site. One case is referred to as the "performance-limits" case, in which all
waste packages are assumed to fail at 300 years and the fractional rate of
release from the engineered-barrier system is specified as one part in 100,000
per year. Thus, this case is analogous to the simple generic case evaluated
by the EPA and presented in Table B-3. The results for the nominated sites
are summarized in Table B-5 for both the first 10,000 years and for the period
10,000 to 100,000 years. These results suggest that the releases are expected
to be generally smaller than those for the EPA generic sites and the scores
are expected to be correspondingly higher.

This trend is also observed for the second case evaluated in the EAs.
The second case (referred to as the "nominal" case) does not arbitrarily spe-
cify engineered-system performance, but takes into account the expected impacts
of site characteristics and conditions on the engineered-barrier system. The
releases predicted for this case are given in Table B-6. These values suggest
that, indeed, the performance-measure scores for the nominated sites are expec-
ted to be high, with very small releases projected on the basis of the availa-
ble information. It is to be noted that the nominal case considered in the
evaluations in Appendix D is somewhat more general than the nominal case con-
sidered in Section 6.4.2 of the EAs and in Table B-6 and takes into account a
wider range of uncertainty in site characteristics, conditions, and conceptual
models than does Section 6.4.2 of the EAs. Thus, it is possible that scores
for the site evaluations in Appendix D may range to values lower than those
shown in Table B-6.

Summary remarks

There are some important features of the scoring evaluations that can be
identified from the results of these examples. First, a site characteristic
that is used to estimate the score is the median time of ground-water travel.
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Table B-5. Predicted releases and corresponding performance-measure
scores for the performance-limits case for nominated sites -

Performance Davis Deaf Richton Yucca
Period measure Canyon Smith Dome Hanford Mt.

10,000 Releasea 0 0 0 0 <0.0002
years

Scoreb 10 10 10 10 10

10,000- Release 0 0 0 0.32c 0.035
100,000
years Score6 10 10 10 5 7

Releases expressed as multiples of the EPA release limits in 40 CFR
Part 191, Subpart B.

bScores estimated from the performance measures of Figures B-1 and B-2.
cThe environmental assessment for the Hanford site (DOE, 1986c) reports

distributions of releases. The median value is shown in this table. The high
value (95% confidence level) is 1.2 for the first 10,000 years and 1.0 for the
period 10,000 to 100,000 years. The corresponding scores are 2 and 4, respec-
tively. The low value (95% confidence level) is zero in each case.

Table B-6. Releases predicted for the nominal case in the
environmental assessment and corresponding

performance measure scores

Performance Davis Deaf Richton Yucca
Period measure Canyon Smith Dome Hanford Mt.

10,000 Releaseb 0 0 0 od <10-7

years
Score 10 10 10 10 10

10,000- Releaseb 0 0 0 0 .29d 1.8 x 10-7
100,000
years Scorec 10 10 10 5 10

See Section 6.4.2 of the environmental assessment for each site (DOE,
1986a-e).

bReleases expressed as multiples of the EPA release limits (Table 1 of
Appendix A of 40 CFR Part 191).

CScores estimated from the performance measures of Figures B-1 and B-2.
dThe environmental assessment for the Hanford site (DOE, 1986c) reports

distri-
butions of releases. The median value is shown in this table. The high value
(95% confidence level) is 0.045 for the first 10,000 years and 0.45 for the
period 10,000 to 100,000 years. The corresponding score is 5 in each case.
The low value (95% confidence level) is zero in each case.
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The EPA calculations, for example, are purely deterministic and do not take
into account the distribution in travel time because of spatial variations in
parameters and other factors that are expected for real sites.

The performance measure takes into account the fact that there may be
travel times substantially shorter than the median value. In particular,
because some radionuclides may be released before 10,000 years even if the
median value is much greater than 10,000 years, use of the performance factors
will generally provide lower scores (greater cumulative releases) than those
resulting from deterministic calculations based on mean parameter values.
This explains, in part, why in Table B-3 the scores based on the performance
measure are in some cases lower than those based on the EPA calculations of
radionuclide releases. In the evaluations of real sites, the median travel
times should be used rather than the full range of travel times. Ranges in
scores may result, however, if there are ranges in these median values resul-
ting from different conceptual models or site conditions.

The second point is that the scoring methodology can accommodate more com-
plex travel paths than those described in the simple cases considered by the
EPA (1985b). In addition, it is not necessary to use the overly conservative
approximation applied for the REPRISK calculations--that is, the volume of
water that dissolves radionuclides is the entire volumetric flow crossing the
host rock within the confines of the repository in 10,000 years. Only a frac-
tion of this volume may be taken into account in the determination of the Q
values required to calculate F. For example, it may be appropriate to consider
only the water that is in contact with the waste package or the flux that
intercepts an effective cross-sectional area containing the waste package. In
the scoring of real sites, an effective area of about 30 m2 per package was
used.

Finally, there are cases in which it may be more appropriate to use the
left-hand side of the performance measure rather than the right-hand side. For
example, in scenarios involving direct releases of radionuclides, like those
initiated by human intrusion or volcanic activity, the releases themselves can
be evaluated directly (i.e., in terms of the fraction of the repository or
package inventory that is released as a result of the disruption) and used to
derive a score. In such cases, Tables B-1 and B-2 would not be used.
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Appendix C

DEVELOPMENT AND DESCRIPTION OF POSTCLOSURE SCENARIOS

C.1 INTRODUCTION

This appendix describes the potentially significant scenarios that could
lead to releases of radionuclides to the accessible environments at the var-
ious nominated sites. The scenarios are based, in general, on the known and
expected characteristics of the sites and their geologic settings, as well as
the generic features and conditions of the host-rock types and repository sys-
tems under consideration in this comparative evaluation. Initially, a broad
collection of scenarios was identified, using information from the literature
and the environmental assessments (EAs) for the nominated sites. By means of
a screening process, the number of scenarios was gradually reduced to a credi-
ble set. In this process, particular attention was given to any scenarios that
reflected in whole or in part any potentially adverse conditions identified at
the sites. The criteria for the removal of a scenario from the initial collec-
tion were as follows:

The impact of the postulated set of conditions and processes or sequence
of events on the expected repository performance is such that the
expected releases to the accessible environment are not increased by
more than ten percent; or

The likelihood of occurrence of a postulated set of conditions and pro-
cesses or sequence of events is less than one chance in 10,000 over the
first 10,000 years after repository closure.

Because of the manner in which the performance measures relate site charac-
teristics to releases, the first criterion is reflective of significant changes
in site characteristics (e.g., total volume of ground water in contact with the
waste) and performance factors (e.g., radionuclide travel time) that are impor-
tant to releases from the engineered-barrier system and transport through the
natural barriers. The second criterion is based on guidance for implementation
of 40 CFR Part 191, Subpart B, as specified in Appendix B of that regulation.

These criteria were applied first to specific processes and events and then to
scenarios involving site-specific factors and information. To ensure that low-
probability scenarios producing very large effects were not screened out, the
product of the probability of the scenario and the factor by which it was esti-
mated to increase risk was calculated. In no case was this product found to
be significant for a scenario that was screened out.

Three different classes of scenarios were considered:

* Nominal case (expected conditions)
* Unexpected features
* Disruptive processes and events
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The nominal case is based on the expected geohydrologic, geochemical,
and rock conditions. The natural variability in these characteristics and
the range of uncertainty that presently exists are taken into account. In
addition, these conditions include natural changes that are expected at the
sites. For example, the influence of expected climatic changes over the next
100,000 years on the geohydrologic system is considered. The influence of the
excavation and the effect of the heat generated by the emplaced waste on the
thermal, fluid, and chemical conditions are also considered.

The second class of scenarios includes the effects of unexpected features
at the site. These features are not expected to be present, but they cannot
be completely ruled out on the basis of the site information that is presently
available. For example, an unexpected degree of subsidence or thermal expan-
sion of the rock mass above the underground facility or geologic features that
have not been detected (e.g., undetected breccia zones or undetected faults)
could lead to extreme impacts on the expected performance of the repository.

The third class of scenarios includes processes and events that could lead
to a disruption of the repository during the next 10,000 years. The potenti-
ally disruptive processes and events considered here include those related to
erosion, dissolution, tectonic activity (including magmatic activity), and
human interference. (As mentioned above, climatic changes are included as
part of the nominal-case scenario (expected conditions.) Premature failures
of the waste packages and the shaft and repository seals are also considered
in this class of scenarios.

The probabilities of the three classes of scenarios are illustrated in
Figure C-1. This figure shows the hypothetical probability distribution func-
tion for cumulative releases, y, at a typical site. The distribution of values
is a result of variations in site characteristics, uncertainties in conditions,
and the effects of disruptive processes and events. This distribution function
is resolved into two components in Figure C-1. The first component, shown in
the upper curve, represents the- effects of expected conditions and the effects
of unexpected features and accounts for most of the probability distribution.
The division between expected conditions and unexpected features is shown as
yma in the figure. The portion of the first component ranging from y = 0
to y = Yma is designated the nominal case. The total cumulative
probability of the range is Pn. The remainder of the first component,
representing the unexpected features, has a total probability of Pu.

The second component, shown in the lower curve, includes the effects of
disruptive processes and events. The distribution for the second component
has a total probability of PD corresponding to the sum of the probabilities
of the two disruptive-event scenarios in this example--that is, Pd + PD2 .
The total probability is

Pn + Pu + Pd = 1.

Since Pu, Pn1, and PD2 can be estimated on the basis of expert opinion,
the probability of the nominal-case scenario is simply

PN = 1 - PU - PD.
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Figure C-1. Decomposition of the consequence probability distribution function.
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This representation of the risk curve for a particular site is admittedly sche-
matic; nevertheless, it illustrates the scenario classes described in more
detail later.

C.2 APPROACH TO THE SCREENING AND DEVELOPMENT OF SCENARIOS

The general approach to the screening and development of the scenarios for
this analysis is illustrated in Figure C-2. The first step is to establish the
nominal case. This case is based on the current understanding of site charac-
teristics and conditions, such as those described in Sections 6.3 and 6.4 of
the environmental assessments for the nominated sites (DOE, 1986a-e), and takes
into account the changes that are expected to occur in these conditions because
of waste emplacement. The nominal case is based on the site factors and con-
ditions that relate to the release of radionuclides from the engineered-barrier
system and transport through the natural barriers.

The next step is to review all of the potentially disruptive processes and
events induced by nature and humans and unexpected features that could affect
site performance. A preliminary screening of these processes, events, and
features is conducted in terms of the probability of occurrence. Those with a
probability of less than 1 chance in 10,000 over 10,000 years are not consid-
ered credible and are eliminated from consideration unless the consequences
could be large.

The next step is to construct scenarios in terms of the specific effects
of potentially disruptive processes and events and unexpected features on
expected repository performance. These steps result in a set of potentially
significant scenarios that can be evaluated in terms of site-specific charac-
teristics and conditions.

C.3 NOMINAL CASE (EXPECTED CONDITIONS)

C.3.1 INTRODUCTION

The analysis of the nominal case at each site is discussed-in Section
6.4.2 of the EA for the site (DOE, 1986a-e). This discussion indicates, for
example, that the waste is expected to be contained within the waste packages
emplaced in the repository. Corrosion and other degradation processes are
expected to occur, and it is possible that at some time the waste packages
will fail, allowing ground water to come in contact with the waste. Radio-
nuclides can then be leached from the waste form, dissolved in the ground
water, and released from the engineered-barrier system. The released radio-
nuclides can then be transported to the accessible environment by diffusion
through the rock or by advective transport in ground water.

Under these conditions, the performance factors that are important
include the amount of waste that can be dissolved into the ground water and
the time of radionuclide travel through the natural barriers. The waste-
package lifetime could also be important if it is comparable to, or greater
than, the radionuclide-travel time. More-detailed understanding of the site
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Figure C-2. General steps in the screening and development of scenarios.
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after characterization could reveal that there are other important factors;
however, on the basis of what is now known about each site, these two factors
are considered to be the most important under expected conditions.

The specific conditions and site characteristics affecting the performance
factors in the nominal case are summarized in Table C-1. These include the
expected thermal, mechanical, geohydrologic, geochemical, and other conditions
resulting from the pre-waste-emplacement characteristics of the site, the
natural changes in these characteristics, and the changes induced by the exca-
vation of the repository and the emplacement of heat-generating wastes.

For example, waste-package containment depends on the thermal, mechanical,
fluid, chemical, and radiation conditions in the repository. Local thermal
conditions affect waste-package degradation rates and local chemical and fluid
conditions. Local temperatures depend,-in turn, on the natural thermal envi-
ronments at the site and the temperature increases resulting from waste em-
placement. The important parameters that determine these conditions include

Table C-1. Site conditions and characteristics affecting
repository-performance factors

1. Conditions affecting waste-package lifetime

a. Thermal conditions.
b. Mechanical conditions (thermomechanical stresses, ground movement)
c. Volume of, and replacement rate for, fluids near waste package
d. Corrosion rate

2. Local fluid conditions affecting the rate of release from the
engineered-barrier system

a. Ground-water flux through the host rock or seepage into repository
b. Number of packages exposed to water

3. Local chemical conditions affecting the rate of release from the
engineered-barrier system

a. Radionuclide solubility
b. Waste-form dissolution rate
c. Thermal effects on leach rates and local chemical conditions

4. Conditions affecting ground-water movement to accessible environment

a. Rock characteristics that determine ground-water pathways
b. Hydraulic properties
c. Head gradients
d. Unsaturated flow characteristics
e. Constraints due to regional flow conditions

5. Conditions affecting retardation

a. Sorption
b. Precipitation
c. Physical retardation
d. Dispersion

6. Other conditions affecting radionuclide-travel time

a. Diffusion transport
b. Transport of gases
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the thermal properties of the rock and the density of the waste in the
repository. Likewise, the performance of the waste package is affected by
local mechanical conditions, including the stresses imposed on the package by
the rock. These conditions depend on the natural state of stress in the rock
before excavation and the changes in the stresses in the rock induced by
repository excavation and the heat generated by the waste. Similarly, the
fluid and chemical conditions can affect the rate at which waste-package
components corrode.

The release of radionuclides from the engineered-barrier system is also
affected by local site conditions. For example, the waste-dissolution rate
depends directly on the amount of water in contact with the waste, which
depends on both the local flux through the repository and the amount of waste
actually exposed to the water. If natural conditions or engineered barriers
restrict the amount of ground water that can actually come in contact with the
waste, effects on the dissolution of waste may be limited. The fluid condi-
tions are determined by the natural flux of ground water through the host rock,
the pathways created by the excavation of the repository, and the effects of
local thermal conditions on the flow.

Local chemical conditions will also influence the degree of waste dissolu-
tion. The key geochemical parameters include those that control the amount of
radionuclides that can be dissolved in the ground water and the rate of waste-
form dissolution. These depend in turn on the solubility of the waste matrix
and interactions between the waste form and the ground water.

The principal conditions affecting the transport of radionuclides through
the geohydrologic system are the movement of ground water to the accessible
environment and the retardation of the radionuclides in relation to the ground-
water flow. The movement of the ground water depends on the existing pathways
for the water (e.g., through fractures and joints or through the porous rock
matrix), hydraulic properties (e.g., hydraulic conductivity and effective poro-
sity), and the local head gradients. The movement of water within the control-
led area is also determined by the regional pressure distribution and by the
ability of surrounding geohydrologic units to receive and transmit water.
Finally, flow conditions within the controlled area may be influenced by the
heat generated by the waste. For sites in which ground-water flow in the
unsaturated zone is important, water content or rock-matrix characteristics
are also important. In either unsaturated or saturated flow, the key param-
eters for this evaluation include the ground-water-travel time and the flux of
water along ground-water pathways.

The retardation of radionuclides is controlled by chemical and physical
processes. Chemical retardation results from the sorptive characteristics of
the minerals along ground-water pathways. In addition, radionuclides may pre-
cipitate from the ground water during transport through the natural barriers.
Matrix diffusion and other physical processes also contribute to the retarda-
tion of radionuclides during transport. The dispersion of radionuclides in
the ground water can occur because of molecular diffusion during transport,
variations in hydrologic properties over the transport pathway, and other
effects. Finally, factors other than advective transport can contribute to
radionuclide-travel time. For example, in aquitards (beds with little or no
measurable movement of water), transport by diffusion could be more important
than advection. For volatile elements like krypton and iodine, vapor-phase
transport could be significant.
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The nominal case also depends on (1) the design and the expected behavior
of the waste package and engineered-barrier system and (2) expected climate
changes. These factors are considered below.

C.3.2 EXPECTED BEHAVIOR OF WASTE PACKAGES

Failure of most of the waste packages is not expected to occur for at
least 1000 years at all sites. However, some packages may be flawed or may be
damaged during the operational period. Other packages could be emplaced impro-
perly so that they are subjected to conditions different from the design basis.
Corrosion rates could be higher than those considered in preliminary projec-
tions based on short-term tests and estimates based on a uniform corrosion
model. The evaluations for the nominal case in the EAs have included wide
corrosion-rate ranges that take into account the range of uncertainty in this
regard. Therefore, early failure of a small fraction of the waste packages
cannot be precluded. As reported in Section 6.4.2 of the EAs (DOE, 1986a-e),
analyses based on the assumption of early failure for some of the waste pack-
ages have also been conducted.

C.3.3 EXPECTED BEHAVIOR OF SHAFT AND REPOSITORY SEALS

The function of the seals is to limit the intrusion of water into the
underground openings and restrict the migration of radionuclides along prefer-
ential paths created by the openings or the shafts. Leakage through the seals
would not necessarily be significant if it is comparable to, or less than, the
seepage expected to occur through the undisturbed rock. The analyses in the
EAs have considered a wide range of hydraulic properties of the rock in their
evaluation of expected conditions; for example, variations of several orders
of magnitude have been considered in accounting for the heterogeneity of the
rock. The properties expected for the seals are expected to fall well within
these ranges. Therefore, ranges in the performance of the seal system are
implicitly taken into account in the nominal case.

C.3.4 EXPECTED CLIMATIC CHANGES

Worldwide climatic changes are expected over the next 100,000 years. For
example, minor variations in the earth's orbit have led to past changes in the
seasonal distribution of solar insolation and appear to have initiated glacial
cycles.- It is believed that, over the next 23,000 years, perturbations from
orbital variations may lead to a cooler climate with a trend toward enlarged
continental ice sheets (Imbrie and Imbrie, 1980). This current cooling trend
could produce a period of maximum glaciation in about 45,000 to 60,000 years
(Craig et al., 1983; Spaulding, 1983). A minor glacial stage may occur about
15,000 to 23,000 years from now (Craig et al., 1983; Spaulding, 1983).

Glaciation could conceivably be important for waste isolation. For exam-
ple, renewed continental glaciation could affect the repository if the stress
state of the rock is affected by loading and unloading as the ice sheet
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advances and recedes over the site. If an ice sheet advanced to the recharge
or drainage basins of the sites, the deep ground-water system might be affec-
ted. For one site, the Hanford site, such effects were evaluated in Section
6.3.1 of the EA (DOE, 1986d). Even taking into account impacts on erosion and
recharge, it was concluded that the effects would be insignificant. At the
other sites, glaciation is not likely to occur. It is generally accepted that
the ice cover from renewed glaciation in the next 100,000 years will be con-
fined to the regions that were covered with ice during the Pleistocene. Since
none of these sites was glaciated during the Pleistocene, direct cover of any
of the sites is not likely in the next 100,000 years.

A more important effect of climatic change could be attendant changes in
rainfall. For example, increased precipitation during a future pluvial period
could result in increased infiltration and recharge. These changes may
decrease the time of ground-water travel to the accessible environment or
increase the flux through the repository. At a repository in the unsaturated
zone, an increase in the elevation of the water table, which could result from
the increased recharge, could affect the travel time of ground-water and the
radionuclides dissolved in this water. Increased flux in the unsaturated zone
could also be a factor affecting the travel time. New flow paths or modes of
flow may result. Retardation may be affected if the flow is diverted to paths
with different retardation characteristics. At the salt sites, salt-
dissolution rates may be increased because of increased infiltration. The
specific effects of a worldwide climatic change are clearly related to the
unique geo- graphic features of each site.

A warming trend in the next 10,000 years from increases in atmospheric
carbon dioxide could affect precipitation rates at the sites. Modeling predic-
tions of long-term (100,000-year) climatic changes do not account for man-
induced effects or the effects of volcanic activity on climatic cycles.
However, the impact of such perturbations on the gradual cooling trend of the
last 6000 years is not expected to overwhelm the long-term trend toward
renewed glaciation and increased rainfall (see, for example, Craig et al.,
1983; Imbrie and Imbrie, 1980).

The effects of worldwide climatic changes on the expected conditions that
are considered in the nominal case include a potential increase in infiltration
and recharge at the sites during a period commencing about 15,000 years after
the present. Precipitation can increase by as much as 100 percent during a
pluvial period (Spaulding, 1983), and the expected conditions necessarily take
into account changes of this order.

C.4 UNEXPECTED FEATURES

C.4.1 INTRODUCTION

The nominal case is based on expected ranges of geohydrologic and geochem-
ical conditions and rock characteristics. It is possible that extreme condi-
tions outside these ranges could arise from the existence of features or
characteristics which are not expected at the site but which cannot be unequi-
vocally precluded by the present data. For example, extreme conditions could
result from--
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A significant loss of rock-mass integrity because of excavation or the
heat generated by the emplaced waste.

Geologic features not detected at the nominated site.

Other geohydrologic or geochemical changes in the site or of its
response to the heat generated by the emplaced waste.

Extreme responses to repository excavation or waste emplacement include the
subsidence or uplift of the rock mass above the underground repository.
Extreme subsidence, for example, could cause a disturbance in the rock that
could extend from the repository to an overlying aquifer and create preferen-
tial pathways for the incursion of water into the repository horizon and for
the migration of radionuclides away from the repository.

Undetected geologic features includes those which may be present in simi-
lar rock formations elsewhere, but for which no evidence of their existence at
the nominated sites has been obtained. The current information regarding the
site may not be adequate to rule out such a feature unequivocally. It is pos-
sible that some features at the site will not be detected even during site
characterization or during repository operation. Indeed, it is not expected
that every geologic feature of the site will be characterized. Table C-2 lists
some of the features that have been found in rock types like those at the nomi-
nated sites and may go undetected. These are described more fully below.

Table C-2. Unexpected features

Rock Feature

Bedded salt Small-scale folding
Zones of increased porosity
Brine pockets
Pressurized gas pockets
Lateral facies changes
Breccia zones
Fractures in brittle beds
Small-scale faulting

Dome salt Small-scale folding
Zones of increased porosity
Brine pockets
Pressurized gas pockets
Vertical, discontinuous nonsalt

features
Variations in salt quality

Basalt Feeder dikes
Profuse internal structures
Flow pinchout
Vertical fracture zones less than
1 meter wide

Major fault

Tuff Minor fault zones (less than
1 meter wide)

Significant lateral variations
Dikes and sills
Vertical heterogeneity
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C.4.2 SALT FORMATIONS

Unexpected features common to bedded and dome salt include small-scale
folding, zones of increased porosity, brine pockets, and gas pockets. Small-
scale folding can result in a significant variation in thickness and elevation,
and it can occur over short distances. Because these variations may occur over
short distances, they may not be determined from the vertical boreholes at a
site. Brine pockets include both large inclusions of water that sometimes
occur in the margins of salt domes and in other salt units and the large-scale
zones of increased porosity that are saturated with brine and are sometimes
associated with folding in salt beds. Gas pockets are zones of increased por-
osity that have been found in both bedded-salt and dome-salt structures.

Other undetected features that could occur at bedded-salt sites include
lateral facies changes, breccia zones, fractures in brittle beds, and small-
scale faulting. A lateral facies change can result from the pinching out of
strata. Breccia zones are zones of rubble associated with small-scale internal
dissolution. Fractures in brittle beds are potential connections across aqui-
cludes or small-scale interbeds that could allow significant amounts of water
to reach salt formations. Small-scale faulting refers to faults through the
salt formations that, because of inhomogeneities in the salt, are not healed.

In salt domes there can exist vertical, discontinuous, nonsalt-features
or anomalous zones that separate the lobes of salt. Similarly, variations in
the quality of the salt across a dome have been observed.

C.4.3 BASALT FORMATIONS

The possible undetected features at a basalt site include feeder dikes,
profuse internal structure within the basalt flows, flow variations and pinch-
outs, extensive vertical fracture zones, or an undetected major fault. Feeder
dikes are the channels through the basalt that provide the source for an over-
lying basalt flow. Profuse internal structures in a flow can include vesicular
zones, spiracle zones, pillow zones, or other anomalous zones. Flow pinchouts
are basalt-flow terminations. 'Vertical fracture zones are fractures that are
not detected but could lead to conditions not taken into account under the
expected conditions. Similarly, a major fault is one that cuts across many
formations, is not detected by site characterization, and could be a signifi-
cant pathway to the accessible environment.

C.4.4 TUFF FORMATIONS

The possible undetected features in tuff include minor fault zones, sig-
nificant lateral variations in strata, dikes and sills,and vertical heterogen-
eity. Although faults are already known at the site, it is conceivable that
there could be undiscovered faults that may have a significant impact on expec-
ted performance. Likewise, there may be variations within the tuff units--for
example, in thickness and extent or in the presence of lithophysal cavities.

C-l1



Intrusive structures like dikes or sills could be undetected. There may be
vertical variations in properties that could lead, for example, to perched-
water zones and could affect expected repository performance.

C.4.5 OTHER UNKNOWN FEATURES

Beyond the features that have not been identified at the nominated sites
but are known to exist in similar rock formations elsewhere, there may be other
features that are not known or suspected. For example, there could be features
that have not yet been considered for the site because of insufficient informa-
tion. In addition, there may be features that have not yet been considered to
be important at any site because there is no experience with the behavior of a
repository in deep geologic formations. The potential for such features adds
uncertainty to the performance predictions. The factors that could be affected
by such unexpected features are listed in Table C-3.

Table C-3. Potential impacts of unexpected features on the
predictability of repository performance

ROCK CHARACTERISTICS

Dramatic differences in heat conduction in comparison with expected
conditions

Dramatic differences in mechanical strength and deformation

GEOHYDROLOGY

Differences in ground-water flow mechanisms in comparison with expected
conditions.

Dramatic differences in ground-water flow paths
Dramatic differences in hydrologic properties (e.g., permeability,
effective porosity)

Dramatic differences in head gradients

GEOCHEMISTRY

Dramatic differences in geochemistry from temperature increases much
greater than those expected.

Dramatic differences in ground-water geochemistry from new water source
Dramatic differences in the rate and the degree of low-grade metamorphism
in rock and backfill

Dramatic departure from thermodynamic equilibrium

Dramatic differences in rock characteristics, such as differences in the
thermal or mechanical-strength properties, could give rise to temperatures
that are much higher than expected or to an unexpected loss of rock
integrity. These, phenomena could result in changes in the geohydrologic and
geochemical conditions. Large differences in the geohydrologic and
geochemical conditions could have important impacts on some performance
factors at the site, such as the radionuctide-travel time and the con-
centration of radionuclides in water.

C-12



C.5 DISRUPTIVE PROCESSES AND EVENTS

C.5.1 IDENTIFICATION OF POTENTIALLY DISRUPTIVE PROCESSES AND EVENTS

The adverse effects of any disruptive processes or events that might occur
during the next 10,000 years are considered in the comparison of sites. The
identification of potentially disruptive processes or events was based on
extensive review of the general literature and the reports of investigations
and analyses for specific sites. The existing literature refers to a variety
of phenomena that could disrupt a repository (Bingham and Barr, 1978;
Burkholder, 1980; Claiborne and Gera, 1974; Cranwell et al., 1982; Davis et
al., 1980; DOE, 1980, 1983; Giuffre et al., 1980; Harwell et al., 1982; Hunter,
1983; IAEA, 1983; Koplik et al., 1982; Lee et al., 1978; Arthur D. Little,
Inc., 1980; Little, 1982; Long, 1980; ONWI, 1985; Pepping et al., 1983; Ross,
1986; Sandia National Laboratories, 1983; Scott et al., 1979; Stottlemyre et
al., 1980; Vesely and Gallucci, 1982). The phenomena that are considered for
the present analysis are listed in Table C-4. This list includes, for
example, those phenomena considered by the International Atomic Energy Agency
(IAEA, 1983). As indicated in Table C-4, some of these phenomena (e.g.,
climatic changes, glaciation, and diagenesis) were taken into account in the
considerations of the nominal case. Other phenomena were considered in terms

Table C-4. Phenomena potentially relevant to release scenarios

NOMINAL CASE (EXPECTED CONDITIONS)

Brine-inclusion migration
Buoyancy and convective cells
Changes in rock characteristics
Climate changes
Corrosion
Diagenesis

Geochemical changes
Geohydrology changes
Localized rock fracturing
Sea-level changes
Thermal effects
Thermomechanical effects

UNEXPECTED FEATURES

Extreme changes in rock
characteristics,
geohydrology, or geochemistry,
induced by excavation or heat
generated by waste

Undetected features, such as
faults, shear zones,
breccia pipes, dikes,
gas pockets, boreholes

DISRUPTIVE EVENTS AND PROCESSES

Brine pockets
Deposition
Diapirism
Dissolution
Epeirogeny
Erosion
Meteorite impact
Severe-weather phenomena
Surface-water changes
Tectonic activity

Faulting
Magmatic activity

Human interference
Drilling
Ground-water withdrawal
Injection
Irrigation
Military activities
Mining
Recharge
Underground storage

Premature failure of waste
packages

Incomplete sealing of the shafts
and the repository
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of unexpected features (e.g., undetected faults). Those conditions not
considered in these categories are evaluated under the category of disruptive
processes and events.

C.5.2 PROCESSES AND EVENTS OF NEGLIGIBLE LIKELIHOOD OR IMPACT

An initial screening of these processes and events was based on impact on
site performance or probability of occurrence. For this analysis, a probabi-
lity of less than 1 chance in 10,000 over the first 10,000 years was considered
to be negligible. The phenomena eliminated in this initial screening are dis-
cussed below.

Deposition

The deposition of material on or near a site from erosion elsewhere would
increase the thickness of the overburden. Increased loading could conceivably
affect the hydraulic characteristics of the site. However, analyses by Arthur
D. Little, Inc. (1980) and Cranwell et al. (1982) show that there would be vir-
tually no impact on repository performance. Therefore, this process is not
considered to be potentially disruptive to a repository.

Epeirogeny

Epeirogeny involving regional uplifts or downwards may occur in stable
cratonic areas. In general such processes are extremely slow and are not
likely to lead to significant disruptions of a repository (Arthur D. Little,
Inc., 1980; Harwell et al., 1981).

Erosion

The discussions in Section 6.3.1 of the EAs (DOE, 1986a-e) concerning the
rate of erosion conclude that ongoing erosional processes do not appear to be
significant at any of the nominated sites. For example, Schumm and Chorley
(1983) list denudation rates in mountainous regions, such as the Himalayas, of
only about 10 meters in 10,000 years. 'Similarly, rates for valley incision of
sedimentary rock in the Colorado River region do not produce more than about
3 meters of erosion in 10,000 years. Such erosion is not expected to signifi-
cantly affect a repository at least 200 meters below the surface.

Even for locations where uplift is ongoing (typically near subduction
zones), erosion after 10,000 years would only amount to a few tens of meters
(Schomm and Chorley, 1983). The reviews by Arthur D. Little, Inc. (1980) and
Hunter et al. (1983) agree with these conclusions. Because there are no cred-
ible erosional processes that could remove sufficient overburden to affect the
site conditions that are relevant to the performance measures, no scenarios
were developed for repository disruption by erosion.

Formation of new brine pockets in salt

The development of a brine pocket after repository closure has also been
considered. For example, brine migration induced by the heat generated by the
waste may result in some leakage into the repository. Creep of the salt could

C-14



then result in pressurization of this brine. However, the analyses referenced
in Section 6.4.2 of the EAs for the salt sites (DOE, 1986a-c) indicate that,
even for extreme assumptions, the volumes of water involved are insignificant.
Larger amounts of water may be available from nearby interbeds, which could
result in seepage into the repository if a connection between the interbed and
the repository were to develop after closure. However, any such connection
could not lead to a brine pocket within the repository because the water would
be driven out by the lithostatic pressure induced by salt creep. Therefore, a
scenario involving the formation of new brine pockets in salt was not deve-
loped.

Salt diapirism

Diapirism is not considered in this evaluation because there is no evi-
dence of significant salt-dome growth at any of the sites under consideration.
Furthermore, studies indicate that a salt thickness of more than 300 meters and
an overburden of at least 2000 meters are needed to generate diapiric movement
(Arthur D. Little, Inc., 1980). Therefore, the process is not considered to
be relevant to any of the nominated salt sites.

Meteorite impacts

Meteorite impacts have been considered in many reports (Claiborne and
Gera, 1974; Lee et al., 1978; Arthur D. Little, 1980; Koplik et al., 1982;
Vesely and Gallucci, 1982). In all cases it was concluded that the probability
of impact by a meteorite or other astrophysical body is less than 10 11 per
square kilometer per year (i.e., approximately 10-7 per square kilometer over
10,000 years). This event is therefore not considered to be significant.

Severe-weather phenomena

Meteorological phenomena, such as hurricanes or tornadoes, are not expec-
ted to have a direct impact on performance. The surface flooding of the site
that could be caused by such storms is not expected to be important, because
the effects would be transient and of little or no long-term consequence to the
repository. Tsunamis and seiches wave phenomena associated with large bodies
of water are not of concern because such water bodies have negligible proba-
bility of occurrence at the nominated sites during the next 10,000 years.

Surface-water changes

Some reports refer to changes in surface hydrologic conditions that are
possible during the next 10,000 years, including the relocation of rivers and
streams, the creation of lakes, and the impoundment of waters by landslides,
faulting, or engineering modifications. It is not likely that these effects
would result in any direct impact on the performance of a repository because
the surface-water system at any of the nominated sites does not have a signi-
ficant connection with the deep geohydrologic system. Furthermore, discharge
points for deep waters are not likely to be significantly affected by such
changes (Cranwell et al., 1982; Vesely and Gallucci, 1982).
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C.5.3 DISSOLUTION

The salt sites may be-susceptible to host-rock dissolution. The exis-
tence of localized zones of dissolution and dissolution fronts at the salt
sites is addressed in Chapters 3 and 6 of the EAs (DOE, 1986a-c). Any ongoing
dissolution associated with these zones is not likely to have an impact on
repository performance because the sites were purposely selected far enough
from known dissolution fronts to avoid any intersection with the controlled
area for at least 10,000 years. The existence of large undiscovered zones of
dissolution that could advance to the vicinity of the repository is unlikely
because dissolution features that expand at even very low rates tend to have
abundant surface expression. For example, throughout the Permian Basin, fea-
tures for advance rates as low as 10 centimeters per year are easily observed.
In addition, data from drillhole logs and geophysical surveys in the vicinity
of the sites reveal little evidence of zones of active dissolution (e.g., mis-
sing beds, major faults).

Repository performance may be adversely affected by disruptive dissolu-
tion if the repository is breached by a significant dissolution feature or if
ground-water flow paths in the controlled area are affected. Breaching of the
repository would greatly increase the amounts of brine available for waste-
package corrosion and waste-form leaching, thereby affecting the waste-package
lifetime and increasing the amount of radionuclides available for release to
the surrounding ground-water system. Breaching the repository would also
reduce the long travel times predicted for a salt repository under expected
conditions. The interception of flow paths outside the repository could
shorten travel times.

It is possible that local dissolution rates may be much higher than the
regional averages, or that unexpected disruptions at the site could increase
contact between ground water and the host rock. Possible disruptions of this
type include climatic fluctuations, tectonic events, the fracturing of confin-
ing layers through repository-induced stresses, and human intrusion.

Climatic fluctuations could increase the rate of infiltration into the
deep ground water systems, which could in turn increase the rate of dissolution
at the bedded-salt sites. However, as discussed above, such changes would not
lead to a disruption of the repository in 10,000 years. Therefore, no scenario
was developed for this effect.

A tectonic event like faulting could lead to a disruption of confining
layers and increase the accessibility of the host salt to water. Such an event
could increase the rate of advance of a dissolution front or could initiate
localized dissolution, which could be significant if the fault is in the vici-
nity of the repository. The likelihood of faulting in the region near the salt
sites is discussed later under disruptive tectonic events.

The confining units that separate the salt units from units containing
relatively fresh water or unsaturated brines may be fractured. Also, existing
rock fractures may open because of the excavation of the repository openings
or because of the thermomechanical stresses induced by the heat generated by
the waste. Fracturing induced by mining is not expected to be significant at
the bedded-salt sites since the disturbance would extend less than a few room
diameters into the rock and the confining sequence is hundreds of meters thick.
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At the Richton Dome site, the buffer zone of salt between the repository and
the flank of the dome is at least 240 meters thick, and hence mining-induced
stresses are not likely to affect this zone significantly. Thermally induced
stresses may be more important, however, since thermal expansion could disturb
the rock at distances that extend beyond the salt. Therefore, the confining
units between a host salt bed and an overlying aquifer or the caprock and the
sheath that protects a salt dome from surrounding geohydrologic units could be
affected, Provided the rate of dissolution is rapid enough, the disturbance
could permit increased contact between the water and the host salt, thus lead-
ing to local dissolution that could adversely affect the repository. There-
fore, such a disturbance was considered in developing the scenarios for dis-
ruptive events.

Human intrusion, such as exploratory drilling, could lead to pathways for
water from an overlying aquifer down and through the host salt. The processes
initiated by such intrusion could also involve localized dissolution and are
discussed later under human interference.

Finally, the possibility of local dissolution rates higher than the aver-
age rates throughout the geologic setting could imply the possibility of an
unexpected breach of the repository. Heterogeneity of the site may lead to
irregularities along the leading edge of an advancing dissolution feature and
variations in local dissolution rates of up to an order of magnitude. In this
case, the advance of a dissolution front could be more rapid than estimates
based on the regional averages would suggest. Therefore, scenarios involving
an increased rate for the advance of a dissolution front were developed.

C.5.4 TECTONIC ACTIVITY

Tectonic processes include fault movement (both permanent displacement and
strong ground motion), magmatic activity, folding, tilting, uplift, and subsi-
dence. The slow, gradual processes of folding and tilting are not likely to
lead to a disruption of the repository during the next 10,000 years. However,
numerous studies conclude that faulting and magmatic activity are potentially
significant (Arthur D. Little, 1980; Stottlemyre et al., 1980; Harwell et al.,
1981; Koplik et al., 1982; Cranwell et al., 1982; Davis et al., 1983).

Faulting

The probability of faulting at given sites has been evaluated by many
investigators (see, for example, Koplik et al., 1982). The available evidence
strongly suggests that most fault movements in the shallow crust have followed
existing zones of faulting or zones of weakness (Trask, 1982). On the basis
of this evidence, the generation of new faults in unfractured material is not
considered credible. Only movement along existing faults is considered.

The evaluation of faulting scenarios depends on the way the faulting
affects the repository-performance factors. For example, faulting can affect
the ground-water-travel time by modifying existing pathways or by creating new
ones. In the extreme case of large-scale movement on a through-going major
fault through the repository, the fault could create a direct pathway between
the repository and the accessible environment. Strong motion from these types

C-17



of events could also modify ground-water flow away from the faults, depending
on the state of stress, the material properties, and the pore pressure within
the affected rock. The ground-water-travel time could be affected by large
movements on major faults in the controlled area; in addition, it could be
indirectly affected by faulting outside the controlled area if the regional
flow is affected.

Fault-induced changes in flow paths could affect the flux of water past
waste packages. For example, faulting could occur through the repository and
connect transmissive units that are otherwise unconnected. In these instances,
an evaluation of increases in the flux through the repository involves consid-
eration of the direction of flow, the permeability of the fault zone and aqui-
fers, the number of waste packages affected by the faulting, and whether the
changes are temporary or permanent.

If a faulting event leads to the introduction of new sources of water into
the repository and along flow paths, the chemistry of the repository water
could be altered. Such alteration could affect the solubility of the waste,
the corrosion of the waste package, or retardation along flow paths. Retarda-
tion along flow paths could also be affected by physical changes in the fault
zone. Finally, the waste-containment time may be shortened if the fault inter-
sects the repository and disrupts any waste packages.

The five categories of faulting considered for the development of scenar-
ios are based on three principal assumptions. First, it is assumed that large
events, those capable of rupture lengths of tens of kilometers and displace-
ments of several meters, are considered to be qualitatively different from
small events that have rupture lengths of less than a few kilometers and dis-
placements of only a few tens of centimeters or less. For this analysis, a
large event is one with a Richter magnitude of more than about 6. Not only
are the magnitude and rupture dimensions (length and displacement) of a large
event significantly different from those of a small event, the probability of
a small event may be many orders of magnitude higher than that of a large
event. Second, it is assumed that an event occurring within the repository
can have considerably more impact on performance than an event that occurs
outside the repository. For example, in addition to impacts on the time of
ground-water travel,faulting inside the repository could affect the nature of
the host rock and disrupt the waste packages, thereby affecting the contain-
ment of the waste. Finally, it is assumed that the events that occur in the
controlled area could have different impacts than those that occur outside the
controlled area. An event inside the controlled area can have a direct impact
on a performance factor (e.g., on the flow paths), while those that occur out-
side the controlled area would have only indirect impacts (e.g., on the
hydraulic-head distributions). On this basis, the categories of faulting
scenarios are (1) movement on a large fault inside the repository; (2)
movement on a small fault inside the repository; (3) movement on a large fault
inside the controlled area but outside the repository; (4) movement on a small
fault inside the controlled area but outside the repository; and (5) movement
on a large fault outside the controlled area.

For the analysis of these scenarios, the type of information described by
Trask (1982) was used to aid in determining faulting probabilities. This
information falls into two broad categories: (1) the neotectonic history of
the region and (2) data that represent measurements of ongoing deformation.
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Specific types of information include an assessment of the state of stress
(stress directions and type of faulting expected), measured rates of uplift,
subsidence, and tilting; patterns and levels of instrumental and historical
seismicity, including published recurrence relationships (see, for example,
Algermissen et al., 1982; Bernreuter et al., 1985; Electric Power Research
Institute, 1985); and estimated slip rates of faults that have moved in
Quaternary time. The applicability of these data is site dependent. Because
of the relatively long period of interest (10,000 years), the probabilities
assigned to faulting events are likely to be highly uncertain.

Magmatic activity

Magmatic activity is also considered to be a potentially significant dis-
ruption to the repository. For example, an extrusive event could exhume a
fraction of the waste in the repository during the eruption and entrain the
waste in the lava, ash, or gas. However, the most significant release mecha-
nism appears to be entrainment of the waste in the lava and discharge directly
to the accessible environment. A less dramatic impact is one in which local
temperatures are affected by a magmatic intrusion. Local fluid conditions
could be altered, and significant changes in water chemistry could result from
the temperature changes. Thus, sorption factors and solubility limits could
be affected. Similarly, increased temperatures could affect the rates of
waste-package corrosion, decreasing the waste-package lifetime. Furthermore,
the increased local temperatures could cause fracturing in the host rock
because of thermomechanical or hydrothermal loadings. In this case, in addi-
tion to the above thermal effects, fluid movement in and around the repository
could be affected by the creation of new ground-water pathways. Geochemical
conditions could change if this fracturing allowed the intrusion of new ground
water, and possibly corrosive gases, into the repository.

Magmatic activity could have a less direct impact on the repository as
well. For example, extrusive activity away from the site could change the
surface-water conditions by damming a nearby river. Such damming could result
in large-scale flooding that could affect the site. However, the impact of
surface flooding on the performance factors was judged to be insignificant for
any of the sites. Therefore, the only scenarios that were developed for mag-
matic activity are concerned with extrusive and intrusive events that directly
affect the repository.

C.5.5 HUMANINTERFERENCE

Disruptions of the repository by human interference have been evaluated
many times in the literature (IAEA, 1983; Arthur D. Little Inc., 1980;
Cranwell et al., 1982; ONWI, 1985; Harwell et al., 1982; Koplik et al.,
1982). Potentially significant human-interference activities that have been
considered include both onsite and offsite activities.

Onsite interference

Onsite interference activities are those that would occur in close proxi-
mity to the waste-emplacement area and could result in an intrusion into the
repository itself (e.g., a borehole passing through the emplacement horizon).
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Most onsite activities are regarded as extremely unlikely at a repository site.
The period immediately after permanent closure will be one of close technical
monitoring and active institutional surveillance. This period will be one in
which active institutional control by the Federal Government will provide a
highly effective means of precluding potential adverse human activities at the
site. For purposes of licensing and safety evaluations (40 CFR Part 191, Sub-
part B), such active institutional controls are relied on for a period of only
100 years after repository closure. Beyond that period, reliance is placed on
passive controls, which consist of (1) a network of permanent markers in and
around the site; (2) a variety of permanent records that are deployed by
methods designed to perpetuate their existence and availability; and (3) the
relatively low natural-resource potential of the site itself, as required by
the DOE siting guidelines (10 CFR Part 960, Subpart C). These measures should
provide effective protection against inadvertent human intrusions into the
repository, particularly those associated with large-scale, protracted activi-
ties like solution mining.

This finding has also been made by the NRC and the EPA in their consider-
ations of the potential significance of human interference (10 CFR Part 60 and
40 CFR Part 191, Subpart B). Consequently, the standards regarding such acti-
vities do not require the consideration of myriad scenarios for inadvertent
human interference. The NRC indicates, however, that occasional penetrations
of the repository (e.g., wildcat drilling at the site) over the period of
interest must be evaluated. Assumptions that bound the scenarios for these
activities have been specified by the EPA in 40 CFR Part 191, Subpart B.

On the basis of the NRC and the EPA regulations as well as the technical
studies that form the basis for those regulations, the DOE has developed sce-
narios for exploratory drilling that include new pathways for radionuclide
migration and the direct exhumation of radioactive materials. In the case of
the salt sites, these scenarios also consider host-rock dissolution that
results from drilling. In selecting the onsite scenarios for more-detailed
consideration in this analysis, the DOE was guided by the conditions stipulated
in the NRC and EPA regulations; by the physical characteristics of the sites
under consideration, as described in the EAs; by the information available in
the literature; and by the judgment of technical specialists in the relevant
areas.

Offsite interference

Offsite interference includes those activities that could in some way
diminish the isolation provided by the repository without physically penetra-
ting the barriers relied on for waste containment Or isolation. The offsite
activities that have been considered include ground-water withdrawal, extensive
irrigation, underground injection of fluids, underground storage of resources
(e.g., pumped storage), military activities, and the creation of large-scale
surface-water impoundments.

Offsite ground-water withdrawal could be important if the pumping results
in a change in the ground-water conditions in the controlled area. However,
withdrawal will generally be limited to significant sources of water that are
generally capable of yielding substantial amounts of good-quality water and
are sufficiently shallow to be economically exploitable. The deep units at
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the salt sites that might receive radionuclide releases are not likely to meet
these criteria. Similarly, while some portions of the geohydrologic system
important to waste isolation at the Hanford site may have the potential to be
affected by ground-water withdrawal, there is no evidence that withdrawal would
actually affect waste isolation either in terms of an effect on the flux
through the repository horizon or a significant effect on the ground-water-
travel time. With regard to the unconfined aquifer at the Yucca Mountain site,
withdrawal from this body is not likely near the controlled area because of the
depth to the water table in this area. Although it is possible that withdrawal
could occur in the flat areas surrounding the site, such withdrawal should not
adversely affect the geohydrologic conditions in the controlled area. This is
because pumping from this aquifer would affect an area of only a few hundred
meters around the withdrawal point.

Extensive irrigation could eventually affect the geohydrology if the
recharge of the deep units is affected. However, Section 6.3.1 of the EAs
(DOE, 1986a-e) indicates that, on the basis of the existing geohydrologic
data, the potentiometric surfaces of the deep units relevant to repository
performance at the five sites would not be adversely affected in less than
10,000 years. Thus, this activity is not likely to lead to a significant dis-
turbance of the repository during the first 10,000 years.

Underground fluid injection could lead to a number of different kinds of
disturbances. For example, fluid injection could modify the heads in the
receiving unit and those connected to it. The disposal of liquid wastes could
alter the geochemical regime within the controlled area. However, the sites
appear to have extremely low potential for such injection. The sites were
intentionally chosen because of their relative impermeability, and therefore
little fluid can be taken up in the units that are important to waste
isolation. Furthermore, the sites are remote and offer little incentive over
injection closer to the origin of the wastes.

Fluid-injection activities also include offsite hydrofracturing, which
could affect the ground-water system. Hydrofracturing has the potential to
change some pathways if the fractures propagate into the controlled area.
Consequently, the controlled-area boundaries will be selected so that offsite
fluid-injection activities will be far enough from the repository to preclude
the propagation of hydrofractures into the repository area. This will minimize
the impacts of such activities on the site.

Offsite excavation for the storage of resources or pumped energy storage
could have an impact if such excavations affect ground-water flow in the con-
trolled area. However, because of the tightness of the formations (i.e., the
combination of low permeability and high storativity) needed for storage,
impacts on the geohydrology within the controlled area would be negligible.
More important, however, is the fact that, as far as is known at present, the
formations that are adjacent to each of the sites provide no unique incentives
for such offsite excavation. There are vast areas in the region where such
excavation could be performed as well or better, and therefore the probability
of such activity in the vicinity of the repository is considered to be
essentially negligible. Therefore, scenarios for these activities were not
developed.
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Military activities, such as large-scale weapons testing, could have an
impact on site properties. This scenario is important only for the Yucca
Mountain site, which is adjacent to the Nevada Test Site. The primary concern
is the effects of the seismic wave induced by an underground explosion. How-
ever, at Yucca Mountain, explosion-induced disturbances would be much less
significant than those from natural seismicity. Therefore, these effects
would be bounded by those considered under tectonic disruptions.

The construction of major offsite surface-water impoundments (e.g., reser-
voirs) that could alter the hydraulic characteristics within the controlled
area has also been considered. Surface-water impoundments have potential sig-
nificance only if (1) the physical conditions in the vicinity of the site are
such that the surface-water impoundment could be reasonably constructed (e.g.,
ability to dam a river), and (2) the aquifers along potential release pathways
are such that the deep geohydrologic system would be changed by the construc-
tion of the impoundment. The analyses reported in Section 6.3.1 of the EAs
lead to the conclusion that such impoundments would be of little consequence
in the units where the transport of radionuclides could be important. Conse-
quently, such impoundments would have a negligible impact on expected reposi-
tory performance at the nominated sites.

C.5.6 PREMATURE FAILURE OF WASTE PACKAGES

Disruptions due to the premature failure of waste packages have also been
considered. The performance assessments in Section 6.4.2 of the EAs (DOE,
1986a-e) considered a special "performance-limits" case in which all of the
waste packages were presumed to have failed after only 300 years. The results
indicate that early failure of all waste packages is not expected to have a
significant impact on releases to the accessible environment. It is not dif-
ficult to understand the reason for this result. At all of the nominated
sites, the expected time of ground-water-travel is on the order of tens of
thousand of years. Consequently, the radionuclide-travel time must be long,
and the additional residence time because of containment within the waste pack-
age of a few thousand years is only a small part of the overall delay. The
effects of early waste-package failure are explicitly considered in all the
disruptive scenarios in which radionuclide-travel times are significantly
reduced. These include the direct-release scenarios for magmatic activity and
human intrusion.

C.5.7 INCOMPLETE SEALING OF THE SHAFTS AND THE REPOSITORY

Incomplete sealing or the failure of the seals after closure could result
in an increased amount of water in the repository or in a preferential pathway
for radionuclide migration. Therefore, a scenario was developed to take into
account the failure of seals to perform as designed.
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C.6 SELECTION OF POTENTIALLY SIGNIFICANT SCENARIOS

C.6.1 INTRODUCTION

The preceding sections have discussed the conditions, events, and proces-
ses that are judged to have a significant probability of affecting the perfor-
mance of the repository at the nominated sites. In this section, scenarios
judged to be applicable to these conditions are defined in terms of the sequen-
ces of processes and events that may have potential impacts on performance.
In Appendix D, these potentially significant scenarios will be expressed in
terms of site-specific characteristics. Values for the performance factors
and for the probabilities of the scenarios at each site will be estimated.
The estimates may indicate that a scenario need not be considered at a parti-
cular site, because of negligible likelihood of occurrence or negligible con-
sequence.

Scenarios were developed in terms of potential impacts on the performance
of the repository (i.e., waste containment and isolation). Therefore, the pro-
cesses and events of concern are those that can reasonably lead to the follow-
ing types of disruption:

* .The release of radionuclides directly into the accessible environment.

* A modification of site conditions such that the expected repository
performance is significantly affected.

Scenarios for direct releases of radionuclides into the accessible envi-
ronment are important because the primary barriers relied on for containment
and isolation may be bypassed. The consequences then depend on the fraction
of the waste in the repository that is affected by the disruption and the time
when the disruption occurs. An event that occurs early (e.g., before 500
years) may be qualitatively different than one that occurs later because the
inventory of radionuclides in the waste packages is very high in the early
years. The approach taken here is to estimate direct releases for an "early"
disruption (i.e., within the near-term thermal period of about 500 years) and
for a "late" disruption (i.e., between 500 and 10,000 years). The evaluations
of the scenarios in terms of estimated direct releases are likely to be domi-
nated by the assumptions in the scenarios (e.g., the number of packages affec-
ted), rather than site characteristics; therefore, the relative merits of sites
may be masked. For this reason, a comparison of sites on the basis of direct-
release scenarios must be judicious, with due regard for the assumptions in the
model.

The second category of disruptive scenarios covers indirect releases to
the accessible environment because of disruptions of the engineered barriers
and transport through the natural barriers. In this case, the significance of
the impacts depends on the site characteristics that influence these barriers.
Thus, the factors considered in the evaluation of expected conditions (e.g.,
waste-package lifetime, rate of waste dissolution, and radionuclide-travel
time) are relevant in the evaluation of these indirect release scenarios. The
impacts of the disruptive processes and events on the site characteristics and
conditions affecting the repository-performance factors (Table C-1) are then
taken into account. For example, a disturbance that changes the expected che-
mical conditions at the site could lead to increased waste-package corrosion
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rates and early loss of containment. Likewise, an event that increases the
rate of ground-water flow past the waste, such as a disruption that creates a
local flow path through the repository, may lead to an increased rate of
release from the engineered-barrier system. Changes in regional ground-water-
flow conditions, such as fluctuations in climate and recharge, may result in
modifications to the hydraulic gradients that control local flow conditions.

In summary, the direct-release scenarios are evaluated in terms of
release estimates, and the indirect-release scenarios are evaluated in
terms of impacts on repository-performance factors. The scenarios that are
evaluated are those that have at least 1chance in 10,000 of occurring
in 10,000 years. Scenarios that are judged to have a lower probability of
affecting performance are not considered in this evaluation, unless the
impact on expected repository performance is extremely significant.

It is conceivable that scenarios involving combinations of disruptive
events may need to be developed. For example, a combination of movement on a
large fault and human intrusion at a site could lead to large impacts on site
performance. However, if these phenomena are independent of each other, the
probability that both occur within the first 10,000 years and lead to impacts
on performance will generally be much lower than that for the individual
events. Thus, for the disruptive events in which each event has low probabil-
ities, the scenario for multiple independent events will have negligible pro-
bability.

There are several ways in which scenarios for multiple events could
be significant, however. First, a combination of a disruptive event and
expected conditions, such as a fault movement coupled with expected climatic
changes, may have a probability that is not negligible. In this case, it is
not necessary to develop a new scenario for the combination of events; it is
only necessary to consider the full range of expected conditions when evaluat-
ing any of the disruptive processes or events.

A second way in which combinations of disruptive processes and events may
be significant occurs when the phenomena are not independent; for example, a
scenario for causally related phenomena may have a probability not signifi-
cantly lower than that for the initiating event. A specific example might be
a scenario in which human intrusion leads to enhanced dissolution at a salt
site. Such common-cause events and processes are taken into account in the
specific development of the scenarios.

C.6.2 SCENARIO 1: NOMINAL CASE (EXPECTED CONDITIONS)

It is assumed that the processes operating in the geologic setting during
the Quaternary Period continue to operate over the next 100,000 years. The
nominal case scenario is based on the existing geohydrology, geochemistry, and
rock characteristics and on the changes expected in these conditions because
of natural processes, the effects of repository excavation, and the emplacement
of heat-generating waste.

The conditions are modified with time because of expected worldwide cli-
matic changes. In particular, it is assumed that precipitation increases over
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the next 15,000 years. Ongoing erosion and dissolution rates do not have sig-
nificant effects on performance, and there are no human activities (beyond
repository construction and waste emplacement) that interfere with repository
performance. For a period of several thousand years after emplacement, the
waste packages provide substantially complete containment of the waste. There
is no significant leakage through shaft, borehole, and repository seals, and
these seals do not provide preferential pathways for radionuclide transport.

The nominal case for the salt sites is slightly different than that for
the Hanford and the Yucca Mountain sites. For the salt sites there is no mea-
surable ground-water flux through the host rock. After the emplacement of the
waste packages, brine inclusions in the salt migrate toward the packages
because of temperature gradients resulting from the heat generated by the
waste. This process provides a potential source of water in the neighborhood
of the waste package and continues until the gradient diminishes to a low
level. Brine may also seep into the repository openings through any interbeds
in the vicinity of the repository horizon. The presence of brine in the vici-
nity of the package leads to the corrosion of package components and loss of
containment at some point. After the waste package fails, brine not consumed
by corrosion is available to dissolve the waste. The amount of dissolution is
determined by the solubility of the waste-form constituents and the radionu-
clides. Radionuclides dissolved into the brine are considered to be released
from the engineered-barrier system. 'Radionuclides dissolved from the waste
are free to be transported into the accessible environment. Since the move-
ment of water through the host rock is negligible, it is assumed that the
mechanism for the transport of radionuclides through the salt is diffusion
induced by the radionuclide-concentration gradient. This process continues
until concentration gradients are negligible or until the radionuclides reach
a relatively transmissive unit. In the latter case, the waste is transported
by moving ground water to the accessible environment. Heterogeneity may
affect the travel time. The retardation of radionuclides relative to the
water movement is assumed to be insignificant for the salt sites.

The nominal case for the Hanford and Yucca Mountain sites assumes that
there is a measurable ground-water flux through the host rock. The waste pack-
ages fail at some point because of corrosion under the thermal, fluid,and
chemical conditions expected in the repository. Flow through the repository
leaches radionuclides from the waste at a rate determined by the waste form
and radionuclide solubility and the flow rate of water in 'contact with the
waste. The radionuclides dissolved into the ground water are then transported
advectively by the ground-water through the host rock to relatively transmis-
sive units that transport the radionuclides to the accessible environment. The
radionuclide transport depends on the hydraulic properties of the units and
the physical and chemical retardation of radionuclide movement relative to the
ground-water movement. Again, geohydrologic and geochemical heterogeneities
may affect the radionuclide-travel time.

C.6.3 SCENARIO 2: UNEXPECTED FEATURES

The scenario for release because of unexpected features is the same as
for the nominal case, except that the conditions that affect release from the
engineered-barrier system or transport through the natural barriers are much
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more extreme than those considered for the nominal case. Unexpected features
include those due to excavation and heat-induced subsidence and uplift, unde-
tected geologic features, or other unknown features. These unexpected features
introduce extreme conditions with respect to rock characteristics, geohydro-
logy, or geochemistry.

C.6.4 SCENARIO 3: REPOSITORY-INDUCED DISSOLUTION OF THE HOST ROCK

Expected conditions prevail, except that the thermally induced expansion
of the overburden results in fracturing and the opening of existing fractures
that allow access to the soluble host rock by relatively fresh water from an
overlying aquifer. Localized dissolution proceeds, driven by existing hydrau-
lic gradients and flow paths and accelerated by temperature increases due to
the waste. The dissolution zone penetrates the host rock and intersects the
repository in less than 10,000 years, thereby introducing water into the repo-
sitory and providing a hydrologic connection between the repository and the
accessible environment. Waste-package corrosion, as well as the amount of
water available for the dissolution of radionuclides, is increased. Chemical
conditions correspond to those associated with brine saturated with dissolved
salt rather than to those of the in-situ brine inclusions. The radionuclides
can now migrate through the dissolution zone to the overlying aquifer.

C.6.5 SCENARIO 4: ADVANCE OF A DISSOLUTION FRONT

Expected conditions prevail, except that variability in site characteris-
tics results in local dissolution of the salt units at a rate that is acceler-
ated relative to those estimated from regional average dissolution rates. The
dissolution front advances and breaches the repository in less than 10,000
years, permitting significant amounts of water to enter the repository and pro-
viding a hydrologic connection between the repository and the accessible envi-
ronment. Waste-package corrosion, as well as the amount of water available for
the dissolution of radionuclides, is increased. Chemical conditions correspond
to those of brine saturated with dissolved host salt rather than to those of
the in-situ brine inclusions. The radionuclides can now migrate through the
dissolution zone to the overlying aquifer.

C.6.6 SCENARIO 5: MOVEMENT ON A LARGE FAULT INSIDE THE CONTROLLED AREA
BUT OUTSIDE THE REPOSITORY

Expected conditions prevail, except that movement occurs on an existing,
large through-going fault that is located in the controlled area but does not
intersect the repository. The fault connects transmissive units above and
below the repository or may extend to the surface. The rupture length is many
kilometers, while displacement is on the order of 0.50 to 2.0 meters. The
ground-water-travel time may be decreased. Although geochemical conditions
may be temporarily affected if flow is directed across fresh mineral surfaces,
any such effect is transitory, and it is assumed that prefaulting conditions
are not substantially changed.
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C.6.7 SCENARIO 6: MOVEMENT ON A LARGE FAULT WITHIN THE REPOSITORY

Expected conditions prevail, except that movement occurs on an existing
large through-going fault that intersects the repository. Waste packages may
be sheared. The fault connects transmissive units above and below the repo-
sitory or may extend to the surface. The rupture length is many kilometers,
while displacement is on the order of 0.50 to 2.0 meters. In addition to
impacts on the ground-water-travel time, the flux through the repository may
be increased, permitting increased dissolution of waste.

C.6.8 SCENARIO 7: MOVEMENT ON A SMALL FAULT INSIDE THE CONTROLLED AREA
BUT OUTSIDE THE REPOSITORY

Expected conditions prevail, except that movement occurs on existing small
faults that are within the controlled area but do not intersect the repository.
The faults are not large in vertical extent and are likely to rupture over only
a few formations. The movement connects transmissive units above or below the
host rock. There is no connection with the land surface. The rupture length
is a few kilometers, while the net displacement is less than about 50 centi-
meters. The ground-water-travel time may be reduced if the faulting connects
the normal receiving units with more transmissive units.

C.6.9 SCENARIO 8: MOVEMENT ON A SMALL FAULT WITHIN THE REPOSITORY

Expected conditions prevail, except that movement occurs on existing small
faults that intersect the repository. Waste packages may be disturbed or
sheared. The faults are not large in vertical extent and are likely to rupture
over only a few formations. The fault movement connects the repository with
transmissive units immediately above or below the repository. There is no con-
nection to the land surface. The rupture length is a few kilometers, while
displacement is less than 50 centimeters. Flux through the repository may be
increased if the faults were previously filled with secondary minerals. The
containment of some waste packages may be lost because of damage caused by the
faulting.

C.6.10 SCENARIO 9: MOVEMENT ON A LARGE FAULT OUTSIDE THE CONTROLLED AREA

Expected conditions prevail, except that movement occurs on existing large
faults outside the controlled area. The length of rupture is tens of kilo-
meters, and displacement is on the order of several meters. The event is large
enough to be capable of altering the hydrologic system in the controlled area.
In this case, both ground-water travel time and flux may be affected.

C.6.ll SCENARIO 10: EXTRUSIVE MAGMATIC EVENT

Expected conditions .prevail, except that magma rises from an underlying
source through the earth's crust as a thin, elongated dike. The dike inter-
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cepts a fraction of the waste packages, which fail immediately. Waste from
these packages is incorporated into the magma. Two time periods are consi-
dered for this event: (1) early, within 100 to 500 years after closure, and
(2) late, between 500 and 10,000 years after closure. Waste is carried to the
surface, where it can be released into the accessible environment by the
weathering and erosion of the cooled lava.

C.6.12 SCENARIO 11: INTRUSIVE MAGMATIC EVENT

Expected conditions prevail, except that magma rises as a thin elongated
dike from an underlying source through the earth's crust. The dike intercepts
the repository and causes sharp temperature increases out to a distance of
about 10 meters from the dike, with temperatures in the surrounding rock
exceeding 1000%C. Because of the temperature increases, waste packages in
the vicinity of the dike can fail early. Dissolution rates for the waste may
be increased because of the impacts of these thermal conditions on solubility.
The host rock may be fractured thermomechanically or hydrothermally, and the
rates of ground-water flow through the repository may be increased in the vici-
nity of the dike after cooling.

C.6.13 SCENARIO 12: LARGE-SCALE EXPLORATORY DRILLING

Expected conditions prevail, except that large-scale drilling occurs with-
in the controlled area. On the basis of specifications in 40 CFR Part 191,
Appendix B, it is assumed that 30 boreholes per square kilometer are drilled
through the repository in 10,000 years. For release of radionuclides directly
to the land surface, it is assumed that a nearly direct interception of a waste
package by an exploratory borehole would be required. The fraction of the
boreholes that could contribute to direct release is estimated from area con-
siderations. For example, for vertical emplacement of waste packages, the
effective cross-sectional area for the interception is estimated to be about 4
square meters, assuming that the diameters of the waste-emplacement borehole
and the exploratory borehole are 2 and 0.25 meters, respectively, and that the
effective target area has a diameter that is the sum of these two. For a repo-
sitory with an area of 8 square kilometers and containing 16,000 packages, the
average area per package is 500 square meters. Therefore, roughly 1 percent
of the boreholes are close enough to waste packages to allow for direct
release to the land surface in this example.

The boreholes may also contribute to release by providing preferential
pathways for radionuclides to migrate to aquifers in which radionuclides may
be transported to the accessible environment. The fraction of boreholes that
could contribute to these indirect-release pathways is also estimated on the
basis of area considerations. It is assumed that the radionuclides that would
be available for these indirect releases are those found within the waste
package or within the disturbed zone around the waste package. The diameter
of this disturbed zone is taken to be about three times the diameter of the
borehole. Thus, the composite effective diameter of the target zone for the
example considered above would be about 7.5 meters, which implies an effective
cross-sectional area of about 45 square meters. Therefore, for this example
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about 10 percent of the boreholes would be close enough to waste packages to
intersect released radionuclides. However, not all of these boreholes may
provide pathways leading to indirect release to the accessible environment.
It is assumed that, for a borehole to provide such a pathway, it must connect
transmissive units above and below the repository. About 80 percent of the
boreholes are assumed to be deep enough to reach transmissive units 1000
meters or more below the repository horizon. Thus, on the order of 8 percent
of the boreholes would provide preferential pathways for indirect releases of
radionuclides to the accessible environment in this example. The estimates of
actual fractions of boreholes contributing to direct or indirect releases will
depend on the site-specific area per waste package.

If pumping is required for a direct release, it is assumed that 200 cubic
meters of water is released to the surface per borehole (40 CFR Part 191,
Appendix A). The borehole permits water from overlying units to flow through
or into the repository, and the waste packages in proximity to the boreholes
are assumed to fail immediately. The flow through the borehole provides a
source of water for the dissolution of the waste. The water flowing into the
repository may have a different composition than water in the host rock under
expected conditions; therefore, the change in geochemistry may further affect
dissolution rates. The borehole can provide a pathway with a ground-water-
travel time different from that under expected conditions.

C.6.14 SCENARIO 13: SMALL-SCALE EXPLORATORY DRILLING

The scenario is similar to that for the scenario 12 except that less
drilling is considered. In this case, it is assumed that three boreholes per
square kilometer intersect the repository in 10,000 years. All other effects
and percentages are assumed to be the same as specified in scenario 12.

C.6.15 SCENARIO 14: INCOMPLETE SEALING OF THE SHAFTS AND THE REPOSITORY

Expected conditions prevail, except that some shafts and tunnels are
incompletely sealed. It is assumed that the seals may have an effective con-
ductivity as high as 10 meters per year. This conductivity may permit flood-
ing of the repository and provide a preferential pathway for radionuclide
migration to the accessible environment. Because increased amounts of water
may be available, waste packages may fail early, and the dissolution of waste
may be increased. The time of ground-water travel to the accessible environ-
ment may be decreased.
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Appendix D

SITE RATINGS ON POSTCLOSURE REPOSITORY PERFORMANCE

D.1 INTRODUCTION

For each of the nominated sites, the conditions, processes, and events
that could affect the performance of a repository were examined (see Sections
C.1 through C.5 of Appendix C), and 14 scenarios were identified as having the
potential in terms probability and consequences for significantly affecting
repository performance. These scenarios are described in generic terms in
Section C.6. In this appendix, detailed descriptions of the 14 scenarios are
provided for each of the five nominated sites along with estimates of
probabilities and scores against the performance measures. The site-specific
details for each scenario are based on information given in Sections 6.3.1 and
6.4.2 of the environmental assessments for the nominated sites (DOE, 1986a-e).

The probabilities and scores were assessed by a panel of postclosure
technical specialists (see Table A-2), with procedural guidance from members
of the methodology lead group (see Table A-1). The process can be summarized
as follows. For each scenario at a particular site, one member of the panel
presented the site-specific details of that scenario, including any
probability estimates from the literature, to the other members. After
discussion, each panel member provided best-judgment, high-probability, and
low-probability estimates for the occurrence of the scenario during the first
10,000 years after repository closure. The probability estimates were
collected, tabulated, statistically summarized, and presented to the panel for
discussion. After discussion, the panel arrived at a set of high-probability,
base-case, and low-probability estimates for the scenario at a given nominated
site. If the high probability was judged to be less than 1 chance in 10,000
over the first 10,000 years, the scenario was dismissed from further
consideration unless the potential consequences in terms of releases were
estimated to be extraordinarily great. By this process, probabilities were
assessed for 13 of the 14 scenarios examined for each site. The probability
of scenario 1-the nominal case--was obtained by summing the probabilities of
the 13 other scenarios and subtracting the result from unity.

To score a scenario for a given site against the performance measures,
one member of the panel presented the site-specific details of that scenario
to the other members. After discussion, the performance factors F and T,
were calculated on the basis of agreed-on estimates of the various site
characteristics. These characteristics included the median time of
ground-water travel, radionuclide-retardation factors, etc., as described in
Section B.3.2. After any further discussion was concluded, each panel member
provided best-judgments high, and low scores for the scenario against the
performance measures for the first 10,000 years and for the period 10,000 to
100,000 years after closure (Figures B-3 and B-4 and Tables B-1 and B-2). The
high score was based on the judgment that the site characteristics and the
corresponding release estimates were such that there was only 1 chance in 20
that the actual characteristics and releases would be even more favorable.
Conversely, the low score was based on the judgment that the expected site
characteristics and corresponding release estimates were such that there was
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only 1 chance in 20 that the actual characteristics and releases would be even
less favorable. The scores were collected, tabulated, statistically
summarized, and presented to the panel for discussion. After a period of
discussion, the panel recommended a set of high, base-case, and low scores for
the site-specific scenario for each performance measure.

Some of the information used to make these judgments is summarized in
Tables D-1, D-2, and D-3. Table D-1 lists the information needed to estimate
the performance factors for the potential dissolution of radionuclides under
expected conditions. This table lists the solubility limits for various
radionuclides and the uranium dioxide ceramic waste form. These solubility
limits, along with the time-dependent mass fractions given in the
environmental assessments and the supporting references, are used to estimate
isotope-concentration limits, C,. The resulting sum of the ratios of C1
to the release limits, RL1, specified by the U.S. Environmental Protection
Agency in 40 CFR Part 191 (EPA, 1985) are also given in Table D-1 as a
function of time. These sums, multiplied by the appropriate volumes of water,
provide the F factors for use in the evaluation of the sites.

Table D-1. Solubility factors for evaluating potential
waste concentration limits at the nominated sites

Solubility limit (gpm)

Element All salt Yucca
sites Hanford Mountain

C 0.06 0.056 Largeb
Se 0.001 7.9
Sr 0.8 9 x 102 85
Tc 0.001 0.99 Largeb
Sn 0.0001 1.3 0.00013
I 6 x 105 1.29 x 105 Largeb
Cs 6 x 105 1.4 x 103 Largeb
Ra 0.00042 0.24 1.9
Th 0.001 0.23
Np 0.001 2.4 720
Pu 0.001 2.4 0.43
Am 0.0001 0.00024 0.0024
Cm 0.001

Waste form (UO2) 0.001 0.24 50

C,/RL, (per 1000 MTHM/m3)

Time All salt Yucca
(years) sites Hanford Mountain

1,000 1.5 x 10- 4.2 x 10-6 5.3 x 10-4
10.000 3.8 x 10-' 1.1 x 10-6 2.2 x 10-4

100,000 1.6 x 10-1O 4.5 x 10-8 9.4 x 10-6

Solubility in water. Values may be smaller in saturated brine.
Solubility controlled by the dissolution of the waste form.
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Tables D-2 and D-3 present estimates of the performance factors F and
Ti and pertinent characteristics for each site under expected conditions.
Table D-2 gives the estimates for the first 10,000 years, and Table D-3 gives
the same information for the period 10,000 to 100,000 years after closure.
The values of F are derived from the sums in Table D-1 and the estimated
volumes of water available for dissolution. These estimates are explained in
the evaluation of the various scenarios described below.

D.2 DAVIS CANYON SITE

Scenario 1: Nominal case (expected conditions)

For the purposes of this analysis, it was assumed that a repository at
the Davis Canyon site would be constructed in the Paradox Formation, a thick
(about 800 m) sequence of interbedded salt, anhydrite, shale, dolomite, and
limestone. The repository would be located entirely within Cycle 6, a salt
bed approximately 60 m thick at a depth of about 900 m from the surface. It
was assumed that the mined area occupies less than 30 percent of the
underground repository area and that spent fuel equivalent to 70,000 metric
tons of heavy metal (MTHM) would be distributed in about 16,000 waste packages
(4.6 MTHM per package) over a total area of about 8 km2.

To estimate the volume of water available for waste dissolution in the
first 10,000 years after closure, both brine migration and leakage from
interbeds or through the shaft and repository seals must be considered.
Estimates of brine migration in the salt range between 0.04 to 0.8 m3 of
high-magnesium brine per waste package, which was assumed to be available for
waste-package corrosion and waste dissolution. The amount of leakage from
interbeds or through the shaft and repository seals is difficult to estimate,
but an upper bound can be calculated by considering the available void volume
in the repository. This volume is expected to change with time because of
salt creep. If the openings are assumed to close to about 1 percent of the
excavated void space, the void volume would be 3300 m3 per 1000 MTHM. This
volume therefore represents an upper bound for the amount of brine that could
be available for waste dissolution. Estimates of waste-package lifetime range
from more than 2700 years for unlimited brine to much longer times for a
limited volume of water. The brine available for the dissolution of the waste
is estimated to range between less than 170 m3 per 1000 MTHM to 3300 m3

per 1000 MTHM. No other significant source of water is expected at the site
for the first 10,000 years. As explained in the EA (DOE, 1986a), brine
migration is not expected after the first 10,000 years because the thermal
gradients that induce this migration will have decreased to negligible levels
by this time. Likewise, no additional leakage into the repository from other
sources is expected after the first 10,000 years because salt creep will
reduce the void space and limit further inflow. Therefore, no additional
volume of water is considered for the period 10,000 to 100,000 years after
closure.

The concentration limits used in the EA analyses are based on solubility
data in the literature and are given in Table D-1. The panel considered the
possibility that the values at the site could be as much as 10 times higher
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Table D-2. Site characteristics and performance factors
for the nominal case for the time period 10.000 to 100,000 years after closure



Table D-3. Site characteristics and performance factors
for the nominal case for the time period 10,000 to 100,000 years after closure



and 1000 times smaller than those in the table. The F-factor estimates based
on these concentration limits and on the volume of brine that might be
available for dissolution are given in Tables D-2 and D-3.

The Paradox Formation is relatively impermeable, with a representative
hydraulic conductivity of less than l0'6 m/yr. Overlying the Paradox
Formation, and more than 400 m from the repository horizon, there are units
that are more transmissive (conductivity about 1 m/yr) and could yield some
water. Well below the repository horizon (900 m) and separated from it by
impermeable units are more-transmissive units (conductivity about 10 m/yr).
The gradient between the overlying unit and the underlying unit is downward.
Gradients within subunits in the Paradox Formation are not well known and
could be up or down. It is difficult to model the geohydrology of these
relatively transmissive units, and estimates of the median time of ground-
water travel to the accessible environment range between 100,000 and 900,000
years in the underlying units, depending on the distance to the accessible
environment. If the distance to the accessible environment is 1 km, the
median time of ground-water travel is estimated to lie between 120,000 and
240,000 years. For a distance of 2 km, the median time of ground-water travel
is estimated to range between 230,000 and 430,000 years.

The radionuclide-travel time depends on the time of ground-water travel
in these relatively transmissive underlying units. The retardation of
radionuclide movement relative to ground-water movement is not high for
brines, and retardation was neglected altogether in the EA evaluations. In
addition to the travel through the transmissive units, the radionuclides must
travel through the host salt and the confining layers between the host rock
and the transmissive units. The EA for Davis Canyon (DOE, 1986a) estimates
that more than 1 million years would be needed for the diffusive transport of
radionuclides through 20 m of salt. The travel time through the host salt and
other confining layers is therefore estimated to be much longer than 1 million
years.

The site characteristics and the resulting performance factors for this
scenario are summarized in Tables D-2 and D-3 for performance during the first
10,000 years and during the period 10,000 to 100,000 years after closure.
These performance factors indicate that there is a high degree of confidence
in the performance of the site. For example, independent of the waste-package
lifetime or any other consideration, release to the accessible environment is
judged to be insignificant because the median time of radionuclide travel to
the accessible environment is estimated to exceed 1 million years because of
the containment expected from the salt. On the other hand, even if the
concentration limit alone were considered, neglecting any other isolation or
containment factors, the total release to the accessible environment is
estimated to be less than 1.3 x 10 5 of the EPA release limits. Therefore,
even if the radionuclide-travel time is neglected, it is likely that the EPA
limits would be easily met. Therefore, it is the judgment that the estimated
releases would be insignificant. However, uncertainties in the expected
conditions could lead to ranges in the performance factors. Thus, the
base-case score is judged to be 10, with a low score of 8, for both the first
and the second performance measures.
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Scenario 2: Unexpected features

Figure D-1 lists the unexpected features that are considered possible at
the Davis Canyon site and the various effects they could exert. The first is
repository-induced subsidence and uplift,- which could result from the effects
exerted on the rock mass above the underground facility by the excavation of
the repository and the emplacement of waste. These effects could be so
severe, for example, that a pathway extending from the repository facility all
the way to the overlying aquifer could be developed. Also, at the margin of
the zone of subsidence, offsets could occur, and these offsets could lead to a
high-permeability, high-porosity zone-extending through-all of the overlying
sediments. Such a disturbance, if it occurred, would clearly affect the local
geohydrologic conditions and the performance of the repository.

Small-scale folding of the type that has-been-observed-for some bedded
salts was also considered. However, the panel considered that any effects
beyond those considered for the nominal case would be either insignificant or
unlikely.

Variations in the sedimentary facies at the site, particularly near the
repository horizon, could affect conditions at the site. For example, an
overlying interbed may be undetected at a site because of variation between
the exploratory boreholes. Such an interbed in the extreme case could provide
an insulating layer that affects temperatures near the repository or the
strength properties of the rock. These differences, if large, could affect
other aspects of the system, such as aspects of the geohydrology or the degree
of heat-induced diagenetic effects. If some of the strata pinch out away from
the site, estimates based on continuous units may misrepresent the
ground-water behavior.

Zones of brecciation due to local dissolution could lead to some
effects for example, on the geohydrologic conditions beyond those expected
at the site. If the zone permits rapid flow of water and if the kinetic
effects of the geochemistry are important, the geochemical conditions could be
different from the expected range.

If zones of increased porosity are present in the host salt, the rock
characteristics and hydrologic properties would be much different from those
expected. Brine pockets, either isolated inclusionary pockets or large zones
of increased porosity saturated with brine, have not been detected at the
site, but, if present, could have important effects because they would provide
a source of water not considered before. These pressurized'pockets could
affect rock characteristics, hydraulic properties and flux, and geochemical
conditions. Similarly, pressurized gas pockets could affect the strength
properties of the rock.

Undetected fractured brittle beds in the vicinity of the repository could
affect the strength of the rock and the hydrologic conditions. Such beds were
considered in evaluating the range of expected conditions, but here the
concern is for extreme conditions (e.g., a transmissivity or flux that are
significantly outside the range considered in the nominal case).
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Figure D-1. Unexpected features at the Davis Canyon site.
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Although there is no evidence of faulting in the Paradox Formation at the
site, particularly in the ductile salt units, the existence of small-scale
faults could lead to a different conceptual model of the hydrologic conditions
at the site.

Small-scale folding, of the type that has been observed for some bedded
salts, we also considered. However, the panel concluded that any effects
beyond those considered for the nominal case would be either insignificant or
unlikely.

The "other" category includes all other unexpected features that could
lead to extreme conditions at the site. This category could include renewed
folding or diapirism of the Gibson Dome, for example, or the possibility that.
there may be some Darcy flow through the salt that is not considered to be
credible at present.

Even under these extreme conditions, the releases to the accessible
environment were judged to be extremely small. The base-case score assigned
to the site is 9. It is based on the prediction that the site would have an
extremely small release from the engineered-barrier system and an extremely
long ground-water travel time even under these extreme conditions; for
example, the presence of undetected dissolution features in proximity to the
repository is not likely to simultaneously change these factors significantly.
However, the panel could not exclude the possibility of some very small
releases under the extreme range of conditions. Therefore, because of the
high degree of uncertainty and the difficulty in evaluating the effects of
such uncertainties under these extreme conditions, the low-estimate score is
judged to be 5. The high score is judged to be 10.

The possibility that the undetected features listed in Figure D-l exist
at the Davis Canyon site is very low, but it cannot be entirely ruled out at
present. The base-case probability that these features may exist and that
they could lead to the extreme conditions is judged to be about0.014, with a
range from zero to 0.1.

Scenario 3: Repository-induced dissolution of the host rock,

The heat generated by the emplaced waste could cause an expansion of the
host rock that would extend to adjacent, and more brittle, interbeds.
However, at the Davis Canyon site the interbeds that are close enough to the
host salt cycle to be affected by therma1-expansion are relatively impermeable
and are expected to contain little or no water. Thus, the transmission of
water from these units is extremely unlikely even if such fracturing of the
rock between the repository and the interbeds were to occur. Therefore,-this
scenario was eliminated from consideration for the Davis Canyon site.

Scenario 4: Advance of a dissolution front

There are two known and two suspected dissolution features in the
vicinity of Davis Canyon: the Lockhart Basin, the Beef Basin,the Needles
Fault Zone, and Shay Graben.; The closest of these features (the graben
system) is 16 km from the site. Available data indicate that there are no
dissolution features closer to the site. The rate of dissolution associated
with these features is unknown at present; however, for the purposes of this
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evaluation, data for dissolution fronts in other basins can be used. Sixteen
investigations conducted at the site of the Waste Isolation Pilot Plant in New
Mexico and in the Texas Panhandle have found horizontal dissolution rates
ranging between 0.07 and 98 cm/yr. In most of these cases (15 out of the 16),
the rate of advance is less than 15 cm/yr. Abundant surface indicators of the
dissolution exist even for features with these low rates of advance. In view
of the slow rate of advance for these cases and because no surface expression
of dissolution is present in the area of the Davis Canyon site, it does not
seem likely that any of the dissolution features in the area are migrating
laterally at a rate higher than 15 cm/yr. In order for a dissolution front
advancing from the nearest dissolution feature to breach the repository in
10,000 years, a dissolution rate more than 10 times would have to be
sustained. Thus, this scenario was judged to have a negligible probability of
occurrence at the Davis Canyon site.

Scenario 5: Movement on a large-scale fault inside the controlled area but not
through the repository

There are no known faults that intersect the repository horizon in the
proposed controlled area. Whereas the existence of minor faults that may
offset the basement strata cannot be ruled out, no faults that show indications
of having the potential for generating a large earthquake (magnitude greater
than about 6) appear to be present. The Quaternary fault nearest to the site
is associated with Shay Graben, at a distance of about 16 kilometers.
Recurrence statistics from Algermissen et al. (1982), adjusted to the size of
the controlled area, suggest that the probability of an earthquake with a
magnitude greater than about 6 is on the order of 10- per year. The
faulting at Shay Graben may be related to salt dissolution and thus may not be
seismogenic. Given the absence of known seismogenic faults at the site and
the ductile nature of both the repository host rock and the salt units below
the repository, the site-specific probability of large earthquakes is likely
to be significantly less than the probability cited above. Therefore, a large
movement on an existing large through-going fault within the controlled area
at Davis Canyon is estimated to have less than 1 chance in 10,000 of occurring
over 10,000 years. Because of the negligible probability of the initiating
event, this scenario is not considered credible for the Davis Canyon site.

Scenario 6: Movement on a large fault within the repository

Using analyses similar to those described for scenario 5, a significant
movement on an existing large fault intersecting the repository at the Davis
Canyon site is estimated to have less than a 1 chance in 10,000 of occurring
over 10,000 years. Therefore, this scenario is not applicable to the Davis
Canyon site.

Scenario 7: Movement on a small fault inside the controlled area but outside
the repository

An assessment of the probability of renewed movement on a small fault
involves consideration of the location of known faults in the controlled area,
the location of Quaternary faults, the level of seismicity in the geologic
setting,and published recurrence statistics for the region of the site.
Given the ductile nature of the host rock, the lack of Quaternary faults
within the controlled area, and the relatively long recurrence times suggested
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by Algermissen et al. (1982), small-scale 'faulting is assumed to occur only in
the brittle (nonsalt) stratigraphic units in the controlled area. On the
basis of current data, estimates that small movements could occur within
brittle rock units below the repository are on the order of 10 per year
(range of1lO to 0- per year).

The evaluation of the expected range in median ground-water-travel times
takes into account the possibility of fractures within the interbeds and the
potential for these fractures to act as relatively high conductivity zones
that extend to the accessible environment. If fault movement occurred, these
travel times would be representative of the faulted pathways. However, the
proportion of pathways with short travel times would still be considered
small, and thus the range on travel time considered in the nominal case would
not be altered. In addition, the time of ground-water travel through the
interbeds may be only a small fraction of the total radaionuclide-travel time,
given the potential for the exceedingly long (million years) isolation time
provided by the host rock. Consequently, renewed movements on small faults in
the controlled area are not likely to result in significant releases. Hence
this scenario was not considered for the Davis Canyon site.

Scenario 8: Movement on a small fault within the repository

As in the case of scenario 7, an assessment of the probability of renewed
movement on small faults involves consideration of the location of known
faults in the controlled area, the location of Quaternary faults the level of
seismicity in the geologic setting, and published recurrence statistics for
the region. Given the ductile nature of the host rock, the lack of Quaternary
faults in the controlled area and the relatively long recurrence times
suggested by Algermissen et al. (1982), fault movement in 'the host rock is
considered to have negligible probability, and therefore this scenario was not
considered credible for the Davis Canyon site.

Scenario 9: Movement on a large fault outside the controlled area

At the Davis Canyon site, there may be evidence at Shay Graben that the
magnitude of an earthquake could exceed the magnitudes observed historically.
However, a full evaluation of the faults associated with Shay Graben has not
been completed, and there is a possibility that observed fractures may be
related to salt dissolution rather than seismogenic faults. Although a large
event (magnitude greater than about 6.5) cannot be ruled out, no credible
mechanisms are known that could significantly alter hydrologic conditions in
the controlled area, even under 'the assumption that such an event occurs.
Furthermore, any such fault movement would not affect the expected long
isolation time provided by the ductile host rock. Section 6.3.1 of the EA for
Davis Canyon (DOE, 1986a) digcusses studies showing that changes in the
vertical permeability outside the controlled area result in no significant
changes to horizontal or vertical ground-water velocitiesfrom the repository
to the accessible einvironment. Therefore, this scenario was not scored for
the Davis Canyon site.

Scenario 1O: Extrusive magmatic activity

There is no known Quaternary volcanism at the site. South Mountain (part
of the LaSal Mountains) is the nearest volcanic stock, located at a distance
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of 43 km northeast of the site. This stock has been dated to be 23, to 26
million years old. The closest Quaternary volcanism, Specie Mesa in the San
Miguel Mountains,, is 127 km east of the site, outside the geologic setting of
the Paradox Basin. Estimates of- volcanism indicate an average probability for
the contiguous United States of less than 10 per year.(A.D. Little Inc.
1980.) In view of the above information, the probability of volcanism at this
site in the next 10,000 years is less than 1.chance in 10,000., Therefore,
this scenario is not considered to be credible at the Davis Canyon site.

Scenario 11: Intrusive magmatic activity

This scenario is considered not credible at the Davis Canyon site for the
reasons given for scenario

Scenario 12: Large-scale exploratory drilling

It is estimated that during the past 25 years 23 wells deeper than
700 m have been drilled in an area of approximately 1600 km encompassing
the Gibson Dome area and 7wells within approximately .10 km of the Davis
Canyon site (A. D. Little, Inc., 1980). This number extrapolates to a density
on the order of six boreholes per square kilometer in 10,000 years.... Consider-
ations that take into account projected drilling practices and hydrocarbon
usage lead to a conclusion of a finite probability of some drilling at the
site that decreases to less than l chance-in 10,000 of drilling 30 boreholes
per square-kilometer in 10,000 years (A, D. Little,Inc., 1980). This esti
mate does not take into account the presence of permanent markers at the site
and societal records. Furthermore,the site does not provide any particular
attraction over others in the surrounding area for resource development.
Thus, the probability of drilling 30 or more boreholes per square kilometer at
the Davis Canyon, site in 10,000 years is judged to be less than 10. How
ever, the probability of drilling a smaller number of holes at the site may be
larger. The base-case probability of any large-scale drilling at the site is
judged to be 2 x 10, with a range of lO-5to 10-1.Thirty boreholes
per square kilometer in 10,000 years is used as an upper bound for this scen

There are two kinds of consequencesidered: direct releases
and indirect releases. Boreholes drilled very close,to the waste package
could result in a direct release if water brought to the surface is saturated
with radionuclides. Since the repository would contain no, significantamounts
of water before drilling and since any flow in the borehole would,tend to be
downward rather than to the surface, the only source of such release would be
the drilling fluids pumped ,to the surface. The EPA recommends that 200 m
of water per borehole.be considered for-this purpose. (40 CFR Part 191,
Appendix B). Using the isotope-concentration limits in Table D-l, the
scenario leads toa direct release of about,6.,4 x 10 1 of the EPA release
limit perborehole. An uncertaintypf at least two orders magnitude should
be attached to this value because of the uncertainty in concentration limits
and other factors.

The indirect-release pathway has been evaluated for a borehole that is
drilled through the repository and connects overlying transmissive units with-
underlying transmissive units. If the borehole is open and uncased a maximum
flow rate of about l0 m3 /yr is predicted (ONWI, 1985).. This, flow would
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continue until the borehole sealed itself because of creep in -the salt units,
resulting in a total volume of water of less than .105 m3 . There is of
courses considerable uncertainty in this result because it depends on
hydraulic information that is not well known at present and the ability of the
overlying aquifer to yield a large amount of water.

If the borehole fills with silt or other material from the overlying,
unconsolidated units, the flow rate would be much lower (about 240 m3/yr is
predicted from the conductivity of the material in the borehole, 1.04 .m/yr
(ONWI, 1985)). At the same time, the material in the borehole could prevent
closure because of salt creep. In this case, the flow could continue, which
implies that 2.4 x 106 m3 of water could flow through the borehole in
10,000 years and2.2 x lO7.m3 in the next 90,000 years. Again,there is
considerable uncertainty in these estimates. Not all of this water may be
available to dissolve waste. The dissolution of salt at the repository
horizon may be limited because the dissolution of salt units above this
horizon would cause the water in the borehole to become saturated. Estimates
indicate that dissolution would probably not extend to a distance of more than
10 m around the borehole:(ONWI, 1985).

In order to provide upper-bound estimates it is assumed that the hole is
filled with silt.. Using the total volumetric flow and scaling to provide a
volumetric flow per 1000 MTHM, it was estimated that waste dissolution would
result in a release of less than 1.2 x-10 4 of the EPA limits in 10,000
years and less than 4.9 x 10-5 in the next 90,000 years. These values would
apply for each borehole.

The flow through the silted borehole is insufficient to perturb the
velocities in the underlying receiving formations (ONWI, 1985). Thus, the
estimated ground-water-travel times in this unit are unchanged from the values
for the nominal case.

The repository area at Davis Canyon would be about 8 km2. Therefore,
about 240 boreholes would be- drilled through the repository in this scenario
Of this number, less than 8 percentwould provide indirect pathways for
radionuclide transport and less than 1 percent would be close enough to the
waste packages to allow a direct release :to the surface. In the evaluation it
was assumed that two boreholes allow a direct release. This amounts to a
direct release of about 10 of the EPA limits in 10,000 years with an
uncertainty of at least two orders of magnitude.

From area considerations, it is assumed that about 18 boreholes can
provide indirect release pathways. The other boreholes would not be
sufficiently close to waste packages to affect radionuclide migration. It is
difficult to estimate releases in this case because the large delay due to
radionuclide-travel in the receiving aquifer would substantially reduce the
inventories. However, the value of F can be calculated for comparison with
the expected scenario. In this case, F has a nominal value of 2.2 x l0 3
for 10,000 years with an uncertainty, of at-least two orders of magnitude. For
the period from 10,000 to 100,000 years, the nominal value of F is 8.8 x
10-4. The predicted median radionuclide-travel time ranges between 230,000
and 430,000 years in either case.
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The base-case score for the site is judged to be 9 for both performance
measures. However, when taking into account the uncertainties because of the
drilling and the somewhat reduced effectiveness of the concentration limits in
constraining releases, the site is judged to have a high score of 10 and a low
score of 6 for both performance measures.

Scenario 13: Small-scale exploratory drilling

Since the number of boreholes considered in this scenario is 10 times
less than that for scenario 12, the consequences are reduced. The direct
releases are clearly insignificant. For the indirect releases, the value of F
is 2.2 x 10-4 for 10,000 years and 8.8 x 10-5 for the period 10,000 and
100,000 years. There are large uncertainties in these values because of the
estimates for total water volume and waste solubility. The radionuclide-
travel time is very long, on the order of a million years. Since the
consequences are no greater than those for the nominal case, this scenario was
not scored for the Davis Canyon site.

Scenario 14: Incomplete sealing of the shafts and the repository

The probability of incomplete sealing at the Davis Canyon site is very
small. None of the units through which boreholes would be drilled would be
difficult to seal. Although there is little experience with shaft sealing of
the type contemplated for the repository, there is considerable experience
with the sealing of boreholes-in sedimentary rock. Furthermore, the creep of
the salt would help in closing shafts and in sealing them. Therefore, the
base-case probability of this scenario's resulting in any release is judged to
be 10-4, with a range of 10-5 to 10-3.

Failure of the shaft and repository seals would permit water to fill the
void space in the repository. For a shaft with a cross-sectional area of 30
m2 and an average conductivity of 10 m/yr, the saturation of this void space
could occur at a rate of about 300 m3 /yr. Thus, the quantity of water that
could enter the repository through the sealed shafts could be considerably
greater than the amount attributed to thermally induced brine migration. If
the void space in the backfilled repository closes only to about 10 percent of
the original excavated volume before saturation, the volume available for
saturation with brine could be as much as 33,000 m3 per 1000 MTHM. If this
much brine were available to dissolve waste as a result of seal failure, the F
value for the scenario would be about 1.3 x 10-4. The range of uncertainty
in this value is at least two orders of magnitude.

Water that fills the repository would not have an opportunity to carry
away radionuclides because of the low permeability of the host salt. The
natural gradient would not be sufficient to transport waste out through the
failed seals. Thus, the travel time would still be very long, on the order of
a million years.

With the exception of the possibly larger value of F in this scenario,
the impacts are close to those for the nominal case. The increased
possibility of waste dissolution, however, does influence the score. The
base-case score is judged to be 10, with a range from 8 to 10, for the
10,000-year period, and 10, with a range from 7 to 10, for the period 10,000
to 100,000 years.

D-14



D.3 :DEAF SMITH SITE

Scenario 1: Nominal case (expected conditions)

For the purpose of this analysis, it is assumed that a repository at the
Deaf Smith site would be located entirely within a thick sequence of bedded
salt in Unit 4 of the Lower San AndreS Formation. The host salt bed lies
about 800 m below the surface. It is assumed that the mined area occupies
less than 30 percent of the underground repository area and that 70,000 MTHM
of spent fuel would be distributed in about 16,000 waste packages (4.6 MTHM
per package) over a total repository area of about 9 km2.

Estimates of the brine migration induced in the salt show that 0.4 to
0.7 m3 of high-magnesium brine would be available per waste package for
corrosion and-waste dissolution. Estimates of waste-package corrosion suggest
that corrosion will be insufficient to cause any of the waste packages to fail
under expected conditions. Even taking-into account known uncertainties in
corrosion rates, the waste-package lifetime is expected to exceed l0,000
years. Since all brine available from this migration process would-be.
consumed in the corrosion of waste-package components, none would be available
for waste dissolution. Other water may be available from-seepage through
transmissive interbeds. For example below the host salt is a dolomite
interbed that yielded a total of about 80 barrels of brine during 6 months of
pumping. If seepage from this interbed into the repository could occur
through fractures or anomalies in the salt, additional water would be
available. Assuming the openings are backfilled with crushed salt and the
creep of the salt results in a final void volume of 1 percent of the original
mined openings, the maximum void volume available for water inflow would be
less than 4000 m3 per 1000 MTHM of waste. This quantity provides a
reasonable upper bound to the amount of water that could seep into the
repository openings.Assuming this amount of water, the waste-package
lifetime would not be substantially different from that estimated for the
Davis Canyon site (i.e., on the order of-2500 years).

Estimates of concentration limits for the waste-form constituents and the
radionuclides are given in Table D-1. Particular values applicable at the
site have a range similar to those considered for the Davis Canyon site. The
estimated sums of ratios-of isotope-concentration limits and EPA release
limits are-the same as those considered for the Davis Canyon site.

The Lower San Andres Formation is composed of relatively impermeable
subunits. For example, the hydraulic conductivity of Unit 4 is probably much,
less than 10 m/yr. Other Permian confining units with equally poor
conductivity lie above this formation.Very:transmissive units-that are
located above these units are capable of yielding significant amounts of
water. These transmissive units are separated from-the salt host bed by about,
500 m of -confining strata. Underlying the host bed is nearly 900 m of lower,
Permian shale,mudstone, salt,and anhydrite strata with extremely low
transmissivities. Below these beds are more transmissive units. Interbeds int
the Permian section, such as the dolomite interbed :immediately below the host- -

salt, are transmissive in comparison with the salt. The gradients in the
Permian section appear to be downward.
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The Palo Duro Basin is relatively uncomplicated Structurally, and
modeling of this system indicates that the median time of ground-water travel
to the accessible environment in the units that might receive radionuclides
ranges between 25,000 and 500,000 years, depending on the distance to the
accessible environment. If the distance to the accessible environment is 1
km, the estimated median ground-water-travel time ranges between 25,000 and
87,000 years. For a distance of 2 km, the median travel time is estimated to
range between 45,000 and 170,000years.

Retardation of radionuclide movement relative to ground-water movement is
not expected to be high and is neglected altogether in the EA analyses (DOE,
1986b). In addition to travel time in the receiving transmissive units, the
host salt and the confining layers between the host rock and the transmissive
unit would contribute to a delay before release. More than a million years
would be required for the diffusion of radionuclides through 20 m of salt.
Depending on the receiving units, considerably more time would be required for
transport to the transmissive unit. Therefore, it is possible for the
radionuclide-travel time to be significantly longer than the ground-water-
travel time estimated for the transmissive units.

The site characteristics and the resulting performance factors for the
nominal case are summarized in Table D-2 for the first 10,000 years and in
Table D-3 for 10,000 to 100,000 years. Again, the redundancy between the
isolation provided by the concentration limits and the travel time for the
nominal case can be readily seen.

The expected releases to the accessible environment are therefore
expected to be insignificant. The base-case score for the first 10,000 years
is judged to be 10. Because of uncertainties associated with the nearby
interbeds, the low score is judged to be 8. These uncertainties become more
important for releases beyond 10,000 years because the travel time in the
interbeds may be comparable to a period from 10,000'to 100,000 years.
Therefore, the base-case score for the second performance measure is judged to
be 9, with the high and the low scores being 10 and 7, respectively.

Scenario 2: Unexpected features

Figure D-2 shows the possible range of unexpected features that could
occur at the Deaf Smith site. As can be seen by comparison with Figure D-l;
the features considered here are the same as those considered for the Davis
Canyon site. This is not surprising in view of the fact that the unexpected
features are those identified for generic salt beds. Accordingly, the
probability of the scenario is judged to be very nearly the same for the Deaf
Smith site as for the Davis Canyon site: .016 with a range from 0 to .1.

The score for the site is somewhat lower than that for the Davis Canyon,
however, because the evaluation of the nominal case yielded a somewhat lower
range of scores. That is, the unexpected features such as undetected
dissolution features in proximity to the-repository, when combined with the
wider range of expected conditions for the nominal case, result in a slightly
lower score. The releases to the accessible environment are considered to be
extremely low, and the base-case score assigned to the Deaf Smith site for
this scenario is 8, with a low-to-high range of 5 to 10, for both performance
measures.
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Figure D-2. Unexpected conditions at Deaf Smith County site.
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Scenario 3: Repository-induced dissolution of the host rock

The dolomite interbed immediately beneath. the host salt at the Deaf Smith
site has been found to be somewhat transmissive and to contain brine. Rock
fracturing due to repository heat or excavation could expose the overlying
host rock to this brine; however,the brine is at or near saturation and would
not be expected to have a significant effect on the overlying salt. The
temperature coefficient of solubility for the NaC1-H2O system is relatively
small, so that even with the highest temperatures 'expected in the repository,
dissolution at the interbed-salt interface would not be expected to be
significant. Therefore, the consequences for this scenario are considered to
be no more severe than those for the nominal case.

Scenario 4: Advance of a dissolution front

There is abundant evidence of the presence of active dissolution along
the periphery and within the interior of the Palo Duro Basin. Peripheral
dissolution of salt beds, including the repository horizon, has been
identified along the western, northern, and eastern margins of the basin (166,
30, and 118 km from the site, respectively). Collapse features are usually
associated with the zones of dissolution. The rates of dissolution for the
eastern and the northern fronts have been estimated to be as high as 0.98 and
0.0008 m/yr, respectively; the rate of advance of the western front is
believed to be less rapid. Interior dissolution may be occurring in the
uppermost salt bed beneath the High Plains and is believed to be dissolving at
a rate of less than 6.4 x 10-s m/yr. At this rate of dissolution, the
closest dissolution front would not reach the Deaf Smith site for more than
100,000 years.

In the event that local dissolution rates in the Palo Duro Basin increase
by as much as 10 times, the increase would still not result in a zone of
dissolution encroaching on the Deaf Smith site in less than 10,000 years.
Thus, it was deemed unnecessary to evaluate further this scenario for the Deaf
Smith site.

Scenario 5: Movement on a large fault inside the controlled area but outside
the repository

There are no known faults that intersect the repository horizon in the
controlled area. Although there is limited evidence of a fault in the
controlled area that intersects Paleozoic units, displacements on this feature
appear to terminate about 300 m below the repository level. While minor
faults may exist and offset the basement strata, these faults do not appear to
have the potential for generating a large earthquake. There are no known
Quaternary faults anywhere in the geologic setting of the Deaf Smith site.
Recurrence statistics from Nuttli and Herrmann (1978), Algermissen et al.
(1982), Bernreuter et al. (1985), and the Electric Power Research Institute
(1985), adjusted to the proposed size of the controlled area, suggest that the
probability of Richter magnitudes greater than about 6 is on the order of
10-7 to 10-8 per year. Given the absence of known significant faults and
the ductile nature of both the repository horizon and the salt units below the
repository, the site-specific probability of large earthquakes is likely to be
significantly less than 10-7 to 10-' per year. Therefore, significant
movement on an existing large through-going fault in the controlled area at
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the Deaf Smith site is estimated to have less than 1 chance in 10,000 of
occurring over 10,000 years, and hence this scenario is not considered
credible for the Deaf Smith site.

Scenario 6: Movement on a large fault within the repository

Similar reasoning as that for-scenario 6 led to the judgment that the
probability of significant movement on an existing through-going fault
intersecting the repository at the Deaf Smith site is less than 1 chance in
10,000 over 10,000 years. Therefore, this scenario is not considered
applicable to the Deaf Smith site

Scenario 7: Movement on a small fault inside the controlled area but outside
the repository

The evaluation for the Deaf Smith site is similar to that for the Davis
Canyon site, with two small differences. First, no Quaternary faults are
known to exist anywhere in the geologic setting, and, second, earthquake-
occurrence rates in the vicinity of the Deaf Smith site are slightly lower.
Given the ductile nature of the host rock and the low earthquake-occurrence
rates, the probability of faults in the controlled area (i.e., small movements
within the brittle interbed units) is estimated to be onthe order of 10-7
per year, with a range of 10 -6 to 10-5 per year.

The evaluation of potential consequences considered arguments similar to
those stated for Davis Canyon. That is, the ground-water-travel times for the
interbed zones that are considered as fracture pathways and the exceedingly -

long (million years)isolation time expected to be provided by the host rock
would overwhelm small changes in -radionuclide-travel times in units below the
host rock. Thus, renewed movements on small faults in the controlled area are
not likely to result insignificant releases, and this scenario is therefore
not considered to be of significance at the Deaf Smith site.

Scenario 8: Movement on a small fault within the repository

The evaluation for the Deaf Smith site is similar to that for the Davis
Canyon site, with two small differences. First no Quaternary faults are
known to exist anywhere in the geologic setting, and, second, earthquake-
occurrence rates in the vicinity of the Deaf Smith site are slightly lower
Given the ductile nature of the host rock and the low earthquake-occurrence
rates, this scenario was eliminated on the basis of negligible Probability

Scenario 9: Movement on a large fault outside the controlled area

There are no Quaternary faults in the geologic setting of the Deaf Smith
site; thus there is no direct indication that large (magnitude greater than
about 6.5) earthquakes are possible. In addition, there have been no credible
mechanisms identified (i.e., those due to large faulting outside the
controlled area) that could significantly alter hydrologic conditions in the
controlled area if -such an earthquake were to occur. Similarly, it is not
likely that the long isolation time expected to be provided by the ductile
host rock would be affected. Section 6.4.2 of the EA (DOE, 1986b) cites
studies showing that credible changes in hydraulic heads in recharge zones
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would result in no significant changes in ground-water-travel times Because
any credible events would have no perceived consequences, this scenario was
not scored for the Deaf Smith site.

Scenario 10: Extrusive magmatic activity

The nearest igneous activity to the site during Quaternary time occurred
about 160 km from-the site'. The only area in the region that has experienced
volcanic activity since Early Paleozoic time is in northeastern New Mexico
(Stone & Webster Engineering Corporation, 1983), outside the geologic setting
of the Palo Duro Basin. No igneous activity has occurred in the site vicinity.
for more than 500 million years. Therefore, this scenario is not considered
to be credible for the Deaf Smith site.

Scenario 11: Intrusive magmatic activity

This scenario is not considered to be credible at the Deaf Smith
the reasons given'for scenario 10.

site for

Scenario 12: Large-scale exploratory drilling

It is estimatedthat the Palo Duro Basin contains about 550 wells in an
area of more than 30,000 km2 (A. D. Little Inc., 1980), but none of these
wells is within 10 km of the Deaf Smith site. Projections of future drilling
based on this information lead to a finite probability of some drilling at the
site that decreases to less than l chance in l0,000 of drilling 30 boreholes
per square kilometer in 10,000: years, (A.uD-. Little-, Inc'. 1980). Again, these
evaluations did not take into account passive institutiona1 controls at the
site. Therefore, the probability of drilling 30,or more boreholes per square
kilometer in l0,000 years is' judged to be less than 10. However, the
probability of drilling a smaller number of holes at the site may be larger.
The base-case annual probability of any large scale drilling at this site is
judged to be 2 x 10-3, with a range of 10-5 to 10-1. Thirty boreholes
per square kilometer in l0,000years is used as an upper bound for this
scenario.

To estimate consequences, the considerations discussed for the Davis
Canyon site can be applied. As the expected repository area is about 9 km2 ,
270 boreholes are considered in this scenario.This simplies that only of
the boreholes would lead to direct releases and only 22 to indirect releases
The direct-release pathways would lead to a release at-the surface of less
than 2 x 10- of the EPA limits.

Calculations for the indirect pathway again show downward flow through
the boreholes to the receiving-aquifer. The silted-borehole estimate
(104-m/yr conductivity) yields a flow-rate estimate of about 200 m 3 /yr, or
about 2:x 10 m3 :in l0,000'years and about 1.8 x 107m in the next
90,000 years. Scaling this volume to get a volumetric flow. per 1000 MTMH of
waste gives 2.8 l 0 and 2.5 x 105; m 3 per 1000 MTHMj ,respectively. 'The
value of F in this case would be 2 3 x 10 3.in the first: 10,000years and
8.8 x l0-4 in the next 90,000 years. Again there are uncertainties of at
least two orders of magnitude in these estimates
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The time of ground-water travel in the receiving unit is not expected to
be affected by the small flow through the borehole(ONWI, 1985) Thus, the
median radionuclide-travel time is estimated,to range between 45,000'and,
170,000 years.

From the performance factors and the associated uncertainties, the
base-case score for this scenario is judged to be 9, with a low-to-high range
of 6 to 10, for both performance measures.

Scenario 13: Small-scale exploratory drilling

The value of F for the Deaf Smith site in this case is 2.3 x
for the first 10,000 years and 8.8 x 10-s for the next 90,000 years. Large
uncertainties of two orders of magnitude or more accompany these values.
Nevertheless,-the consequences ofthis scenario would not exceed those of the
nominal case,and therefore the Deaf Smith site was not scored against this
scenario.

Scenario 14: Incomplete sealing of the shafts and the repository

The failure probability forthe shaft and repository seals is very low
for the Deaf Smith site. There is considerable experience drilling through
the Ogallala aquifer and the underlying units and in sealing the borings. The
base-case probability that this scenario might affect repository performance
in 10,000 years is judged to be 2 x 10-4 with a range of 2 x 10-5:to
2 x 10- This probability is somewhat greater than that for the Davis
Canyon site because the interbeds in the Permian section might make the
sealing of shafts and boreholes more difficult.

Incomplete sealing of the shafts and the repository could result in flow
rates into the repository of 300 m /yr. Thus, more water than estimated in
the nominal case may be available for the dissolution of the waste. Assuming
that creep closure would reduce the void volume of the backfilled repository
to about 10 percent of the originally excavated volume, the maximum amount of
water that can enter the repository is found to be about 40,000 m3 per,1000
MTHM of waste. This volume is 10 times that considered in the nominal case
and results in an F value of about 1.5 x 107.. The travel time would not be
different from the nominal case because there is no driving force to move
water away from the repository through the seals; thus, diffusive transport
through the salt is still expected to control the radionuclide-travel time.

Taking into account the uncertainties associated with this scenario, the
base-case score is judged to be 10, with a low score of 7 for the first
performance measure, and a base-case score of 9, with a low-to-high range of 6
to 10, for the second performance measure.

D.4 RICHTON DOME SITE

Scenario 1: Nominal case (expected conditions)

For this analysis, it is assumed that a repositoryat Richton Dome would
be located entirely within the salt contained in the dome. The dome is
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composed of an extensive salt stock overlain with about 50 m of gypsum
caprock. The top of the dome is at a depth of about 150 to 300 m and is
overlain above the caprock by a fresh-water aquifer system. It is assumed
that the repository would be constructed about 650 m below the land surface,
at least 300 m into the salt stock. It is assumed that the mined area would
occupy less than 30 percent of the repository area and that the 70,000 MTHM of
spent fuel would be distributed in about 16,000 waste packages (4.6 MTHM per
package) over a total repository area of 8 km2 . The minimum distance
between the repository and the flank of the dome would be more than 240 m.

Estimates of brine migration induced in the salt show 0.01 to 0.1 m3 of
low-magnesium brine per waste package, which is assumed to be available for
waste-package corrosion and waste dissolution. Estimates of waste-package
lifetime, assuming these volumes and uniform corrosion, suggest that the waste
packages are expected to last much longer than 10,000 years. Although there
is no site-specific evidence for continuous connections such as shear zones in
the dome, these could exist and provide a low-permeability conduit for
ground-water influx into the repository if they were to connect to the
overlying nonsalt formations. If the void volume of the backfill is similar
to that of the Davis Canyon site, the maximum volume of water that could seep
into the repository through any such connection and be available for
dissolution is less than 3300 M3 per 1000 MTHM. If this amount of water is
available, the estimated waste-package lifetime could decrease to 4800 years.

The concentration limits used in the EA analyses (DOE, 1986c) are given
in Table D-1. Again, particular values at the site could vary by one order of
magnitude above and three or more orders of magnitude below these values.

The geohydrology surrounding the Richton Dome is sufficiently complex and
difficult to model that very little credit can be taken at present for any
favorable features of this system. However, the travel time of radionuclides
from the repository through the salt buffer zone to the dome margin is
expected to be very long even without any delay in the surrounding units. For
example, travel-time estimates based on diffusion through the salt stock
exceed 10 million years. For comparison, the transport was evaluated with a
model based on Darcy flow and advective transport; the median travel time was
calculated to be 35 million years. Retardation was neglected in these
estimates.

The site characteristics and performance factors for the expected
scenario are summarized in Tables D-2 and D-3. Again, the redundancy between
the isolation provided by the concentration limits and the travel time is
significant. Releases to the accessible environment are therefore expected to
be insignificant.

Taking into account uncertainties in the site parameters, the base-case
score for the Richton Dome is judged to be 10 and the low score 8 for both
performance measures.

Scenario 2: Unexpected features

Figure D-3 indicates the possible range of unexpected features that could
occur at the Richton Dome site. Many of the unexpected features considered
for the bedded-salt sites are applicable to salt domes. An additional
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possibility includes anomalous zones in the dome, such as shear zones or bands
of nonsalt rock that separate the different lobes and folds in the dome.
These features may be continuous or discontinuous and could exert extreme
effects on the flow pathways and conditions associated with the dome interior.

The panel also considered potential impacts due to small-scale folding or
variations in the quality of salt in the dome stock. The panel concluded that
such features would not have significant impacts on any of the factors
affecting performance.

The effects of other unexpected features, such as undetected dissolution
features or caprock fracturing that could lead to enhanced dissolution, are
not considered likely to lead to significant impacts on expected repository
performance. Therefore, the base-case score is judged to be 9, with a
low-to-high range from 6 to 10, for both performance measures. The base-case
probability that unexpected features could affect performance is estimated to
be .013, with a range from 0 to .1.

Scenario 3: Repository-induced dissolution of the host rock

Previous rates of dissolution during the formation of the Richton Dome
and for subsequent phases of dissolution during geologic time have been
estimated to be between 3 and 5 cm per 1000 years. These estimates are based
on the thickness of the caprock, the abundance of anhydrite in the salt stock,
an assumption regarding the commencement of dissolution, and the concept that
the caprock was formed from the residue of anhydrite after the dissolution of
the salt stock. On this basis, it would-take on the-order of 5 million years
for a zone of dissolution migrating from the flank of the dome to intersect
the repository. Even if it is assumed that the dissolution-rate estimates
were low by two orders of magnitude and that a much higher dissolution rate
could be maintained in spite of increasingly restrictive circulation, the
zoneof dissolution would not reach the repository for at least 50,000 years.
The caprock of Richton Dome shows evidence of fractures that subsequently have
been filled with gypsum, thereby limiting the flow of water to and from the
salt stock. Therefore, any dissolution of the salt resulting from 'the
thermally induced fracturing of the caprock or sheath would proceed at rates
comparable to the historical average and would likely be self-limiting. As a
result, the scenario does not have consequences different from the nominal
case for the Richton Dome site.

Scenario 4: Advance of a dissolution front

The advance of a dissolution front at the Richton Dome site is considered
to have a negligible probability of occurrence, and therefore the site was not
scored for this scenario.

Scenario 5: Movement on a large fault inside the controlled area but outside
the repository

No Quaternary faults are known to occur in the controlled area at the
Richton Dome site. There are no known Quaternary faults in the geologic
setting, and the closest known earthquake occurred 75 km from the dome.
Recurrence statistics from Nuttli and Herrmann (1978), Algermissen et al.
(1982), the Lawrence Livermore National Laboratory (1985), and the Electric
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Power Research Institute (1985), adjusted to the size of the controlled area,
suggest that the probability of magnitudes greater than about 6 is on the
order of 10 to 10 per year. Given the absence of known significant
faults and the ductile nature of the host rock, the site-specific probability
of large earthquakes is significantly less than that indicated above.
Therefore, the probability of significant movement on an existing large
through-going fault within the controlled area at the Richton Dome site is
estimated to be less than 1 chance in 10,000 over 10,000 years. Because of
the negligible initiating-event probability, this scenario is judged not
credible for the Richton Dome site.

Scenario 6: Movement on a large fault within the repository

From the analysis for scenario 5, the probability of significant movement
on an existing large 'fault intersecting the repository at the Richton Dome is
estimated to be less than 1 chance in 10,000 over 10,000 years. Therefore,
this scenario is not credible for the Richton Dome site.

Scenario 7: Movement on a small fault inside the controlled area but outside
the repository

No faults are known to occur in the controlled area at the Richton Dome
site. There are no known Quaternary faults in the geologic setting, and the
closest known earthquake occurred 75 km away. Earthquake-recurrence
statistics for this region of the United States suggest that the probability
of earthquakes for areas of the size of the dome is exceedingly low. Given
the fact that the rock unit in the controlled area is comprised of ductile
salt the probability of faulting is likely to be significantly less than
10- per year for small-scale faulting anywhere in the controlled area.
Because of the negligible initiating-event probability, this scenario is
judged not credible at the Richton Dome site.

Scenario 8: Movement on a small fault within the repository

For the reasons explained under scenario 7, the probability of
small-scale faulting anywhere in the controlled area is likely to be
significantly less than I0-8per year. Consequently, this scenario is
judged not credible at the Richton Dome site.

Scenario 9: Movement on a large fault outside the controlled area

At the Richton Dome, there are no Quaternary faults within the geologic
setting, and the likelihood of any earthquakes near the site is extremely
small. No credible mechanisms have been identified by which faulting outside
the controlled area could occur and significantly alter hydrologic conditions
within the controlled area. Thus, this scenario is judged not credible for
the Richton Dome site.

Scenario 10: Extrusive magmatic activity

There is no known Quaternary volcanism at the site. The nearest known
igneous body, Jackson Dome, is 160 km northwest of the Richton Dome site and
appears to be of Cretaceous age (Bornhauser, 1958). Therefore, this scenario
is judged not credible for the Richton Dome.
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Scenario 11: Intrusive magmatic activity

This scenario is judged not credible at the Richton Dome site for the
reasons given under scenario 10,

Scenario 12: Large-scale exploratory drilling

There have been at least 9 borings into the salt stock and 31 into the
caprock at the Richton Dome. Also, there have been 39 borings within a radius
of 2 km and 85 within a radius of 8 km (A. D. Little, Inc., 1980). Not all of
these extend to the depth of the repository horizon. It is estimated that the
frequency of boreholes more than 650 m. deep is less than 0.3 per square
kilometer. Assuming these have been drilled during the past 40 years leads to
an extrapolation of less than 70 boreholes per square kilometer in 10,000
years. However, corrections to'take into account the propensity to drill
outside the dome and at the dome margin lead to a projection based on past
experience, of about 25 boreholes per square kilometer in 10,000 years.
Projections of hydrocarbon usage and exploration into the future lead to a
further adjustment in this estimate and a conclusion that the probability of
drilling 30 boreholes per square kilometer of the repository in 10,000 years
is less than .0001 (A. D. Little, Inc., 1980). Again, these considerations do
not take into account the passive institutional controls that would be
effective at the site. However, the probability of drilling a smaller number
of holes at the site may be larger., The probability of any large-scale
drilling is estimated to be the about same as that for drilling at the two
bedded-salt sites; that is, the base-case annual probability is estimated to
be 2.0 x 10-3, with a range, of 10-3 to 10 . Thirty boreholes per
square kilometer in 10,000 years is used as the upper bound for this scenario.

The expected repository area is 8 km2 so that 240 boreholes are
considered in the scenario. It is estimated that only about 2 of these
boreholes could lead to a direct release and 18 could lead to an indirect
release. Assuming 200 M3 of water per hole in the direct release, the
release is predicted to be about 10- of the EPA release limits in 10,000
years.

No calculation of the indirect pathway can be found in the literature for
the Richton Dome site. A limited analysis was conducted for the Cypress Creek
Dome, which involves the same hydrologic units as the Richton Dome site
(memorandum from A. M. Monti and S. K. Gupta, Office of Nuclear Waste
Isolation, 1984). The results of the calculated flow rates, salt dissolution,
and borehole closure, due. to salt creep give values that are comparable to
those for Davis Canyon and Deaf Smith. Therefore, the flow rate for the
boreholes at Richton Dome is assumed to be the same as that for Davis Canyon.
The F values areassumed to be about 2.3 x 10-3 for' 10,000 years and
8.8 x 10 4for the period between 10,000and 100,000 years. There is large
uncertainty in these values.

The travel-time estimates for the nominal case are based on water
movement through the host salt. In this scenario, the dome is breached. The
travel timeoutside the dome is difficult to predict. Some analyses give
travel times exceeding 10,000 years to the accessible environment; however,
the present conceptual models do not preclude a median travel time that is
less than 10,000 years.
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The uncertainties in the case of drilling at the Richton Dome are
somewhat larger than for the bedded-salt sites. That is, while the travel
time is judged to be relatively unchanged from the nominal case for the
bedded-salt sites, the change would be very important at the dome site. In
the nominal case, credit is taken for the time of travel through the dome
only. However, in this scenario the dome is breached to the adjacent
sedimentary strata by the drilling. Therefore, little if any credit can be
taken for the travel time outside the dome since the controlled area is chosen
to be the boundary of the dome. Therefore, reliance on the travel time to
provide a degree of isolation cannot be assumed in this case. As a result,
the base-case score for the Richton Dome site for this scenario is judged to
be 8, with a low-to-high range of 4 to 10, for both performance measures.

Scenario 13: Small-scale exploratory drilling

The value of F in this case is taken to be about 2.3 x 104 for the
10,000-year period and 8.8 x 10 5for the period 10,000 to 100,000 years.
In view of the negligible releases through the borehole, it was concluded that
the Richton Dome site should not be scored for this scenario.

Scenario 14: Incomplete sealing of the shafts and the repository

The failure of shaft and repository seals has a somewhat greater
probability for the salt-dome site than for the bedded-saltsites, on the
basis of experience in mining in the Gulf Coast domes. The probability in
10,000 years is judged to be 5 x 10-4, with a range of 5 x 10-5 to,
5 x 10

Using considerations analogous to those for the bedded-salt sites, the F
factor'is estimated to be about 1.3 x 10-4, with an uncertainty of at least
two orders of magnitude. Radionuclide-travel times are not significantly
affected in this scenario because there is no driving force to move water from
the repository through these seals. The base-case score for Richton Dome is
therefore judged to be 10, and the low score 7, for both performance measures.

D.5 HANFORD SITE

Scenario 1: Nominal case (expected conditions)

For the purpose of this analysis,it is assumed that the repository at
the Hanford site would be constructed entirely within the dense interior of
the Cohassett basalt flow. This flow has a dense interior that is about 70 m
thick at the reference repository location and is located ata depth of more
than 900 m below the surface. It is assumed that, the 70,000 MTHM of spent
fuel would be distributed in 40,000 waste packages (1.8 MTHM per package) over
a total repository area of about 8 km.

Estimates of waste-package performance, based on quiescent, saturated
conditions and uniform corrosion, indicate a lifetime of about 6000 years.
The expected range in container lifetime is from 4500 to 8500 years.
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The volume of water available for waste dissolution depends on the
saturated volume in the repository and the replacement rate of this water.
The void volume (assuming backfilling to about 30 percent void volume of the
openings) is about 100,000 m3 per 1000 MTHM. The replacement rate depends
on the flux through the host rock, which depends, in turn, on the hydraulic
gradient and the conductivity of the rock. It'is assumed that the gradient is
vertically upward with a value of about 0.001. The horizontal conductivity of
the intact basalt in the host rock is probably less than 10-5 m/yr, but the
vertical conductivity of the unit could be greater by four orders of magnitude
or more because of fractures through the dense interior that may not be
entirely filled with secondary minerals. This range in conductivity results
in a flux between 10 - and about 10 m3/m2-yr. Assuming an effective
area of 30 m2 per waste package, the volume of water that moves through the
repository is less than 20,000 m3 per 1000 MTHM in 10,000 years. Thus, the
amount of water available for waste dissolution in 10,000 years'is estimated
to be between 100,000 and 120,000 m3 per 1000 MTHM. In the 90,000-year
period between 10,000 and 100,000 years after closure, the total volume 'of
water moving through the repository corresponds to about 9 times the volume
moving through in 10,000 years, or between 18 and 180,000 M3 per 1000 MTHM
of waste.

The concentration limits used in the EA'analysis (DOE, 1986d) are given
in Table D-1. These values represent upper bounds to element solubilities
calculated from thermodynamic data for Grand Ronde waters and oxidizing
conditions. Applicable values for particular radioelements could be smaller
by four orders of magnitude or more. The sum of the ratios of the associated
isotope solubilities and the EPA release limits are also given in Table D-l.
These ratios can be combined with the volume of ground water that could reach
the waste to estimate the performance factor F. This factor would provide an
upper bound to the cumulative releases from the engineered-barrier system
because the release is limited by diffusion rather than leach solubility.
That is, the waste-package system includes a layer of bentonite packing
material around the container that constrains the release from the waste
package; the estimates on the concentration limits neglect any credit for this
diffusion layer.

The ground-water-travel time has been calculated with a set of conceptual
models for the geohydrologic system. The deep basalts at the Hanford site
form a layered sequence consisting of dense, fractured basalt flow interiors
overlain by brecciated and vesicular flow tops. The conductivity of the flow
interior is assumed to be lower than that of the flow tops because of the
smaller volume of interconnected fracture and pore space. This permeability
contrast promotes horizontal ground-water flow in the flow tops and
essentially vertical leakage through the flow interiors.

Conceptual models that have been used to calculate the ground-water-
travel time range between an essentially confined ground-water flow system
with low vertical leakage across the dense interiors to a system with
relatively high vertical leakage across flow interiors and along discrete
structural discontinuities. The calculated median times of ground-water
travel range from 22,000 to 83,000 years for pre waste-emplacement condi-
tions. These travel times are probably indicative of the post-waste-
emplacement values as well.
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Available sorption data indicate that the retardation factors for the
basalt flow interior and the flow top generally range between 200 and 200,000
for the critical radionuclides. An exception is technetium, which may have a
retardation factor close to zero under some conditions. Although this
situation is unlikely because of the reducing conditions in the deep units at
the Hanford site, there is a possibility that the retardation of the key
radionuclide technetium-99 would be negligible.

The time of ground-water travel and the retardation factors give an
estimated radionuclide-travel time in the ground-water system that ranges
between 22,000 and 1.6 x 1010 years, depending on the sorption factor. This
estimate neglects any delay between the time when waste dissolution occurs
within the waste package and the time when the waste is captured by the moving
ground water in the rock.

Pertinent site characteristics and associated performance factors are
summarized in Tables D-2 and D-3. As can be seen, there is a wide range of
uncertainty in site performance. Waste isolation at the Hanford site is
particularly dependent on the geochemistry. The evidence suggests that both
the concentration limits and the retardation factors are favorable due to the
geochemistry.

These performance factors would result in expected releases that range
between very small and insignificant. Taking into account the wide range of
uncertainty in expected repository performance, particularly for travel times
shorter than 100,00O years, the base-case score is judged to be 8, with a high
score of 10 and a low score of 4, for the first performance measure.-Because
the range of the median time of ground-water travel is less than 100,000
years, the base-case score for the second performance measure is judged to be
7, with a low-to-high range of 4 to 10.

Scenario 2: Unexpected features

Figure D-4 shows the possible range of unexpected features that the panel
considered for the Hanford site as well as the various effects they could
exert. Among them are subsidence and uplift, which were also considered for
the salt sites. Another possible feature is a feeder dike that originally
provided the source of magma for an overlying flow. Such a feature, if it
occurs within the controlled area, could provide a barrier that could affect
the ground-water flow important to waste isolation.

Among the unexpected features are profuse internal structures within the
host rock, including vesicular zones, pillow zones, and other features that
could influence the thermal and mechanical strength properties of the basalt
and could affect the geohydrologic regime. Such structures were considered to
some extent in the evaluation of the expected conditions, but extreme
variations in these features were not taken into account under the expected
conditions. For example, the ground-water-flow conditions could be so extreme
that modeling based on an equivalent Darcy-flow representation, used in the
nominal case, might not be adequate. Similarly, flow pinch out, vertical
fracture zones, or a major fault, which were considered in the scenario for
the expected conditions, could result in extreme conditions not evaluated in
that case. Unexpected features that could, for example, change the oxidation-



Figure D-4. Unexpected features at the Hanford site.
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reduction conditions to the extent that the reducing potential'is less than
expected could have an adverse effect on repository performance as shown in
Figure D-4.

The probability that these extreme conditions might arise at the Hanford
site is small. That is ithe range of expected conditions contains most of the
uncertainties considered in the evaluation. The base-case probability that
unexpected features exist and would lead to significant impactson the
expected performance of the repository is judged to be .024, with a range from
0 to .25.

It is the judgment of-the panel that releases might be increased by as
much as 10 times from the nominal case-because of increased solubility and
lower retardation of certain key radionuclides, such as technetium. The
base-case score for this scenario is judged to be 6, with a low-to-high range
from 2 to 10, for both performance measures. The wide range reflects the
considerable uncertainty in the existence of uxnexpected 'features and their
impact on the expected performance of-the repository.

Scenario 3: Repository-induced dissolution of the host rock

Because this scenario applies only to relatively soluble rocks, it is not
considered credible at the Hanford site.

Scenario 4: :Advance of a dissolution front

Because this scenario applies only to relatively soluble rocks, it is not
considered credible at the Hanford site.

Scenario 5: Movement on a large fault inside the controlled area but outside
the repository

From the low long-term average rate of deformation of the central
Columbia Plateau and the available information about microseismic activity in
the area, the EA for the Hanford site (DOE, 1986d) concludes that.tectonic
conditions at the site are expected tobe favorable. That is the EA
concludes that there is no evidence that expected tectonic processes would
have more than 1 chance in 10,000 over the first 10,000 years of leading to
releases to the accessible environment. Unexpected disruptions, such as a
movement on a large fault inside the controlled area, were not evaluated in
the EA because there is no evidence of such a feature at -the site and no
consequence analyses for such disruptive-event scenarios have been performed.
The nearest Quaternary faults are on Gable Mountain, about 8km north of the
site, and at Finley Quarry along the Rattlesnake-Wallula Alignment(RAW),
about 40 km to the southeast. Extensive mapping and geophysical surveys
suggest that the synclinal region where the site is-located would be
associated with fewer large faults than are anticlinal ridges. At the same
time, there are several possible interpretations of relatively small
geophysical anomalies within the controlled area, along with very minor
amounts of microseismicity, that are consistent with some fault movement
within the basalt sequence. Recurrence statistics (Woodward-Clyde, 1980;
Algermissen:et al.,1982; Washington Public Power Supply System, 1982),
adjusted to the size of the controlled area, suggest that the probability of
earthquakes with a magnitude greater than about 6 is on the order of10 to
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l0 per year. Specific probabilities estimated for the RAW are on the
order of 2 x 10-5 for a magnitude of 6.5 (NRC, 1982). In view of the
observation that synclines are not generally associated with large faults,the
site-specific probability of earthquakes with a magnitude greater than about 6
is likely to be significantly less than lO 6 per year. However,in order to
consider even low-probability events that might have significant consequences,
it is conservatively assumed for this scenario that such a fault does exist at
the site and may experience renewed movement.

In comparison with the expected conditions, this scenario has an
increased likelihood of pathways associated with relatively fast times of
ground-water travel. Since the fault does not intersect the repository, the
ground-water-travel time in the dense interior above the repository, the flux
through the repository, and waste-package integrity are not likely to be
affected. Nevertheless, the overall travel time is likely to be reduced, and
the estimate for this scenario is that the median time of ground-water travel
from the disturbed zone to the accessible environment for the fault dominated
pathway could be about 10,000 years. The uncertainty in the median travel,
time is represented by a range of 1000 to 50,000 years. This range is
estimated on the basis of-the evaluations in the EA as well as by considering
the median time of travel through the undisturbed host rock and through the
flow top-until the relatively highly permeable fault is encountered. Compared
with the expected conditions (range of 22,000 to 83,000 years for the median
time of ground-water travel), where appreciable variance in the ratio between
the vertical and the horizontal hydraulic conductivities of dense interiors
has an important influence on the travel-time range, the overall decrease in
the ground-water-travel time is-likely to be less than tenfold. The only
other performance factor that may be altered is the retardation, which may be
reduced because of kinetic effects for the fault pathway if the rate of
radionuclide transport is relatively rapid.

The base-case probability of this scenario is estimated to be .0032 over
10,000 years with a range of .01 to .0000l. Considering the estimated affects
on the performance factors, the base-case scores for both performance measures
are judged to be 7, with a low-to-high range of 3 to 10. These scores are
somewhat lower than those for the nominal case, reflecting the potential for
shorter radionuclide-travel times.

Scenario 6: Movement on large fault within the repository

From the analysis for scenario 5, the probability of magnitudes greater
than about 6 is estimated to be less than about 106 per year for movement
on a large through-going fault within the controlled area at the Hanford
site. Two factors need to be considered in estimating whether or not such an
event would intersect the repository. The first factor is the size of the
repository area, whichis smaller than the controlled area. For this analysis
it is assumed that the decrease in area will lower the probability by at least
tenfold. The second factor involves the consideration that, if a large
through-going fault were encountered during construction, no waste would be
emplaced in such a zone. These institutional controls are likely to
significantly lower the probability that a waste package would be sheared
because it was emplaced in a large fault zone' that subsequently experienced
movement. Therefore, it is highly unlikely that waste packages would be
damaged by movement on such a fault.

D-32



Taking the above considerations into account, the site-specific
probability of movement on a large fault that intersects the repository area
is likely to be less than about 10 per year. Because the existence of a
large through-going fault cannot be ruled out without site-characterization
data, it is conservatively assumed for this scenario that such a feature may
exist and experience renewed movement.

In contrast to the discussion for scenario 5, movement on a large
through-going fault that intersects the repository may reduce the containment
capability of the dense interior of the host rock for that pathway. One
consideration is whether such a feature would also serve as a vertical pathway
before renewed movement. As discussed for the expected conditions, there is
some uncertainty about the extent of permeable, vertical fractures within the
flow interiors. Renewed movement on a large fault may increase the likelihood
that there may be pathways associated with relatively fast travel times. The-
estimate for this scenario is that the range in the median of the
ground-water-travel time is 1000 years to 20,000 years. As for scenario 4,
the lower end of this range represents the travel paths contained within the
relatively permeable fractured zone. The upper end of the range takes into
account pathways in the undisturbed rock units. Uncertainty in the
retardation factors is likely to increase.

Because such a fault would connect confined aquifers above and below the
repository, the volume of ground-water flow through the repository may be
altered. As discussed under the nominal case, there is a wide range in
ground-water-flux values, depending on the assumed hydraulic parameters (e.g.,
hydraulic conductivity) for the flow interiors. If the pathway with the
relatively high conductivity exists, the flux values considered for the
nominal case may not be appropriate for the fault-controlled pathway: the
lower flux values may be increased for the fault-controlled pathway, perhaps
by two orders to magnitude. The higher flux values, which were estimated
under the assumption that permeable vertical fractures may exist in portions
of the host rock, are assumed to be applicable for this scenario. Flux
through the undisturbed portion of the repository would be similar'to that
assumed for the nominal case. The early loss of waste packages through
shearing may not be significant because the radionuclide-travel'time would
provide substantial delay before the radionuclides reach the accessible
environment.

The base-case probability of this scenario is`estimated to be .000032 over
10,000 years, with a range of.00032 to .00003. The base-case score is judged'
to be 6, with a range of 2to 9, for the first performance measure, and 6,'
with a range of 3 to 9, for the second performance measure. These scores are
somewhat lower than those for the nominal case, reflecting the potential for a
shorter radionuclide-travel time and an increased'ground water flux through
the repository.

Scenario 7: Movement on a small fault inside the controlled area but outside
the repository

The likelihood of renewed faulting in the controlled area depends on the
location and extent of Quaternary faulting in the geologic setting, known
subsurface faulting-in the controlled area, and the earthquake-recurrence
frequency. An additional component that requires evaluation for this scenario
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involves the observation that earthquake swarms are occurring within the
basalt sequence throughout the geologic setting. The data collected in about
15 years of microearthquake monitoring indicate that the probability of
earthquake swarms in the controlled area may be lower than that for other
locations in the geologic setting, such as north of the site near Saddle
Mountain. While this may be the case, the occurrence of earthquake swarms
complicates the estimates of event probability for the controlled area. On
the bases of earthquake-recurrence statistics and professional judgment, the
probability of small earthquakes in the controlled area is estimated to be on
the order of .001 per year, with a range of .01 to .00001 per year.

Fracture movement over a relatively small vertical extent (one to a few
flow interiors) would result in relatively short pathways with a potential for
reduced travel time. As discussed in the EA for the Hanford site (DOE,
1986d), the first flow top above the host rock is associated with the shorter
travel times in the total travel-time distribution. Because movement on small
faults does not provide extensive short-circuit pathways and because vertical
fractures in flow interiors were considered in the evaluation of the nominal
case, the releases would be no more severe than those expected for the nominal
case. Thus, this scenario was not scored for the Hanford site.

Scenario 8: Movement on a small fault within the repository

As in scenario 7, the likelihood of renewed faulting in the controlled
area depends on the location and extent of Quaternary faulting in the geologic
setting, known subsurface faulting in the controlled area, the earthquake-
recurrence frequency, and the occurrence of earthquake swarms near the site.
On the basis of earthquake-recurrence statistics and professional judgment,
the probability of movement on small faults that intersect the repository is
estimated to be on the order of 10-5 per year, with a range of 10-3 to
10-7 per year.

In contrast to large faulting events, displacements associated with these
smaller earthquakes may not be sufficient to shear waste packages. As
discussed for scenario 7, movement over a relatively small, vertical extent
(one to a few flow interiors) would result in relatively short pathways with a
potentially reduced travel time. The first flow top above the host rock is
associated with the shorter travel times in the total travel-time
distribution. Because movement on small faults does not provide extensive
short-circuit pathways and because vertical fractures in flow interiors were
considered in the nominal cases the releases for this scenario would not
differ from the nominal case. Thus, scenario 8 was not scored for the Hanford
site.

Scenario 9: Movement on a large fault outside the controlled area

In the geologic setting of the Hanford site there are indications, based
on the evaluation of Quaternary faults, that earthquakes larger than those
that have been historically observed are possible. However, on the basis of
current understanding, significant movements on faults that may be associated
with the Rattlesnake-Wallula Alignment (RAW) or the Gable Mountain-Umtanum
trend are not expected to permanently alter the hydrologic system at the
site. There is currently uncertainty about whether the Cold Creek hydrologic
barrier west of the site is controlled by faulting. If this feature is
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controlled by faulting, the probability of significant movement would be
orders of magnitude lower than that estimated for RAW because there is no
geologic'evidence of Quaternary movement along this feature. In addition, the
Cold Creek barrier is roughly parallel to the maximum compressive-stress
direction, which makes movement difficult. Under the current stress regime,
any movement on this feature is likely to be strike-slip. This type of
movement is not likely to result in adverse changes in the barrier. Thus, it
appears that significant movement on faults outside the controlled area would
not adversely affect the hydrologic system, and therefore this scenario was
not scored for the Hanford site.

Scenario 10: Extrusive magmatic activity

There is no known Quaternary volcanism at the Hanford site. Volcanism in
the Columbia River Basalt Group ceased approximately 6 million years ago
(McKee et al., 1977). The youngest unit of the Columbia River Basalt Group at
the site is the 10.5-million-year-old Elephant Mountain Member of the Saddle
Mountain Basalt (Myers, 1981). Quaternary volcanism has occurred in the
western Columbia Plateau where the Columbia River Basalt Group onlaps the
Cascade Range. However, this Quaternary basaltic volcanism (the Simcoe
volcanic series) appears to be more closely allied to the Cascade volcanism
because of its calc-alkaline composition compared with the tholeitic basalt of
the Columbia River Basalt Group. Estimates of volcanism indicate that the
probability of volcanism at the Hanford site is less than 10 per year
(A. D. Little, Inc., 1980). In view of this estimate and the above
information, the probability of a disruption in the vicinity of the repository
in 10,000 years is estimated to be less than 1 chance in 10,000. Therefore,
this scenario is not credible at the Hanford site.

Scenario 11: Intrusive magmatic activity

This scenario is not credible at the Hanford site for the reasons given
for Scenario 10.

Scenario 12: Large-scale exploratory drilling

The EPA has concluded that the likelihood of inadvertent and intermittent
drilling need not be taken to be greater than 30 boreholes per square
kilometer of repository area per 10,000 years for geologic repositories in
proximity to sedimentary rock formations and no more than 3boreholes per
square kilometer per 10,000 years in other geologic formations (40 CFR Part
191, Appendix B). This conclusion is based on historical information for the
Hanford site, as well as on projections of hydrocarbon explration in the
immediate area. 'In-fact, the probability of drilling more than about 3
boreholes per square kilometer is estimated to be much less than 10- per
year (Arthur D. Little, Inc., 1980; Lee et al., 1978). It might be argued
that drilling for natural gas at the Hanford'site might involve reaching the
sediments underlying the basalt flows and thus fall within the EPA category of
geologic repositories in proximity to sedimentary rock formations. However,
it is clear from the historical record and from the projections made by the
EPA that large-scale drilling at the Hanford site is very unlikely. Because
of negligible probability for large-scale drilling, the Hanford site was not
scored for this scenario.
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Scenario 13: Small-scale exploratory drilling

The EA (DOE, 1986d) reports about 25 water wells drilled during the past
40 years to depths greater than 300 m in the 4900 km2 area of the Pasco
Basin. This frequency extrapolated to 10,000 years is about 1.3 boreholes per
km. The projections by the EPA have concluded that, the probability of
drilling three boreholes per km2 in 10,000 years is less than .0001, not
taking into account the passive institutional controls at the site (A. D.
Little, Inc., 1980). Therefore, the probability of any drilling that could
affect repository performance at the Hanford site is expected to be very low.

The repository area is expected to be about 8 kM
2

, which requires that
24 boreholes must be considered in this evaluation. Of these, no more than
two would result in preferential pathways for radionuclide transport. Direct
releases would not be significant. By assuming a vertical gradient of 0.001
a conductivity for the borehole of 104 m/yr, and a borehole area of 0.04
m2 , a flow rate of 0.4 m3 /yr-is obtained, or 4000 m3;of water per 1000
MTHM in 10,000 years for the two boreholes. This flow rate would lead to an
F value of 1.6 x 10-4 for the first 10,000 years and 1.6 x 10-4 in the
period between 10,000 and 100,000 years. These factors are less than those
estimated for transport through the rock, reflecting the limited volume of
water that would actually flow through the boreholes., In this case, the score
should not be significantly different from that for the nominal case. Thus,
the impacts of drilling at the Hanford site were judged to be negligible, and
the site was not scored against this scenario.

Scenario 14: Incomplete sealing of the shafts and the repository

Failure of the shaft seals at the Hanford site is more probable than at
the salt sites. There is little or no experience with sealing of the type
contemplated for the basalt flows. For example, there is little experience
with grouting to thoroughly seal off the disturbed rock adjacent to the
shafts. Therefore, the base-case probability that this scenario will result
in impacts on the repository performance over the first 10,000 years is judged
to be .01, with a range of .001 to .1.

Although failure of the shaft and repository seals would allow saturation
of the repository at the Hanford site, rapid resaturation because of seepage
through the host rock is already expected at the site. The flow through the
failed seal system is estimated to be about 0.3 m3/yr, assuming an effective
cross-sectional area of 30 m2, a conductivity of 10 m/yr, and a vertical
gradient of 0.001. This flow rate amounts to about 40 m3.per 1000 MTHM in
10,000 years, which is well within the range considered for the nominal case.
Therefore, the F value is considered to be similar to that for the nominal
case.

The ground-water-travel time might be different than that for the nominal
case, however. The shaft could provide a preferential pathway to an overlying
transmissive-interbed such as the Vantage in which the travel time is
considerably shorter than in the basalt flow tops-in the Grand Ronde
Formation. In this unit a median travel time of less than 1000 years cannot
be precluded. For example, for a distance to the Vantage interbed of about
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130 m, an effective porosity of 0.01, a hydraulic gradient-of1O.0O, and-an
effective conductivity,of lO m/yr for the seal system, the time of
ground-water travel to the Vantagecinterbed would be only about 130,years.

Because the radionuclide-travel time can be reduced from the nominal
case the base case score for the Hanford site is judged to be 7, with a
low-to-high range of 3 to 10, for both performance measures.

D.6 YUCCA MOUNTAIN SITE

Scenario l: Nominal case (expected conditions)

For the purposes of this analysis,,it is assumed that the repository at
Yucca Mountain would be constructed more than 230 m below the surface in the
lower portion of the densely welded Topopah Spring Member of the Paintbrush
Tuff. It is assumedthat the mined area would occupy less than 25 percent of:
the underground repository area and that the 70,000-MTHM of spent-fuel would
be distributed in about 20, 000 waste packages (3.4, MTHM,per, package) over
about 6 km2. The host rock is in the unsaturated zone, and the repository
is at a mean distance of more than 200 m above the water table.

It is difficult to determine the flux through the host rock. Estimates
range from 10-7to .5 x -104m/m2-yr averaged over the repository
area. Using this range and an effective cross sectional area of 30 m2, per
waste package the volume of water that could be available for waste package
corrosion and waste dissolution ranges from .00,9 m3 to 44,000 -m

3 per 1000
MTHM during the first 10,OO years. They volume available in the next 90,000
years would be about 9 times greater.A pluvial cycle commencing 15,000 years
after repository closure might increase the ground water infiltration rate
perhaps by 100 percent over this amount, based on a 100-percent increase in
precipitation during the pluvial period. This factor was taken into account
in arriving at the estimates of the volume of water available for the
dissolution of the waste

This water may be avlailable to corrode waste packages and dissolve
waste. However it is not, clear that this flux will actually flow into the
repository void spaces in the unsaturated since the suction pressure of
the rock is so,high.. Furthermorei-it is not
driven away from the repository because of the potential for rock temperatures
to exceed the boiling point of water in the repository.Nevertheless it seems
prudent to assume that this water might be available. Estimates of waste-
package lifetime using these volumes of water result in lifetimes of 3000 to
30,000 years.

The conceptual model for ground-water movement postulates the flux
of water is vertically downward in the unsaturated zone, while the movement in
the underlying unconfined aquifer in the Calico Hills and Bullfrog Members is
essentially lateral.

It is assumed that the ground-water movement in the unsaturated zone is
dominated by movement through the rock mattrix rather than through the
fractures. The rock is highly fractured but the matrix potential is very



high. Fracture flow is currently believed to become predominant when the flux
is on the order of 5 x 10-3 m 3 yr or more. For this flux, the median
time of ground-water travel to the water table is estimated to be about 42,000
years. For a flux closer to the expected value, the median travel time could
be as long as 200,000 years. These estimates are'based on pre-waste-emplace-
ment conditions. Post-waste-emplacement conditions may result in even longer
travel times. The movement of ground water in the saturated zone is essen-
tially fracture flow and is more rapid; lateral movement contributes only a
few hundred to a thousand years to the travel time. The travel time could be
decreased somewhat during a pluvial cycle. However, this effect is not ex-
pected to be large unless locally saturated conditions occur. Otherwise, the
ranges of flux that might result from changes during a period of increased
rainfall are not expected to give a range of travel times different from that
already considered. Therefore, the range in the median ground-water-travel
time is considered to be 42,000 to 200,000 years.

Sorption is important for many of the radionuclides. However, for key
radionuclides, such as technetium, it is possible that sorption may be very
low. On the other hand, since matrix diffusion is estimated to provide a
retardation factor of 100 to 1000, even the weakly sorbed radionuclides are
likely to be strongly retarded.

The radionuclide-concentration limits considered in the EA (DOE, 1986e)
are summarized in Table D-1. Values for particular radionuclides could vary
by several orders of magnitude above or below the values given in the EA.
However, the controlling factor in the estimates in Table D-l is the
solubility of the U02 in the ground water. The solubility of 50 ppm that is
used is considered to be very conservative; therefore, it is assumed that the
concentration limit would not be greater than the values based on these
solubilities. The sum of the ratios of the derived isotopic solubility limits
and the EPA release limits is also given in Table D-1. These'values can be:
used in conjunction with the available volume of water to estimate dissolution
rates.

These site characteristics are summarized in Tables D-2 and D-3, along
with the associated performance factors. The results are strongly dependent
on the assumed ground-water flux. If the flux were higher, travel times could
become very short, waste-dissolution rates could be higher, and waste-package
corrosion could be increased. These site characteristics and performance
factors indicate that releases to the accessible environment are expected to
be insignificant. However, because so much of the performance depends upon
the flux and because there is current uncertainty in the magnitude of this
parameter at the site,there is uncertainty in the score for the Yucca
Mountain site for the nominal case. The base-case score for the first
performance measure is judged to be 10, with a low score of 5. For the second
performance measure, the base-case score is judged to be 9, with a low-to-high
range of 5 to 10.

Scenario 2: Unexpected features

Figure D-5 indicates the range of unexpected features that could occur at
the Yucca Mountain site. The extreme conditions that could result from these
features are those that were not considered in the range of expected
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conditions in the nominal case. These conditions include,for example, the
-possibility (labeled "other" in Figure D-5) that fracture flow dominates
matrix flow or that ground-water movement is dominated by vapor-phase flow.
The probability that extreme conditions outside the expected range could occur
at the site and affect performance is small. The base-case probability is
judged to be .019, with a range from 0 to .2.

The impacts of extreme conditions that result from unexpected features
could lead to releases that could be as much as 10 times greater than those
for the nominal case because, for example, of shorter travel times.
Uncertainties in the score are large. The base case score is judged to be 8,
with a low to-high range of 2 to 10, for both performance measures.

Scenario 3: Repository-induced dissolution of the host rock

Potential disruption of expected repository performance because of
dissolution applies only to relatively soluble media. Hence, this scenario is
not considered to be credible at the Yucca Mountain site.

Scenario 4: Advance of a dissolution front

Potential disruption of expected repository performance because of
dissolution applies only to relatively soluble media. Hence, this scenario is
not considered to be credible at the Yucca Mountain site.

Scenario 5: Movement on a large fault inside the controlled area but outside
the repository

At the Yucca Mountain site there are a number of Quaternary faults within
10 km of the site, and some of them pass through the proposed controlled
area. Because full evaluation of each fault (age and slip rates of movement
is not yet completed, it is not possible to determine specific probabilities
for movement on each separate fault. Recurrence statistics based on data
reported by Greensfelder et al. (1980), Algermissen et al. (1982), and Rogers
et al. (1977), adjusted to the size of the controlled area, suggest that the
probabilities of earthquake magnitudes greater than about 6 are on the order
of 5 x 10-5 per year, with a range of 2 x 10-4 to 10-6.

As described under the nominal case for Yucca Mountain, the current
understanding is that flow in the unsaturated zone moves predominantly
downward through the rock matrix until it reaches the saturated zone, where
flow is predominantly lateral through fractures to the accessible
environment. Fault movement within the controlled area is unlikely to change
the characteristics of this flow pattern. In particular, ground-water travel
time in the saturated zone is assumed to be relatively rapid and any renewed
movement on a large fault is not likely to significantly decrease travel times
in the saturated zone. Since flow is assumed to be vertical in the
unsaturated zone, between the repository horizon and the water table, fault
movement outside this zone of vertical flow would not alter the expected
flow. Thus, while there is a relatively high probability of earthquake
occurrence, there is no credible mechanisms for an event within the controlled
area to alter expected releases. Therefore, this scenario would not provide
impacts more severe than those for the nominal case and thus was not scored
for the Yucca Mountain site.
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Scenario 6: Movement on a large-fault within the repository

Because of the size of the repository as compared with the total
controlled area, the probability of renewed movement on a large through-going
fault is at least 10 times lower than that estimated for scenario 5. For the
Yucca Mountain site, this results in a probability that is on the order of
l0- per year, with a range of lO-5 to 10-

As discussed under' the nominal case for Yucca Mountain site numerous
fractures exist in the stratigraphic units both above and below the reposi-
tory. However, the ground-water movement is predominantly through the matrix
rather than through the fractures. Renewed fault movement is not likely to
alter this condition, primarily because faulting would not be expected to
bring additional volumes of water into the unsaturated zone. If a zone of
perched water were intersected by renewed faulting, flow through the fault
would be transferred into the matrix by the strong negative pressure within
the pores of the unsaturated matrix over relatively short vertical distances.

The early loss of waste packages because of shearing may not be
significant because the radionuclide-travel time provides substantial delay
before the radionuclides reach the accessible environment. Thus, while there
is a relatively high probability of fault movement, there are no credible
mechanisms for the occurrence of a faulting event that could intersect the
repository and alter expected releases. Thus, this scenario was not scored
for the Yucca Mountain site.

Scenario 7: Movement on a small fault inside the controlled area but outside
the repository

From the location and number of faults in the controlled area and
earthquake-recurrence rates published in the literature, it can be concluded
that the Yucca Mountain site has a relatively high probability of earthquake
occurrence. However, because flow is expected to generally occur in the rock
matrix, rather than in the fractures, movement on small faults within the
controlled area, 'including those that intersect the repositoryoy is not
expected to affect repository performance. Thus, this scenario was not scored
for the Yucca Mountain site.

Scenario 8: Movement on a small fault within the repository

As discussed briefly in scenario 7,it can be concluded that the Yucca
Mountain site has a relatively high probability of earthquake occurrence.
However, because flow is expected to generally occur in the rock matrix,
rather than in the fractures, large events within the controlled area,
including those that intersect the repository, are not expected to affect
radionuclide releases. Small fracture movement would not alter the expected
flow in either the unsaturated zone or the saturated zone. Any damage to
waste packages is not likely to lead to significant consequences because the
radionuclide-travel time is so much greater than the waste-package lifetime
under the expected conditions. Thus, this scenario was not scored for the
Yucca Mountain site.
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Scenario 9: Movement on a large-fault outside the controlled area

Of the five nominated sites,the likelihood of significant movement on a
fault outside the controlled area is greatest at the Yucca Mountain site.
Because most of the radionuclide-travel time occurs as transport in the
unsaturated zone, and because flux in the unsaturated zone is independent of
faulting, the only identified mechanism that could alter releases would be an
increased elevation of the water table. However, many large displacements
would be required to significantly modify the vertical position of the water
table. Small changes in the position of the water table are not significant
in terms of changing the radionuclide-travel time to the accessible
environment. Credible movements along known faults within about 10 km of.the
Yucca Mountain site would not be expected.to result in significant changes to
the water table. Because any credible events would have no consequences, this
scenario was not scored for the Yucca Mountain site.

Scenario 10: Extrusive magmatic activity

There is no evidence-of Quaternary magmatic activity at the site.
However, Quaternary volcanism has occurred within the geologic setting.
Available information indicates that silicic volcanism ceased at least 8
million years ago in the southern Great Basin. Basaltic volcanic activity has
continued during the last 6 to 8 million years, but in episodes that are
separated by hundreds of thousands;of years (Crowe et al., 1982). The most
recent episode of basaltic activity near Yucca Mountain occurred approximately
270,000 years ago.

Two methods have been used to determine the rate of volcanic activity at
the site. The first is to determine the annual rate of magmatic production in
the vicinity of the site. A significant finding from these studies is that
there is an apparent decline in the rate of magma production (surface eruptive
products calculated as magmatic volume equivalents) for this area during the
past 4 million years (Vaniman and Crowe, 1981). This is consistent with other
studies that have identified a decrease in the rate of volcanic activity
responsible for basaltic volcanism (Crowe et al., 1982). The second method to
determine the likelihood of magmatic activity is by evaluation of the density
of volcanic cones in the area. Correcting for the likelihood of an occurrence
at the Yucca Mountain site, the annual probability of volcanic disruption
within 10 m2 of an assumed repository is calculated to be 2.9 x l0
(Crowe and Carr, 1980). A more recent report the annual probability of
volcanic disruption at a waste repository at Yucca Mountain to be between
4.7 x 10- to 3.3 x 10-10 (Crowe et al., 1982). These estimates indicate
that the probability of repository disruption because of basaltic volcanism
would be very low.

Nevertheless, it is possible for the probability of an event in the next
10,000 years to be somewhat greater than 1 chance in 10,000. The probability
of this scenario during the next 500 years is judged to be 5 x 10- with a
range of 5 xl0-5 to 10-10 over 500 years.

In order to establish a basis on which to score the site, it is assumed
that the dike would be about 4 m wide and extend over a length of about 4 km.
Estimates by Link et al. (1982), taking into account the random orientation of
the dike with respect to the repository and the density of waste packages in
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the repository, indicate that about seven waste packages could be contacted by
the dike. This estimate is considered to be conservatively high because
planes of structural weakness along which a dike would form have a definite
orientation at the site. The inventory of waste in this number -of packages in
the first 500 years would correspond to between 5 and 50 times the EPA release
limits if all this waste was released to the accessible environment (DOE,
1980). It is possible that very little of the waste would actually be
entrained into the magma. Furthermore, the waste reaching the surface would
be fixed into basalt and not necessarily be available for release to the
accessible environment. Erosion of the cooled lava could result in a release
of radionuclides. On this basis, the base-case score is judged to be 2 with
a low-to-high range of zero to 7, for the first performance measure. During
the time period 10,000 to 100,000 years, radioactive decay will reduce the
radioactivity in the waste entrained in the magma. In addition, if the event
occurs early, it is likely that most of the release would occur in the first
10,000 years and only a small fraction after this time. The base-case score
for the second performance measure is judged to be 7, with a low-to-high range
of 3 to 9.

For evaluation of an event that occurs after 500 years, the consequence
decreases because the inventory decreases. For example, the inventory for
seven packages ranges between two and five times the EPA limits in 10,000
years. The base-case score for the first performance measure is judged to be
3, with a low-to-high range of 0 to 7. For the second performance measure,
the base-case score is judged to be 7, with a low-to-high range of 2 to 10.

The base-case probability of a late event occurring between 500 and
10,000 years is estimated to be 10-, with a range of 10-4 to 10-.

Scenario 11: Intrusive magmatic activity

The geologic history of Yucca Mountain suggests that basaltic volcanism
is barely credible at the site. Furthermore, this evidence suggests that
plutonic intrusion has a much lower probability at the site. Therefore,
intrusive magmatic activity is not considered to be credible at this site.
Further, the consequences of an intrusive magmatic event are probably bounded
by the extrusive-event scenario for the Yucca Mountain site. Thus, the Yucca
Mountain site was not scored against this scenario.

Scenario 12: Large-scale exploratory drilling

The EPA has concluded that the likelihood of inadvertent and intermittent
drilling need not be taken to be greater than 30 boreholes per square
kilometer of repository area per 10,000 years for geologic repositories in
proximity to sedimentary rock formations nor more than 3 boreholes per square
kilometer per 10,000 years in other geologic formations (40 CFR Part 191,
Appendix B). The probability of drilling 30 boreholes per square kilometer in
10,000 years is estimated to be slightly less than 1 chance in 10,000 in
sedimentary basins and much less than this for other types of rock formations,
such as at the Yucca Mountain site (Arthur D. Little, Inc., 1980). Because of
the negligible probability for large-scale drilling at the Yucca Mountain
site, this scenario was not scored.
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Scenario 13: Small-scale exploratory drilling

The EPA has concluded that the likelihood of indirect and intermittent
drilling in geologic formations like those at Yucca Mountain need not be taken
to be greater than 3 boreholes per square kilometer in 10,000 years (40 CFR
Part 191, Appendix B). However, even if exploratory drilling were to take
place at the Yucca Mountain site, the consequences would be insignificant.
Because of the high suction pressure of the rock in the Topopah Spring Member,
influx through the borehole would be likely to be taken up by the matrix.
Thus, no additional flux would occur beyond that considered in the nominal
case. No significant-consequences are expected at the Yucca Mountain site
because of drilling, and therefore the site was not scored against this
scenario.

Scenario 14: Incomplete sealing of shafts and the repository

Failure of the shaft and repository seals is not expected to provide
significant impacts on the site performance factors at the Yucca Mountain
site. No additional flux would be introduced into the repository, and the
radionuclide-travel times would not be affected as long as the average flux is
low enough to be dominated by matrix flow. Therefore, this site was not
scored against this scenario.
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-Appendix E

INFLUENCE DIAGRAMS AND PERFORMANCE MEASURES,
FOR PRECLOSURE OBJECTIVES

Chapter 4 briefly described the performance measures associated with the
preclosure siting objectives. It was noted that there are basically two kinds
of performance-measure scales: natural and constructed. Natural scales enjoy
common usage, such as dollars. Constructed scales must be developed for the
problem at hand--for example, socioeconomic impacts. The purpose of this
appendix is to describe the basis for the choice of the measures presented
previously, in particular the choice of the technical descriptors that
influence the extent to which a site is likely to achieve an objective.

The process of selecting descriptors was systematic and comprehensive,
and was aided by the construction of influence diagrams for each measure.
Influence diagrams are a tool for communicatingand clarifying the technical
considerations that link performance measures with objectives. Each diagram
should reflect a natural logical flow, that is intuitive. They are not unique,
but should seem reasonable to the informed reader. The lower-level factors
whose arrows lead into a given higher-levelfactor should represent distinct
characteristics that, if known, would largely eliminate the uncertainty in the
higher-level factor. The-lowest-level factors represented in the influence
diagram (those factors that have no arrows leading into them) should represent
fundamental characteristics for which further disaggregation provides no
significant additional insight.

Influence diagrams were-generated through an iterative process involving-
both technical specialists and decision analysts. For each siting objective,
a workshop was conducted to produce a preliminary diagram. The first step in
the workshop was to select a direct measure that indicates the degree to which
the objective is met. Forexamplethe total number of fatalities might be
chosen as a direct measure for the objective "minimize nonradiological health
effects to facility workers. The-most significant influencingfactors were
then identified by asking, "What key pieces of information would resolve
uncertainty over that value of this measure?" Other formulations of this
question were also used to help identifyinfluencing factors.

As key factors were identified, they were added to the diagram. The
process was then continued by identifying additional factors influencing the
already identified factors. The process of identifying additional factors for
the diagram was continued until it reached a level of fundamental
characteristics that do not need to be broken down. To avoid unnecessary
complexity, identified factors were tested and removed if they failed to
satisfy the following requirements: (1)each factor must be significant in
the sense that its influence on the factors to which its arrow leads are
significant relative to the other factors with arrows that lead to the same
factors and (2) the factors must differ for at least two of the nominated
sites. (Sometimes, a factor that-does not differ among sites was left in the
diagram because its inclusion is necessary to clarify the logic underlying the
diagram.)
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The final step in the development of the preliminary diagram was to
identify the most significant or important of its influencing factors. Double
ellipses were drawn around these factors. The lowest-level factors with
double ellipses then represent the key site characteristics tentatively
identified as the basis for developing the performance measures.

Once preliminary diagrams were developed, members of the workshop
reviewed the preliminary diagrams with colleagues and others to identify
refinements and revisions. These revisions were reviewed by decision analysts
to ensure that consistency with the logic of influence diagrams was
maintained. Once consensus had been obtained for the structure of an
influence diagram, its most significant factors (double-ellipse factors) were
identified as the basis for the performance measure, which was then used to
score the sites.

For some objectives, detailed analytical models that directly calculate
the impacts were available. For example, detailed models and data were
available to calculate impacts for all of the transportation objectives that
are related to health and safety. In these instances, the construction of
influence diagrams merely aids the reader in identifying the major inputs to
the models. For several of the other performance objectives, models were used
to calculate major inputs to the evaluations of the sites. For example, total
labor requirements, a key input to the calculation of nonradiological
fatalities in repository workers, were computed by the same model that
calculates total facility costs. For the objectives that require constructed
scales, analytical models in the sense described above do not exist, and thus
impacts must be evaluated indirectly (e.g., socioeconomic impacts).

The sections that follow present the influence diagram for each
preclosure objective together with some explanatory text.

E.1 OBJECTIVESIRELATED TO HEALTH AND SAFETY

These are eight objectives that are related to health and safety, four
associated with the repository facility itself and four with waste
transportation. Two radiological and two nonradiological objectives are
included in each group. The objectives associated with the facility are
described first in this section, followed by the objectives associated with
transportation.

E.l.l PERFORMANCE OBJECTIVE 1

Performance Objective and Performance Measures

Performance objective 1 is to minimize the preclosure radiological health
effects that are experienced by facility workers and are attributable to the
facility. The performance measure is the number of radiological health
effects in facility workers.
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Influence diagram

The diagram is shown in Figure E-l and is described below. The numbers
in parentheses identify the various influence factors. The number of
preclosure radiological health effects (l) that are experienced by facility
workers and are attributable to the facility depends on the dose-response
relationship (28) and radiological exposures from routine operations
(including construction) or accidental occurrences (2,3, and 4). Routine
operations can be conducted on,'the surface or underground. While included for
completeness, accidents that occur at the site are expected to have comparable
consequences to the exposed workers at each site and are therefore
nondiscriminating considerations in the influence diagram.

Routine operations at the surface. There are three kinds of routine
operations at the surface that can result in radiation exposure: waste
receiving, waste handling-hot cells, and hot cell to hoist operations.
Waste-receiving operations include the unloading of shipping casks from trucks
or rail cars, the unloading of the waste, storing the waste, and moving the
waste to the hot cell. Radiation exposures will occur from direct exposure to
the waste casks as well as from such activities as the management of the
low-level liquid wastes that are generated during the washdown and
decontamination of casks. Hot-cell operations will result in exposures from
activities related to the preparation of the waste for disposal (e.g.,
removing the spent fuel fods from the hardware that holds them together
loading into disposal containers, decontamination,and disposal of any
radioactive wastes generated in the process). Hot cell to hoist operations
will involve the storage and handling of the waste containers on the surface.
For clarity, this detail is not shown in the influence diagram.

Exposures due to normal surface operations(2) depend on the radiological
characteristics of the casks and waste packages' (7), the number of workers
exposed per operation (8), the duration of worker exposure per operation (10),
and the number of operations (9).

The radiological characteristics of the casks or the waste packages (7)
depend on their designs (14, 16): the amount of waste per package, the
thickness of the container walls, the container material, the type of
waste, etc.

The Aumber of waste handling and waste-processing operations is
proportional ,to the number of casks (15) and waste packages (17,)that are
handled. The numbers of casks and waste packages that are required depend on
their designs (14, 16).

The waste-package design depends on the characteristics of the host rock
(27), the most important characteristic being thermal conductivity. The
ability of the host rock to dissipate heat dictates the size of the waste
package (i.e.,the amount of waste per package)and the spacing between
packages. Rock with a low thermal conductivity would require smaller packages
(less waste per package but more packages) and/or greater spacing between
packages.
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Figure E-1. Factors that influence the radiological health effects incurred by repository workers.



Routine operations underground. The underground operations that can
result in radiation exposures (4) are (1) shaft (or ramp) operations, which
involve the trainsfer of the waste to the underground repository; (2)
underground transport operations, which involve moving the wastecontainers
from the hoist to the emplacement room; and (3)emplacement operations, which
involve emplacing the waste containers into the emplacement holes. For
clarity, this detail is not shown in the influence diagram. For the workers
involved in these operations, exposures(12) will result from the natural
radioactivity of the host rock (18) that is, exposure to released radon
and from the radiation from the waste packages(13) that is, direct
exposure to a waste package and the radiation field created by other waste
packages already emplaced.

Exposures due to ambient radiation (12) depend on the natural
radioactivity of the rock (18), the ventilation rate (19), and the number of
underground workers (20). Rock with a very low natural radioactivity will not
yield any significant radiation exposure regardless of the ventilation rate.
In rock with moderate radioactivity, the radiation exposure of workers can be
reduced by providing adequate ventilation so that radon concentrations do not
build up in the repository. Most workers exposed to the ambient underground
conditions would stay underground for the entire work-shift, and therefore the
duration of exposure is not a discriminator.

The ventilation rate (19) is directly related to the size, layout, and
design (e.g., the number and location of ventilation shafts, size of
ventilation equipment). Radon control may be a secondary purpose of
ventilation, the primary purpose being temperature or dust control.

The exposures of workers to radiation from the waste itself depend on
several factors, including the radiological characteristics of the waste
packages (21) the number of operations(23) the number of workers exposed per
operation (22) and the duration of exposure for each worker for each
operation. In addition, underground workers, particularly those working in
the waste-emplacement rooms, are exposed to the radiation field created by
previously emplaced waste packages (25).

The number of underground workers depends on the layout and design of the
underground repository (26) and the charaicteristics of the host rock (27).
For example, the number of workers is affected by the quantity of rock to be
mined and the mining techniques that must be used.

The time required for an underground operation depends mainly on the
underground layout and design (26). For example, the distince between the
hoist shaft and the emplacement rooms could affect the exposure time for
workers. Close spacing between waste packages could increase the time
required to emplace a package to avoid disturbing previously placed packages.
The use of horizontal emplacement holes could require emplacement times that
differ from those for vertical emplacement.

The exposures of workers from previously emplaced waste packages depend
on the underground layout and design(26),in particular the spacing between
waste-emplacement holes and the radiological characteristics of the
emplacement-hole and the characteristics of the rock (27) -- that is, the
shielding properties of the rock.
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The layout and design of the, underground repository depend on the
characteristicsof the rock (27), such as thermal conductivity, internal
stress, tendency to close in salt formations, and requirements for roof
support. Thermal conductivity is the rock characteristic that has the
greatest effect on the layout and design (i.e., waste-package spacing).

Accidents. Radiological health effects due to accidents depend on the
number of accidents (5) and their consequences (6).

The number of accidents,(5) involving waste package is a function of (9)
(23) the number of surface and subsurface handling operations. Accidents
could occur during receipts (e.g., dropping a cask), during host-cell
operations (e.g., fire, explosion, or dropping a fuel assembly) or during
waste transport or emplacement (e.g., a hoist drop).,

The radiological consequences of waste package handling accidents depend
on the radionuclide content of the cask or waste package. Radionuclide
content depends on the design of the cask or waste package (14) (16).. The
design of a cask or waste package influences the radionuclide release that
would result from a handling accident. The number of exposures also depends
on the number of workers (8)present when the accident occurs.

E.1.2 PERFORMANCE OBJECTIVE 2

Performance objective and performance measure

This performance objective is to minimize the preclosure radiological
health effects experienced by the public and attributable to the facility.
The performance measure is the number of radiological, health effects.

Influence diagram

The diagram is shown in Figure E-2 and is described below

The preclosure radiological health effects experienced by the public and
attributable to the facility (l) can occur through three mechanisms:
inhalation (2), submission (3) and ingestion (4). Inhalation may involve the
radon gas released from the repositoryrock or in the form of radioactive
particulates released by a waste-handling accident. Exposure through
submersion wouldoccurif airborne or water borne releases are deposited in a
water body outside the controlled area and people swim or bathe in the water.
The ingestion mechanism involves both the drinking of water contaminated by a
release and the eating of crops that have taken up radionuclides.

Radionuclide releases can result from routine operations (20) and
accidental occurrences (23). The releases in routine operationsconsist of
the radon emitted from the rock and airborne releases (22) of other
radioactive gases and particulates. Accidental releases result from a loss of
waste containment in such occurrences as a hoist-drop accident or an accident
in waste handling or preparation.
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The number of health effects due to inhalation is determined by the types
and the quantities of released radionuclides released (9); the geographical
distribution of airborne radionuclides (8); and the population in the
predominant wind direction, which is determined by the population distribution
(7) and the predominant wind direction (6). The population distribution is
affected by population changes (13) and the existing population (12) which
depends on the population density (14), distances to populated areas (15), and
site ownership and control (18) (Federal, State, or private).

The number of health effects due to submersion is influenced by the types
and the quantities of the released radionuclides (9), the geographical
distribution of airborne radionuclides (8), and the population distribution
(7). The distribution of airborne radionuclides determined by meteorology
(17), in particular atmospheric dispersion.

The number of health effects due to ingestion depends on how much of the
food consumed by the affected population is-grown in the region (11) and the
types and concentrations of radionuclides in food products (10), which depends
on radionuclide deposition (16). Deposition depends on the types and the
quantities of releases, the geographical distribution of airborne
radionuclides, and meteorology.

E.1.3 PERFORMANCE OBJECTIVE 3

Performance objective and performance measure

This performance objective is to minimize nonradiological health effects
in facility workers. The performance measure is nonradiological deaths of
facility workers.

Influence diagram

The diagram is shown as Figure E-3 and is described below.

Nonradiological health effects in facility workers can be divided into
three categories: the number of underground fatalities and injuries (2), the
number of surface fatalities and injuries (3), and the number of chronic
fatalities and illnesses (4).

Underground fatalities and injuries.. The number of underground
fatalities and injuries (2) is determined by the rate of underground accidents
(6) and the number and distribution of underground workers (5), such as the
number of workers assigned to each job and the size of the groups in which
they work; the latter is determined by the subsurface conditions (17). As is
explained in Appendix F, however,a constant accident rate is assumed in
calculating the number of fatalities.

The number and the type of underground accidents (6) is influenced by
subsurface conditions (17) through the number of rock falls (12); the number
of rock bursts (13); the mining techniques and equipment required (14), since
different techniques lead to different accident types and frequencies; the
gases present (15), which depends on rock characteristics and mining
techniques; equipment failure due to corrosion (11), which depends on
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Figure E-3. Factors that influence the nonradiological health effects incurred by repository workers.



hydrologic conditions; hydrologic conditions causing mine flooding (16);
tectonic activity (19); the number of waste packages (8) which determines the
volume of rock to be mined and the number of packages to be emplaced, thereby
affecting the number of opportunities for accidents; physiological stress (9)
which affects the number of human errors; and the number of accidents per
operation for all operations (7). Hydrologic conditions are influenced by
meteorology (18), such as local rainfall, and subsurface conditions (17), such
as transmissivity. Physiological stress can be caused by high underground
temperatures (10) and hydrologic conditions that lead to high humidity (16).

Surface fatalities and injuries. The number of surface fatalities and
injuries (3) is determined by the rate of surface accidents (7) and the number
and the distribution of surface workers (8). Surface accidents may be caused
by severe weather (18) and tectonic events (19). Also as explained in
Appendix F, a constant accident rate has been assumed.

Chronic illnesses and fatalities. The number of chronic illnesses and
fatalities (4) is influenced by the presence of gases (15), which can cause
illnesses. The presence of gases is influenced by the gas content of the rock
(17) and mining techniques (14). Chronic health effects can also be caused
directly by rock dust, which is also influenced by the rock characteristics
and mining techniques.

E.1.4 PERFORMANCE OBJECTIVE 4

Performance objective and performance measure

This performance, objective is to minimize the nonradiological health
effects experienced by the public and attributable to the facility. The
performance measure is nonradiological health effects in members of the public.

Influence diagram

The diagram is shown as Figure E-4 and is described below.

The nonradiological health effects that are experienced by the public and
are due to the facility (l) depend on the deterioration of incremental air
quality (2) and the functional relationship (3) between air quality and health
effects (i.e., the numbers of illnesses and deaths caused by particular levels
of air pollutants). The deterioration of air quality is caused by emissions
from the facility (4).

Emissions attributed to the facility (4) can come from a number of
sources. Among them are the exhaust gases emitted by the vehicles used by
workers commuting to the site; this depends on the number of workers (5) and
the commuting distance (6). Another source of emissions is the combustion
equipment used in mining and surface construction (7). The quantity of
exhaust gases released by such equipment depends on mining techniques (9) and
the surface alterations necessary (10), which depend on rock characteristics
(11) and surface features (12), respectively. Another source of emissions is
fugitive dust (8), caused by mining (9) and surface alterations (10).
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Figure E-4. Factors that influence the nonradiologicat health effects incurred by the public.



E.1.5 PERFORMANCE OBJECTIVE 5

Performance objective and performance measure

This performance objective is to minimize the preclosure radiological
health effects experienced by transportation workers and attrbutable to waste
transportation. The performance measure is the number of radiological health
effects.

Influence diagram

The diagram is presented as Figure E-5 and is described below.

The number of radiological health effects experienced by transportations
workers from transportation is influenced by nebulous human factors (such as
responses in the event of an accident), but these factors cannot be
quantified, and it is reasonable to assume that their effects would not depend
on the repository site (except through factors in the influence diagram).
Therefore, human factors are not shown in the influence diagram. Another
contributive factor that is quantifiable is the truck/rail mix used to
transport waste to the repository. It does not appear explicitly in the
diagram because the mix does not depend on the repository site; it is
determined by the ability of the waste generator to use each mode of
transportation.

The preclosure radiological-health effects experienced by transportation
workers can be divided into health effects attributable to transportation
under normal conditions(2), which may result from exposure to radiation from
the shipping cask during transportation and health effects that may occur as a
result of accidents (3). The number of health effects from normal
transportation far outweighs those from accidents for all sites.

Health effects from normal transportation. The number of health effects
that result from normal transportation is the product of the number of health
effects per shipment (4) and the total number of shipments that are made (5).

The total number of shipments (5) depends on cask capacity(15) and the
total waste to be shipped (16), which includes defense high-level waste and
spent fuel from commercial reactors. The number of shipments from commercial
reactors is far greater than the number of shipments of defense high-level
waste. The capacity of the shipping cask depends on whether a truck or a rail
cask is used. However, the truck/rail mix depends on the abilities of
individual reactors to use these transport modes, and not on the repository
site. Hence, the truck/rail mix Itself is not a discriminating factor for
siting.

The health effects per shipment (4) can be incurred at stops along the
route (6) or during the actual transit of the transportation vehicle (a). At
stops, the health effects incurred by workers depend on the crew size (14),
the total duration of the exposure (7), and the level of radiation emitted
from the cask (8). The total time at stops (10) depends on the total transit
time (17), which is effected by the shipment distance (13) and the speed of
travel (11). The health effects that are incurred in transit (9) depend on
the total time the shipment is in transit (10), the crew size (11), and the
level of radiation emitted from cask (8).
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Health effects from transportation accidents. The health effects
resulting from transportation accidents depend on the number of accidents that
are severe enough to cause a loss of containment(17) of radioactivity from
the cask above the regulatory limit for normal transportation; and the health
effects that result from each of the severe accidents that result in a loss of
containment (18).

The-number of accidents that result in a loss of containment (17) is the
product of the total number of accidents that occur during transportation (19)
and the fraction of accidents that are severe enough to cause a loss of
containment (20), which is influenced by cask design.

The number of accidents is the product of the total distance traveled
(13) and the accident rate per mile for radioactive waste shipments (21); this
accident rate depends on (22) the existing accident rates for shipments in
general commerce (22) and improvements to the safety condition of the routes
(23). The factors presented on the influence diagram are not an exhaustive
list, but represent those items considered to be important for the purpose of
repository siting. It is recognized that there are other items that may
affect accident rates (e.g., the time of day of travel), but these are not
site dependent.

The number of health effects incurred from an accident resulting in a
loss of containment (18) depends on the crew size (14).

E.1.6 PERFORMANCE OBJECTIVE 6

Performance Objective and Performance Measure

This performance objective is to minimize the preclosure radiological
health effects experienced by the public and attributable to waste
transportation. The performance measure is the number of radiological health
effects.

Influence diagram

The number of radiological health effects experienced by the public from
waste transportation can be influenced by various human factors (e.g.
responses in the event of an accident), but-these factors cannot be
quantified, and it is reasonable to assume that their effects would not depend
on the repository site (except through factors in the influence diagram).
Therefore, human factors are not shown in the influence diagram. Another
contributin factor that is quantifiable is the truck/rail mix used to
transport waste to the repository. It does not appear explicitly in the
diagram because the mix does not depend on the choice of repository site. The
truck/rail transportation mix is determined by the ability of the waste
generator to use each mode of transportation.

The influence diagram is presented in Figure E-6 and is discussed below.
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Figure E-6. Factors that influence the radiological health effects incurred by the public from waste transportation.



Preclosure radiological health effects experienced by the public from
transportation (1) can be divided into (2) the health effects incurred from
transportation under normal conditions (2), which may result from exposure to
radiation from a shipping cask, and the health effects that may be incurred as
a result of accidents (3). The number of health effects from normal
transportation far outweigh those from accidents for all sites.

Health effects from normal transportation. The number of health effects
incurred by the public from normal transportation (2) is the product of the
health effects per each shipment (4) and the total number of shipments that
are made (5).

The total number of shipments (5) depends on cask capacity (18), and the
total quantity of defense high-level waste and spent fuel from commercial
reactors to be shipped. The number of shipments from commercial reactors is
far greater than the number of shipments of defense high-level waste. The
capacity of the transportation cask (18) depends on whether a truck or rail
cask is used. However, the truck/rail mix depends on the abilities of
individual reactors to use these transportation modes, and not on the
repository site. Hence, the truck/rail mix is not a discriminating factor for
siting.

The health effects per shipment can be incurred at stops along the route
(8)or during the actual transit of the transportation vehicle (9).

At stops, the number of health effects incurred by the public depends on
the population density (10) at stops like truck stops, weigh stations, and
rail yards, the total duration of the exposure (11), and the level of
radiation emitted from the cask (12). The population exposed at stops (10) is
related to the population along the transportation route (17), and the total
time at stops (11) depends on the total transit time (13).

The total time spent in transit (13) depends on the shipment distance
(15) and the transit speed (14). Transit speed depends on the amount of
travel by interstate highway (16). The portion of truck travel by Interstate
highway that occurs in the region of the repository site (the "minimum
transportation study area" that is discussed in Section 6.2.1.8 of the EAs) is
a discriminating factor. Interstate highway travel is important because it is
expected that considerably fewer people will be exposed along Interstate
highways than along other routes, because of the generally wider right-of-way
and distance between opposing lines of traffic.

Health effects that occur during transit(9) depend on the total time the
shipment is in transit (13), the population along the transit route (17), and
the level of radiation of emitted from the cask (12).

Health effects from transportation accidents. Health effects resulting
from transportation accidents (3) depend on the number of accidents that are
severe enough to cause a loss of containment with a release of radioactivity
above the regulatory limit for normal transportation and the average number of
health effects (7) that result from each of those severe accidents that result
in a loss of containment (6)
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The number of accidents that result in a loss of containment (6) is the
product of the total number of accidents that occur during transport (20) and
the fraction of accidents that are severe enough to cause a loss of
containment (24), which depends on the design of the cask.

The number of accidents (20) is the product of the total distance the
shipment travels (15) and the accident rate per mile for radioactive-waste
shipments (21). The accident rate for shipments of radioactive waste depends
on the existing accident rates for shipments in general commerce (22) and
improvements to the safety condition of the routes (23). The factors
presented on the influence diagram are not an exhaustive list, but represent
those items considered to be important for the purpose of repository siting.
It is recognized that there are other items that may affect accident rates
(e.g., time of day of travel), but they are not site dependent.

The health effects that result from an accident resulting in containment
loss (7) depend on the population that is at risk from that accident (17), the
level of clean up that is attainable after the accident (25), and the
emergency-response capability near the accident.

E.1.7 PERFORMANCE OBJECTIVE 7

Performance objective and performance measure.

The performance objective is to minimize the preclosure nonradiological.
health effects experienced by transportation workers and attributable to waste
transportation. The performance measure is the number of worker fatalities.

Influence diagram

The diagram is shown as Figure E-7 and is described below. The number of
nonradiological health effects experienced by transportation workers from
transportation (1) is the product of the total number of wasteshipments (4),
the fraction of those shipments that result in an accident (2), and the number
pf health effects, in terms of worker deaths and injuries, that will occur per
accident (3). Nonradiological health effects do not depend on the
radioactivity ofthe cargo; they are similar to the effects that would occur
in any truck or rail accident, whatever the commodity being transported.

The number of accidents'that would occur in any shipment of waste to the
repository (2) depends on the accident rate per mile for radioactive-waste
shipments'(5) and the distance traveled (6).

Because rail routes and highway routes are often of different lengths
from origin to destination, the distance per shipment depends on the mix of
the truck, and rail modes (14). The truck/rail mix depends on the ability of
individual reactors to use these transportation modes, and not on the
repository sites. Truck/rail mix itself is not a discriminating factor for
siting.
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Figure E-7. Factors that influence the nonradiological health effects incurred by transportation workers.



The accident rate for radioactive-waste shipments /(5) depends on the
existing accident rates for shipments-in general commerce (l0); the mode of
shipment (14), truck or rail; and-the population density of the area through
which the shipment travels (11). There are also other factors that may
influence the accident rate for waste shipments such as (9) improvements in
the safety condition of the routes (8), but they are not readily'
quantifiable. The factors presented on the influence diagram are not an
exhaustive list; they represent the items considered to be important for the
purpose of repository siting. It is recognized that there are other factors
that may affect accident rates (e.g., the time of day when travel occurs), but
they are not site discriminators.

Since rail casks and truck casks are of different sizes, they carry a
different number of spent-fuel assemblies. The mix of truck and rail modes
(14) and the total quantity of waste (14) are the factors that determine the
total number of shipments (4).

The severity of the consequences of an accident, in terms of deaths and
injuries in transportation workers (3), depends on the speed at which the
vehicle is traveling (7); the number of workers at risk,which is the crew
size (8); and proximity to emergency care facilities (13). The type of area
(e.g., urban, suburban, rural) in which an accident occurs (11) may affect
proximity to emergency medical facilities (13).

The speed at which the vehicle travels(7) varies between trucks and
trains and through urban, suburban, and rural areas. For trucks the speed is
also affected by the portion of travel that is by Interstate highway (15).

E.1.8 PERFORMANCE OBJECTIVE 8

Performance objective and performance measure

This performance objective is to minimize the preclosure nonradiological
health effects experienced by the public and attributable to waste
transportation. The performance measure is the number of accident fatalities.

Influence diagram

The influence diagram is shown as Figure E-8 and is discussed below.

The number of nonradiological health effects experienced by the public
from transportation is the product of the total number of waste shipments (4),
the fraction of those shipments that result in an accident (2), and the number
of health effects, in terms of deaths and injuries, that will occur per
accident (3). Nonradiological health effects do not depend on the
radioactivity of the cargo; they are similar to the effects that would occur
in any truck or rail accident, whatever the commodity being transported.
Although the public would incur some health effects from the pollutants
emitted by the transport vehicles, these effects are not considered because
they would occur almost exclusively in urban areas and are quite small in
comparison with accident effects.
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Figure E-8. Factors that influence the nonradiological health effects incurred by the public from waste transportation



The number of accidents that would occur in any shipment of waste (2) is
the product of the accident rate per mile for radioactive-waste shipments (5)
and the distance traveled (6).

Because rail routes and highway routes are often of different lengths
from origin to destination, the distance per shipment depends on the mix of
truck and rail modes (14). It should be emphasized that truck/rail mix,
depends on the abilities of individual reactors to use these transport modes,
and not on the repository site. The truck/rail mix itself is not a
discriminating factor in repository siting.

The accident rate for waste shipments depends on the existing accident
rates for shipments in general commerce (10); the mode of shipment (14) truck
or rail and the population density of the area through which the shipment
travels (11). There are'Also other factors that may influence the accident
rate for shipments to the repository, but they are not readily measurable; an
example is improvements in the safety condition of the routes (9). The
factors presented on the influence diagram are not an exhaustive list,but
represent the items considered to be important for the purpose of repository
siting. It is recognized that there are other items that may affect accident
rates (e.g., the time of day when travel occurs), but they are not site
discriminators.

Since rail casks and truck casks are of different sizes, they carry a
different number of spent fuel assemblies. The mix of truck and rail modes
(14) and the total waste (18)are the factors that determine the total number
of shipments (4).

In any one accident some members of the public (8) are at risk of being
injured or killed. The number is determined by the number of passengers in
other vehicles involved in the accident (17); the mode of shipment, by rail or
highway; and, for a truck accident, the density of vehicles on the road (16),
which differs in urban, suburban, and rural areas (11). In addition to
accidents involving the same type of vehicle (e.g., a train carrying waste and
a passenger train or a truck carrying waste and a passenger car) other types
of accidents are possible. These could include pedestrians or grade crossings.

The severity of the consequences of an accident, in terms of deaths and
injuries to the public (3), can depend on the speed at which the transport
vehicles is traveling.(7). The type of area (i.e., urban, suburban,rural) in
which an accident occurs may also influence proximity to emergency medical
care (13). Proximity to emergency medical facilities can affect the outcome
of an accident.

The speed at which the transport vehicle travels varies between trucks
and trains, and among types of areas (urban, suburban, and-rural). It is also
affected by the portion of travel that is by Interstate highway (15).
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E.2 ENVIRONMENTAL IMPACTS

There are three objectives related to the minimization of environmental
impacts; they are concerned with aesthetics impacts; archaeological,
historical and cultural impacts; and biological impacts. Both the effects
from the repository facility itself and from waste transportation are
considered within each objective.

E.2.1 ENVIRONMENTAL PERFORMANCE OBJECTIVE 1

Performance objective and performance measure

This performance objective is to minimize the degradation of aesthetic
qualities attributable to the repository and waste transportation.

Since there is no readily quantifiable measure for the degradation of
aesthetic qualities that is attributable to the repository and waste
transportation, the performance measure addresses degradation on a scale of
effects from "none" to "major" aesthetic effects.

The EAs contain the data and analyses pertinent to this particular
objective. Sections 4.2.1 and 5.2 of the EAs describe the effects on
aesthetic quality from site characterization activities and from repository
construction, operation, and decommissioning respectively. Section 6.2.1.6
evaluates each particular site against the technical guideline on
environmental quality.

Influence diagram

The diagram is shown as Figure E-9 and is described below.

The degradation of aesthetic qualities (1) is caused by visual changes
(2) and incremental noise (3); it is influenced by the aesthetic sensitivity
of the resource (4) the uniqueness of the resource area (5), and the affected
population (6). (It is worse to affect a unique area because the same
aesthetic qualities cannot be experienced elsewhere.)

Visual changes (2) are changes in lighting (7), color (8), and form (9).
These are caused by new structures (10) and alterations of the land surface
(11); they depend on the distance between the aesthetic resource and the
facility (12).

Incremental noise sources (3) are transport vehicles (13), construction
equipment for both excavation and surface construction (15, 17, 18) and
repository operations (14). The level of noise is affected by the
noise-transport characteristics of the site (19), which include buffers.

The terrain of the site (16) will determine the surface alterations (11)
that are necessary, the construction equipment that is used (15), and the
existing visual setting (22).
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Figure E-9. Factors that influence the degradation of aesthetic quality.



The aesthetic sensitivity, or environmental context, of the resource area
(4) is affected by the existing visual setting, background noise and ambient
air and water quality (21); the intended resource use, such as scenic
highways, recreation,(24); the aesthetic resources present, such as secluded
areas, landmarks, and vistas (27); and the designation of the area as an
aesthetic resource (31), such as a State or National Park, wildlife refuge,
forest land, or component of the wilderness preservation system.

E.2.2 ENVIRONMENTAL PERFORMANCE OBJECTIVE 2

Performance objective and performance measure

This performance objective is to minimize the degradation of
archaeological, historical, and cultural properties that is attributable to
the repository and waste transportation. Since there is no readily
quantifiable measure of degradation for archaeological historical, and
cultural properties, the performance measure addresses degradation on a scale
of effects from "none" to "major impacts on a property of national
significance."

Influence diagram

The diagram is shown as Figure E-10 and is described below.

The degradation of archaeological, historical, and cultural properties
(1) depends on the number of properties affected (2) and the significance of
the effects on the properties (3).

The significance of effects on properties (3) depends on the significance
of the properties (3) depends on the significance of the properties (4) the
magnitude of the effects on properties (6), and amenability of the effects on
the properties to mitigation (5).

The significance of properties (4) depends on classification in various
registers (7) and value to local (8), State (9), or national (10) populations;
the uniqueness of the site (11); the research value of the site (12); treaty
rights held by Indian Tribes (13); the representatives of the site with
respect to process, type, or cultural group (14).

Amenability to mitigation (5) is related to whether the property's value
depends on the environment (as in a property of religious significance, which
is important beyond the information it contains) and to the technical
feasibility of isolation from environmental disruption (19)-that is, the
ability of the property to be protected from environmental changes or
excavated in its entirety.

The magnitude of effects on properties depends on the type of effects:
alteration or destruction of property (20); alteration or isolation from the
environment (21); the introduction of elements that are out of character (22);
and damage to the integrity of the property (23). Those effects could occur
through vandalism (24), increased air pollution (25), construction (26),
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Figure E-10. Factors that influence the degradation of archaeological, historical, and cultural properties.



increased noise (27), changes in land use (28), and increases in traffic (29),
all of which depend on the location of the significant properties and
proximity to the affected areas.

The areas affected and proximity of properties to these depend on
repository construction and operation (31, 32), access-route construction
(33), the transportation of waste (34), and the increased population (35) and
commuting (36) that result from an influx of workers (37).

E.2.3 ENVIRONMENTAL PERFORMANCE OBJECTIVE 3

Performance Obiective and Performance Measure

The objective is to minimize the biological degradation attributable to
the repository and the transportation system.

Since there is no readily quantifiable measure for the degradation of
biological resources, the performance measure addresses degradation on a scale
of effects from "none" to "major."

Influence diagram

The diagram is shown as Figure E-ll and is described below.

Biological degradation attributable to the repository and the
transportation system (1) depends on project-related environmental changes (2)
and the biological resources at risk (3).

Environmental changes (2) fall into three categories: direct effects
(4), land-form alterations (5), and project-related emissions (6).

Direct effects (4) are caused by water withdrawals (7); traffic (80),
which causes road kills; hunting (9), and traffic in resource areas (10),
which can disturb sensitive species.

Land-form alteration (5) depends on the design of facilities and access
corridors (11) and on the existing land conditions (12); for example, there
would be significant land-form alteration to create the access corridor at a
site with a very rough terrain.

The biological resources (3) at risk can be divided into plant and animal
species at risk (17) and habitat at risk (21). Species at risk can be further
categorized as protected (threatened and endangered) species (180);
significant species (19), which are considered for threatened and endangered
status; or other species (20).

The habitat at risk (21) depends on the protection status ofthe area
(22), the presence of areas with resource-management significance (24), and
habitat conditions (23), such as sensitivity of habitat.



Figure E-1 1. Factors that influence biological degradation.



Habitat conditions (23) depend on the productivity of the land (27); land
use (26), such as recreational land use; and natural conditions (28) -- that
is, the combination of terrain and physiography (28), meteorology (29), the
availability of water (30), soil characteristics (31).

E.3 SOCIOECONOMIC IMPACTS

This section discusses the socioeconomic impacts of the repository and
waste transportation.

Performance objective and performance measure

The performance objective is to minimize the adverse socioeconomic
impacts attributable to the repository and waste transportation.

Since there is no readily quantifiable measure of socioeconomic impacts,
the performance measure addresses impacts on a scale from "no impacts" to
"major socioeconomic impacts."

Influence diagram

The diagram is shown as Figure E-12 and is described below.

The adverse socioeconomic effects (1) attributable to the repository and
waste transportation are of two types: effects due to the incompatibility of
the repository with the community (2) and effects due to the inability of the
existing structure to deal with repository-induced growth (3).
Incompatibility effects can be associated with lifestyles and values (4) or
with land use and ownership (5).

All compatibilities and inadequacies arise from the interactions between
community structures and characteristics (8) and repository- and
transportation-related requirements, contributions, and characteristics. It
is this interaction between the project and the existing community that causes
positive or negative socioeconomic effects.

Community structures and characteristics can be categorized as economic
structure (10); social structure (15), including lifestyles and values;
demographic structure (16); and private and public facilities and service
structures (17, 18).

A community economic structure is characterized by its economic diversity
(14); water and mineral resources (11); existing and planned land uses (12),
such as industry, agriculture, commerce, residence, recreation, and tourism;
and current land ownership (13) (Federal, State, tribal, or private).

Private and public facilities (17) and service structures (18) are
housing (22); the transportation infrastructure (24); government and fiscal
structure (25); emergency facilities (26), such as fire protection, police
protection, and hospitals; and public service infrastructure (27).
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Figure E.12. Factors that influence adverse socioeconomic effects.



Repository- and transportation-related requirements, contributions, and
characteristics (9) are, requirements for labor (30) and materials (31). The
construction and operation of the repository will create labor and materials
demands, and the large influx of labor for the repository will create a demand
for real and personal property, transportation facilities, and consumer goods
and services. The repository will also contribute to the public revenues (32)
(e.g., by increasing the tax base).

E.4 ECONOMIC IMPACTS

This section describes the costs attributable to the repository itself
and to waste-transportation operations.

E.4.1 COST PERFORMANCE OBJECTIVE 1

Performance objective and performance measure

This performance objective is to minimize the cost of the repository.
The performance measure is the cost in dollars (no discounting).

Influence diagram

The diagram is shown as Figure E-13 and is described below.

The total repository cost consists of the costs of development and
evaluation (2), construction (3), operation (4), and decommissioning (5).
Development and evaluation costs were assumed to start in 1983, and
decommissioning is assumed to occur in approximately 80 years.

The cost of development and evaluation (2) consists of the cost of site
characterization (6) and the cost of repository and waste-package design (7).

The cost of construction (3) is defined as the cost incurred during the
construction category of the repository. The two types of cost in this
category are the cost of the surface facilities (8) and the cost of mining and
constructing the underground repository (18). Only a part of the total mining
for the repository is done during the construction phase; the rest is done
during the operating phase of the repository.

The costs of the surface facilities (8) consists of the cost of land
acquisition (9) and the cost of constructing the surface facilities (10).
Construction costs depend on the plan and design of the surface facilities
(15), including the size of the work force and the required labor skills,
materials, and equipment, and the unit cost of each type of labor (11),
materials (13), and equipment (14). The plan and design of the surface
facilities are also affected by surface conditions (12), such as the terrain
(16) and weather conditions (17), which may affect the type of earth-moving
that must be planned.
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The cost of mining (18) is the total cost of constructing the underground
portion of the repository. It is affected by the mining plan and design (19),
which includes labor, materials, and equipment, and the unit costs of labor
(21), materials (22), and equipment (23). The cost of mining is also heavily
dependent on the method of mining (20), which depends on underground
conditions (24).

Underground conditions (24) covers various aspects of the host-rock
environment, such as seismicity (25), rock conditions (26), ground-water
conditions (26), the depth of the repository (28), and the presence of gas
(29). Rock conditions depend on rock strength (30), the geologic structure
(31), in-situ stress (32), and temperature (33). Ground-water conditions
depend on temperature, the quantity of ground water (34), and ground-water
pressure (35).

The cost of waste emplacement (36) is the total cost associated with
waste emplacement; it includes the direct costs of emplacement as well as the
indirect costs, such as the maintenance of the repository. These costs are
influenced by the emplacement plan (49), which includes the number and type of
waste packages (38) and the duration of operations (37), and the unit costs of
labor (39), materials (40), equipment (41), and waste packages (42).
Emplacement costs are also influenced by underground conditions through
repository-maintenance costs.

The cost of decommissioning (5) includes all costs associated with the
closure of the repository. It is influenced by the decommissioning plan (43)
which includes the labor, materials and equipment requirements for
decontamination (44), and backfilling and sealing. (45) This plan, along with
the unit costs of labor (46),materials (47), and equipment (48), will yield
the total cost of the decommissioning phase.

E.4.2 COST PERFORMANCE OBJECTIVE 2

Performance objective and performance measure

This performance objective, is to minimize the cost of total
transportation. The performance measure is the cost in dollars (no
discounting).

Influence diagram

The diagram is shown as Figure E-14 and is described below.

The total cost of transportation (1) consists of the cost of development
and evaluation for the transportation system (2), cask-acquisition cost (3),
and transportation-system operating and maintenance cost (4). The
cask-acquisition and operating and maintenance costs are considerably higher
than development costs, which are the-same for all sites.

The cost of cask acquisition is the product of the number of casks (5) by
type (truck or rail) and the cost per cask by type (6), summed over types.
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Figure E-14. Factors that influence total transportation costs.



The operating and maintenance cost of the transportation system (4)
depends on the distance per shipment (7), the total number of shipments (8),
and the truck vs. rail mix (9). The number of shipments is influenced by the
truck/rail mix because the two types of casks have different capacities.

The distance per shipment (7) affects the time required for each shipment
and thus the number of shipments a single cask can carry. Since the total
number of shipments is constant, the distance per shipment affects the number
of casks required (5). The truck/rail mix (9) determines how many casks of
each are required. However, since the truck/rail mix depends only on the
capability of individual reactors to use these transportation modes, and not
on the repository site, it is not a site discriminator.
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Appendix F

SITE RATINGS ON PRECLOSURE OBJECTIVES

Chapter 4 summarized the ratings assigned each site on each of the 14
objectives in the preclosure analysis. The purpose of this appendix is to
present additional information on the basis for the site ratings. The
appendix is organized according to the major categories of concern in the
preclosure period--namely, health and safety (radiological and nonradiological
effects incurred by the public or workers from the repository or waste trans-
portation), environmental and socioeconomic impacts, and the costs of the
repository and waste transportation.

F.1 HEALTH-AND-SAFETY OBJECTIVES

There are eight health-and-safety objectives,four each associated with
the repository and with waste transportation. Two of the four objectives in
each category are related to radiological safety, and the other two are
related to nonradiological safety.

With regard to radiological-safety objectives,some discussion of the
relationship of radiation doses to radiological effects is in order. Because
any radionuclide releases are expected to be small and the radiation dose
received by any individual will be small, the effects will be long-delayed
somatic and genetic effects; they will occur, if at all, in a very small frac-
tion of the persons exposed. Even in severe accidents involving larger doses,
there is no possibility of an "acute" radiation effect that results in death
within days or weeks. The effects that must be considered are (1) cancers that
may eventually result from whole-body exposures and, more specifically, from
radioactive materials deposited-in the lung, bone, and thyroid and (2) genetic
effects, which are reflected in future generations.

Knowledge of these delayed effects of low doses of radiation is neces-
sarily indirect because their incidence is too low to be observed against the
much higher incidence of similar effects from other causes. Thus, for example,
it is not possible to attribute any specific number of human lung cancers to
the plutonium present in everyone's lungs from weapons-test fallout because
lung cancers are known to be caused by other materials present in much more
hazardous concentrations and because lung cancers occurred before there was
any plutonium. Even in controlled studies with experimental animals, one
reaches a low incidence of effect indistinguishable from the level-of.effect
in unexposed animals, at exposure levels far higher than those-predicted to
result from waste-management and disposal activities. Hence only a relation-
ship between health effects and radiation doses can be estimated, basing this
estimate on observations made at very much higher exposure levels, where ef-
fects have been observed in people, and on carefully conducted animal experi-
ments.

The various dose-effect relationships and the models for projecting risks
forward in time that have been proposed in the literature produce widely
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different estimates of the health effects from low radiation doses. A range
of 50 to 500 premature deaths from cancer and 50 to 500 specific genetic
effects in all generations per million man-rem encompasses the estimates in
the published literature. A value of 280 fatal cancers (radiological fatal-
ities) per million man-rem is used here in the preclosure analysis of the
nominated sites. This value is in the upper range of the risk estimates and
is the value the Environmental Protection Agency (EPA) used in developing the
environmental standards for geologic disposal, 40 CFR Part 191 (EPA, 1985).
Thus, the adoption of 280 fatal cancers as the risk factor ensures consistency
with the postclosure analysis. This value is also higher (more conservative)
than that-of the most recent analysis, prepared for the Nuclear Regulatory
Commission (NRC, 1985), which proposes a "central estimate" of 190 effects per
million man-rem. The choice of one estimate rather than a range also simpli-
fies the analyses presented in Chapters 3, 4, and 5 and thereby improves
clarity. Finally, the assumption of a different dose-effect relationship
would not change the relative ranking of the nominated sites.

Genetic effects are not included in the analysis because they are
strongly and positively correlated with estimates of cancer fatalities. Thus
their inclusion would not be expected to alter the site rankings obtained by
considering only the fatal effects.

F.l.l RADIOLOGICAL FATALITIES IN REPOSITORY WORKERS

One of the health-and-safety objectives is to minimize radiological
health effects in repository workers. The performance measure for this
objective is the number of radiological fatalities incurred by repository
workers from exposure at the repository.

Workers at the repository could be exposed to radiation while on the
surface or underground. The radiation exposure can come from the radioactive
waste or from naturally occurring radionuclides in the rock, during waste-
receipt operations, during the preparation of spent fuel for underground
emplacement (consolidation and packaging), while transporting the waste under-
ground, during emplacement, and in "caretaker" operations. As explained in
Section F.1.3, in estimating the number of workers required for each site,
labor requirements were divided into surface and underground categories, and
each of these categories was divided into radiation and nonradiation sub-
categories. The surface radiation category-consists of workers assigned to
the waste-handling building (i.e., waste receipt and preparation) and the
waste shaft (i.e., waste transfer underground). The underground radiation
category consists only of the workers involved in waste emplacement. However,
as discussed below, all underground-workers can be exposed, to radiation from
the natural radioactivity of-the rock.

A key factor for discriminating among the sites is the number of waste-
handling operations (i.e, the number of waste packages). The number of waste
packages affects the spent-fuel-preparation operations (i.e., packaging),
surface transport to the hoist, and underground transport and emplacement. A
waste package consists of the waste form, which may be spent fuel or high-level
waste, a metal canister for high level waste, and a metal disposal container;
at some sites an internal canister or an external packing assembly may be in-
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cluded. A repository at any of the sites will handle 16,000 packages of
defense high-level waste (equivalent to 8000 MTHM), including a small quantity
of commercial high-level-waste from a demonstration project in West Valley,
New York. The number of high-level-waste packages therefore does not
discriminate among sites. The number of spent-fuel packages, however, varies
with the host rock. The number of workers exposed to radiation from surface
and underground operations is -also important in discriminating among the sites.

While the waste-receipt operations at each site contribute to the total
amount of worker exposure, the number of shipping casks received and the
receipt operations at each site are comparable at each site and therefore are
not considered as discriminators. Other potentially distinguishing factors
related to worker exposure during waste-handling operations are too uncertain
at this time to be used as discriminating factors. These include the design
of the waste packages, the radiological characteristics of the waste packages
the number of workers exposed in each operation, and the time required for
each operation. Exposure due to the radiation field created by already
emplaced waste is not known at this time but is related directly to the number
of waste packages, which in turn depends on the thermal capacity of-the host
rock, on the spacing of the waste packages, and hence on the partial shielding
provided by the host rock itself.

During the construction and operation of the repository, underground
workers could be exposed to radiation from naturally occurring radon
daughters, thorium daughters, long-lived radionuclides, or gamma radiation
from the rock. The amount of exposure received by each worker is directly
related to the natural radioactivity of the-rock and the ventilation provided
the worker. The total exposure is directly proportional to the amount of
exposure per worker and the number of underground workers.

The potential hazard to repository workers from the natural radioactivity
of the rock is indicated by the concentration of radon daughters that might be
expected in the repository atmosphere. The concentration depends on the
natural radioactivity of.the rock and the ventilation provided. Even for high
natural-radioactivity levels, the exposure of workers can be maintained at low
levels if good ventilation is provided.

The unit of dose rate for radon in air is the "working level" (W.L.).
For reference, the Mine Safety and Health Administration (MSHA)estimates. that
a worker exposed to 0.4 W.L. for 173 hours per month for a-year and a worker
exposed to 5 rem per year (the limit allowed for occupational exposure by NRC
regulations for reactors) have approximately equivalent risks. In 1984,
approximately 97 percent of the radon-daughter-exposure records submitted to
the MSHA by the mining industry showed exposures at or below an equivalent of
0.2 W.L. Accordingly, 0.2 W.L. appears to be the worst credible level for
this factor. A mine that has a rock with a low radioactivity or very good
ventilation operates at concentrations of less than.O.l:W.L. In some mines,
such as the Waste Isolation Pilot Plant in New Mexico (a.demonstration
repository being builitin bedded salt for defense transuranic wastes), the
dose rate for radon is 0.001 W.L.

With this as background, then, the estimated number of radiological
fatalities in repository workers can be calculated from the formula
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Fwrad = [kh.[(NUC)(tc)(En) + (N.)(t.)(E.) + (Nrad)(Eo)(ta),

where

kha = the risk factor = 280 fatalities per million man-rem

Nu, = the number of underground-construction workers (full-time
equivalents)

tc = the construction time = 5 years

En the average exposure to radon

No = the number of underground-operation workers (full-time
equivalents)

to = the duration of operations = 26 years

Nrad = the number of radiation workers (underground and surface
workers)

Eo = the average exposure for radiation workers = 0.5 rem per worker

The work force assumed for each site in the calculations is presented in
Table F-1. Because the numbers of workers for the construction and the waste-
emplacement periods are much larger than those for the caretaker period and
because the activities to be performed during the caretaker period have not
been completely defined at present, the latter is ignored in the calculations.
The basis for estimating labor requirements and the site characteristics that
affect them are discussed in Section F.1.3.

The site impacts are summarized below and are described in the text that
follows. The number of fatalities for the base case is given first, followed
by estimates for the low-impact and the high-impact cases in parentheses.

Radiological worker
Site fatalities (range)

Deaf Smith 2 (<1-4)
Davis Canyon 2 (<1-4)
Richton Dome 2 (<1-4)
Hanford 9 (<2-17)
Yucca Mountain 4 ((1-9)

Davis Canyon, Deaf Smith, and Richton Dome,

For the base case, two radiological fatalities in repository workers are
estimated for the salt sites. Since only trace amounts of natural radio-
nuclides are expected in salt, worker exposure to natural radioactivity from
the host rock is expected to be minimal. Measurements at the Waste Isolation
Pilot Plant in New Mexico show the working level to be 0.001. No ventilation
is required for reducing radon concentrations.
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Table F-1. Average staffing levels for the repository
(Full-time equivalentsA)

Surface Underaround Total
Site and phase Radiation Nonradiation Subtotal Radiation Nonradiation Subtotal Radiation Nonradiation Total

Davis Canyon
Construction 0 1165 1165 0 745 745 0 1910 1910
Emplacement 380 450 830 26 387 413 406 837 1243
Caretaker 36 78 114 0 94 94 36 172 208
Backfill 0 79 79 0 222 222 0 301 301

Deaf Smith
Construction 0 765 765 0 783 783 0 1548 1548
Emplacement 380 450 830 26 434 460 406 884 1290
Caretaker 36 78 114 0 124 124 36 202 238
Backfill 0 79 79 0 243 243 0 322 322

Richton Dome
Construction 0 785 785 0 668 668 0 1453 1453
Emplacement 380 450 830 26 408 434 406 858 1264
Caretaker 36 78 114 0 102 102 36 180 216
Backfill 0 79 79 0 206 206 0 285 285

Hanford
Construction 0 552 552 0 933 933 0 1485 1485
Emplacement 487 575 1062 23 573 596 510 1148 1653
Caretaker 35 151 186 0 71 71 35 222 257
Backfill 0 169 169 0 182 182 0 351 351

Yucca Mountain
Construction 0 398 398 0 439 439 0 837 837
Emplacement 276 596 972 12 273 295 288 869 1157
Caretaker 14 61 75 0 36 36 14 97 111
Backfill 0 0 0 0 0 0 0 0 0

A One full-time equivalent equals 2000 man-hours per year.
a Assumptions: the construction period is 5 years; the waste-emplacement period is 26 years; the caretaker period is 24

years; the backfill period is 34 years for Hanford and 3 years for all salt sites; backfill is not planned for Yucca Mountain.



The number of underground workers required for the construction and
operation of a salt repository is expected to be moderate in comparison with
the other sites-an average of about 740 underground workers during construc-
tion and about 440 underground workers during the waste-emplacement period.
The number of workers exposed to radiation from surface and underground waste-
handling operations is expected to be moderate (about 410). The small differ-
ences in the numbers of workers among the salt sites-(see Table F-1) do not
affect the calculations. The number of waste-handling operations is near the
minimum that would be required for a 70,000-MTHM repository. The waste to be
handled includes about 16,000 containers of spent fuel.

The low-impact estimate for the salt sites is less than one radiological
fatality in repository workers. The low-impact case differs from the base
case in that the numbers of underground workers and radiation workers are
assumed to be about half those of the base case. The number of waste-handling
operations is also minimal. While design refinements and waste-handling pro-
cedures could be optimized and further reduce the exposures of workers, no
substantial reductions in health effects over the nominal case would result.

The high-impact estimate for the salt sites is four radiological fatal-
ities in repository workers. In comparison with the base case, the working
level is increased by a factor of 10 to 0.01 W.L., the numbers of underground
workers and radiation workers are doubled, and the number of spent-fuel
packages is increased by 50 percent.

Hanford

The base-case estimate for the Hanford site is nine radiological fatal-
ities. The basalt rock at Hanford is expected to have a relatively low
content of radionuclides (0 to 3 ppm uranium and thorium). The repository is
also expected to require a very high ventilation rate to control temperatures,
which would limit to low levels the doses received by the underground workers
from natural radioactivity in the host rock. As a result, working levels are
expected to be less than 0.1. A working level of 0.1 is consistent with
reported dose rates in mines in basalt, diorite, and granite. However, most
of the exposure from the repository is expected to result from the large
number of workers exposed to the low levels of radioactivity in the rock.

The number of underground workers required for construction and operation
is expected to be relatively high: an average of about 940 underground workers
during construction and an average of 580 during the waste-emplacement period.
The number of workers exposed to radiation in surface and underground waste-
handling operations is expected to be high (about 510).

Because of the poor thermal capacity of the host rock, the waste package
for spent fuel contains smaller quantities of spent fuel than that in the other
types of host rock, and this increases the number of waste packages. Thus, the
number of waste-handling operations is near the maximum that would be required
for a 70,000-MTHM repository. The waste to be handled includes about 35,000
containers of spent fuel.

The low-impact estimate for the Hanford site is two radiological fatal-
ities. The concentration of radon and other natural radionuclides in the
repository may be less than that assumed in the base case. The high ventila-

F-6



tion rate at Hanford could result in working levels lower than 0.1 W.L. The
numbers of underground workers and radiation workers are about half those of
the base case. The number of waste-handling operations does not change.
While design refinements and waste-handling procedures could be optimized and
further reduce the exposures of workers no substantial reductions in health
effects over the base case would result

The high-impact estimate for the Hanford site is 17 radiological fatal-
ities. This estimate is based on the assumption that the numbers of under-
ground workers and radiation workers projected for the base case are doubled
and that the number of spent-fuel packages is increased by 50 percent.

Yucca Mountain

For the Yucca Mountain site, the base-case impact is four radiological
fatalities in repository workers. The tuff rock at Yucca Mountain is expected
to have a relatively low radioactivity (0 to 3 ppm uranium and thorium). The
repository is also expected to require a high ventilation rate to control dust
during excavation, and this would also limit to low levels the radiation doses
received by the underground workers from the radioactivity -in the rock. As a
result, working levels are expected to be less than 0.1.

The number of underground workers required for construction and operation
is expected to be relatively low: an average of about 440 underground workers
during construction and an average of about 290 workers during emplacement.
The number of workers exposed to radiation from surface and underground waste-
handling operations is expected to be low (about 280).

The number of waste-handling operations is moderate for a 70,000-MTHM
repository. The waste to be handled includes about 21,000 containers of spent
fuel.

The low-impact estimate for the Yucca Mountain site is one radiological
fatality. The concentration of radon and other natural radioactivity in the
repository may be less than that assumed in the base case. The high ventila-
tion rate at Yucca Mountain could result in working levels lower than 0.1
W.L. The numbers of underground workers and radiation workers are about half
those of the base case. The number of waste-handling operations may be
smaller than that-of the base case,but not enough to substantially change the
impact. While design refinements and waste-handling procedures could be
optimized and further reduce the exposures of workers, no substantial reduc-
tions in health effects over the base case would result.

The high-impact estimate for the Yucca Mountain site is nine radiological
fatalities. This estimate is based on the assumption that the numbers of
underground workers and radiation workers projected for the base case are
doubled and that the number of spent-fuel packages is increased by 50 per-
cent. The natural-radioactivity level is assumed to be the same as in the
base case (0.1 W.L.) because the high ventilation rate makes a higher level
unlikely.
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F.1.2 RADIOLOGICAL FATALITIES INCURRED BY THE PUBLIC FROM THE REPOSITORY

During the operation of the repository, the public could receive radia-
tion doses from releases (primarily airborne radionuclides) that result from
waste handling and preparation at the site, and one of the health-and-safety
objectives is to minimize the effects of such exposure. The performance
measure for this objective is the number of radiological fatalities incurred
by the public from the repository under normal operating conditions. The
consequences of accidents at the repository were not evaluated for the reasons
explained below.

Generic scenarios for severe accidents that could result in the release
of radionuclides during preclosure operations were analyzed for the Final
Environmental Impact Statement for the Management of Commercial Radioactive
Waste (DOE, 1980) and are referenced in the environmental assessments for the
nominated sites (DOE, 1986a-e). As explained in the environmental assess-
ments, site-specific designs for surface and underground facilities are not
sufficiently detailed at present for a rigorous evaluation of the radiological
consequences of preclosure accidents for any site. However, preliminary
evaluations based on these designs were performed. The results of these
evaluations, like the results of the generic-scenario analysis, indicate that
the radionuclide releases associated with severe waste-handling accidents
would be well below regulatory limits and are not expected to vary signifi-
cantly among sites. Accordingly, radiological accidents were not considered
in the preclosure analysis of sites.

Radiation exposures resulting from offsite releases of the natural radio-
activity in the mined rock during construction and operation are expected to
be insignificant at all of the nominated sites. Therefore the natural radio-
activity of the rock is not a discriminator.

The number of radiological fatalities incurred by the population around
the repository will depend on the number of exposed people, the duration of
their exposure, and the types and concentrations of radionuclides at the point
of exposure.

Because of their dependence on meteorological conditions, which are not
sufficiently well known for all sites at present, the duration of the exposure
and the concentrations of radionuclides at the point of exposure cannot be
used as discriminating factors. For example,the concentration of radio-
nuclides in the atmosphere at any given location is highly dependent on the
atmospheric-dispersion characteristics of the site. However, data on atmos-
pheric dispersion at some sites are too uncertain to be used as a discrimi-
nating factor. In general, the concentrations of radionuclides in the air,
and consequently health effects, will decrease as the distance from the
release point to the exposed population increases. The types and quantities
of radionuclide releases are expected to be comparable at each site and are
therefore not considered discriminators.-

Several discriminating factors describing the geographical distribution
of the population are available for each site. They are the population
density of the region (defined here to be a 50-mile radius around a site),
distance to highly populated areas of 2500 persons or more, the presence of
population centers in the predominant wind direction (i.e., population centers
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that would be expected to receive more than the average exposure compared with
other areas at comparable distances from the repository), and the distance to
unrestricted areas (i.e. the nearest possible location where people might
live or reside for any significant period of time).

The population density in the region of the site is an important con-
sideration. A population density of fewer than 5 people per square mile in
the 50-mile radius around the site would be highly favorable;this is equiva-
lent to about 40,000 people living in a 7850-square-mile area A population
density that is about twice the average population density of the United
States (about 76 people per square mile) would be unfavorable; this would be
equivalent to about 1.2 million people living in the same 7850 square miles.
For comparison, New Jersey has a land area approximately equal to the regional
area considered here. With a population of over 7 million people, it has the
highest population density of all the States, at about 915 persons per square
mile.

In conjunction with the average population density of the region, the
presence of highly populated areas in the vicinity of a site must also be
considered. A site without any highly populated areas within 50 miles is
highly favorable, whereas a site with a highly populated area (or areas)
within 5 miles is unfavorable. A "highly populated area" is defined here as a
place with a population of 2500 or more, consistent with the definition in the
siting guidelines, 10 CFR Part 960 (DOE, 1984).

The presence of population centers in prevailing wind directions was also
considered in the performance measure. A location without any population
centers within 50 miles in prevailing wind directions is highly desirable.It
would be undesirable to have any population centers, particularly any highly-
populated areas, in the prevailing wind directions within 5 miles of a site.

Existing population distributions were used rather than projected distri-
butions because the projections for the nominated sites are not fully
comparable.

Site ownership and control also affect preclosure radiological effects on
the public. The greater the distance to potential receptors, the greater the
expected dispersion of the airborne radionuclides and the likelihood of
reducing exposures. While great distances would be desirable, it would be
impractical to control vast land areas, particularly in light of the small
offsite releases that are expected from preclosure operations. Location on
large Federal reservations would be an obvious advantage. As a reasonable
range of distances, a distance of 15 miles from the repository to the fence-
line was selected as highly favorable, while a distance of less than 5 miles
would be unfavorable. The fenceline distance should be considered in conjunc-
tion with the existing population distribution; that is, a site with very few
people living within 15 miles of a repository, regardless of the fenceline
location, should be considered approximately equal to a site where the reposi-
tory is 15 miles from an unrestricted area. It is unlikely that there would
be major shifts in population centers toward a repository during the period of
operation.

In evaluating preclosure radiological safety,it is also necessary to
consider various potential exposure pathways that involve the food chain, even
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though the individual doses received from such pathways during repository
operation would be negligible. Among the factors that need to be taken into
account is the consumption of food products contaminated by the deposition of
radionuclides. The number of health effects experienced by the public will
depend on the number of exposed people, the quantity of food consumed, and the
types and concentrations of radionuclides in the food. However, little infor-
mation is available to characterize the specific area of interest for the
sites. For example, the food production for the county of the site may be
known, but it is not directly comparable with that from other sites because of
differences in the sizes of the counties. There are no data showing whether
farms are concentrated in the vicinity of the site or whether most farms in
the county are remote from the site. However, even without exact information
for the sites, it is possible to generally characterize the food-crop produc-
tion in a region as low, moderate, or high, on the basis of available data,
such as the number of acres in the county in farmland and the value of agri-
cultural products sold in the county. A barren area with little or no agri-
cultural production would be ideal. Areas with very high food-crop production
would be less desirable.

To provide a mechanism for evaluating each site, the scale shown in
Table F-2 was constructed. The worst possible level of impact that might be
expected from a nominated site was calculated to be three radiological fatal-
ities. This is the equivalent of each person in the region around a site
receiving 0.3 millirem per year for each of the 26 years of waste-emplacement
operations, assuming a population density of 152 persons per square mile (a
total regional population of about 1.2 million people). In view of the small
releases expected from a repository and experience at other nuclear facil-
ities, this estimate is considered to be extremely conservative. For example,
the maximally exposed individual at the fenceline of a DOE facility receives
less than 0.1 to 0.2 millirem per year. (The maximally exposed individual is
a hypothetical person who is assumed to be exposed to a release of radioactiv-
ity in such a way that he receives the maximum possible individual dose.)

The model presented in Table F-2 can be used to estimate the performance
of the site in terms of the numbers of radiological fatalities incurred by the
public from the repository.

The estimated performance of each site is presented below and discussed
in the text that follows. The base-case estimate is followed by estimates for
the low-impact and the high-impact cases (the range).

Radiological public
Site fatalities (range)

Davis Canyon 0.1 (0.07-0.1)
Deaf Smith 0.5 (0.07-0.5)
Richton Dome 0.7 (0.5-0.7)
Hanford 0.7 ( 0-0.7)
Yucca Mountain 0.1 (0-0.2)

Davis Canyon

The regional population density at Davis Canyon, at 0.9 people per square
mile within 10 miles and 3.8 people per square mile within 50 miles, is very
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Table F-2. Qualitative model used to estimate the radiological fatalities
incurred by the public from the repository

Approximate number of
radiological fatalities Description of factors in model

0 An extremely low population density (fewer than
five persons per square mile} in the general
region of the site; great remoteness (about 50
miles) from a highly populated area of 2500
persons; no.population centers within 50 miles
in predominant wind directions; little or no
food-crop production in the region: distance to
unrestricted areas more than 15 miles

0.75 A regional population density about half the
mean for the continental United States (76
persons per square, Mile); remoteness (about 35

..miles) from a highly populated area of2500
persons; small or few population centers within

50 miles in predominant wind directions;some
food-crop production in region; distance to
unrestricted area more thank 10 miles.

1.5 A regional population density about equal to the
mean for the continental-United States; a
distance of about 20 miles from a highly
populated area of 2500 persons; some population
centers within-50 miles,but no highly populated
areas within 20.miles in predominant wind
directions; high food-crop production in the
region; distance to unrestricted areas more than
5 miles

2.7 A regional population density about twice the
mean for the continental United States;
proximity (about 5 to 10 miles) to highly
populated areas of 2500 persons; several
population centers within 50 miles, but no
highly populated areas within 10 miles in.
predominant wind directions; very high food-crop
production in the region.

3.0 A regional population density about twice the
mean for the continental'United-States; closeproximity less than 5 miles) to highly

populated areas of 2500 persons; several
population centers within 50 miles, with highly
populated areas within 5 miles in predominant
wind directions; very high food-crop production
in the region; distance to unrestricted areas
less than 5.Miles

low. Two highly populated areas are within 50 miles: Moab (5500 people at 33.
miles) and Blanding (3000 people at 35 miles). The-nearest population center
in a predominant wind-direction is La Sal, 19 miles away. There are no highly
populated areas in the predominant wind directions. The distance to
unrestricted areas could be less than 2 miles. The agricultural productivity
of the area is low: less than 3 percent of the land in San Juan County, Utah,
is being used to raise crops, and the market value of agricultural products
gold in the county is about $8 million (less than $2 per acre on the average).

The base-case and the high-impact estimates are the same: less than 0.1
radiological fatality in the public. The population-dose calculations in the
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environmental assessment for Davis Canyon (DOE, 1986a), assumed here to
represent the lowest level of impact, show that the population would receive a
total dose of 250 man-rem, which corresponds to about 0.07 radiological
fatality.

Deaf Smith

The regional population density at the Deaf Smith site, at 28 people per
square mile within10 miles and 24 people per square mile within 50 miles, is
low (about one-third of the national average). The following highly populated
areas are within 50 miles of the site: Hereford (16,000 people at 17 miles);
Amarillo (150,000 at 30miles); Canyon (11,000 at 30 miles); Friona (4000 at
34 miles); and Dimitt (5000 at 36 miles). The nearest population centers in
predominant wind directions are Masterson and Excell at 50 miles from the
site. There are no highly populated areas in predominant wind directions.
The distance to unrestricted areas could be less than 0.5 mile. The agricul-
tural productivity of the area is relatively high: about 58 percent of the
land in Deaf Smith County, Texas, is being used to raise crops, and the market
value of the agricultural products-sold in the county is about $565 million
(about $600 per acre on the average).

The base-case and the high impact estimates of health effects in the
public are the same; 0.5 radiological fatality, which is equivalent to an
average dose of 0.35 millirem per year to each person in the region. The
population-dose calculations in the environmental-assessment for the Deaf
Smith site (DOE, 1986b) show an average individual dose of about 0.07 millirem
per year (a population dose of 390 man-rem, or about 0.1 radiological
fatality). This is considered to be the lowest level of impact.

Richton Dome

The regional population density at the Richton Dome site, at 16 people
per square mile within 10 miles and 40 people per square mile within 50 miles,
is low. The following highly populated areas are within 50 miles: the Petal-
and-Hattiesburg area (50,000 people at 16 miles), Palmer's Crossing (2800 at
18 miles), Ellisville (4700 at 20,miles) Laurel (22,000 at 22 miles);
Waynesboro (4400 at 27 miles), and Wiggins (3200 at 33 miles). There are no
population centers in predominant wind directions within 50 miles. The
distance to unrestricted areas could be less than 0.5 mile. The agricultural
productivity of the area is low: about 7 percent of the land in Perry County,
Mississippi, is being used to raise crops, and the market value of
agricultural products sold in the county is about $7 million (about $17 per
acre on the average).

The base-case and the high-impact estimates of health effects in the
public are the same: 0.7 radiological fatality, which is equivalent to an
average dose of 0.3 millirem per year to each person in the region. The
population-dose calculations in the environmental assessment for the Richton
Dome site (DOE, 1986c) show an average individual dose of about 0.2 millirem
per year (a population dose of l900man-rem, or 0.5 radiological fatality).
This is conaidered to be the lowest level of impact.
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Hanford

The regional population density at Hanford, at 0.4 people per square mile
within 10 miles and 43 people per square mile within 50 miles, is low. The
large restricted area of the DOE's Hanford reservation provides the obvious
advantage of separating potential releases and the public by a large dis-
tance. The following highly populated areas are within 50 miles of the site
in approximate order by distance: Sunnyside (9300 people at 15 miles); West
Richland (3000 people); Richland (34,000 people); Prosser (4100 people); Pasco
(19,000 people); Kennewick (35,000 people); Othello (4500 people); Grandview
(5700 people);:Toppenish (6500 people); Wapato (3300 people); Union Gap (3200
people); Yakima (50,000 people at 40 miles); Selah (4400 people); Moses Lake
(11,000 people);Quinex (3500 people); and Umatilla (3200 people at 50
miles). The nearest population centers, which are also highly populated
areas, in predominant wind directions are Richland, Pasco, and Kennewick,
about 22 to 28 miles away. Because of the large size of the Hanford reserva-
tion, the distance to unrestricted areas is about 8 miles. The agricultural
productivity of the area is moderate: about 40 percent of the land in Benton
County, Washington, is being used to raise crops, and the market value of
agricultural products sold in the county is about $140 million (about $130 per
acre on the average). No agriculture is permitted on the Hanford reservation;
this creates a significant buffer zone in regard to limiting the food-chain
exposure pathway.

The base-case and the high-impact estimates of health effects in the
public are the same: 0.7 fatality, which is equivalent to an average dose of
0.3 millirem per year to each person in the region. The environmental assess-
ment for Hanford (DOE, 1986d) does not present regional population doses, but
it estimates that an individual residing 16 miles from the repository would
receive a dose of 0.001 millirem per year. Applying this conservatively to
the overall population as an average would result in a population dose of 9
man-rem, or nearly zero health effects for the region.

Yucca Mountain

The regional population density at Yucca Mountain, at no people within 10
miles and 2.5 people per square mile within 50 miles, is ideal. There are no
highly populated areas within 50 miles, nor are there any population centers
in predominant wind directions within 50 miles. The distance to unrestricted
areas is 5 miles or more. The agricultural productivity of the area is very
low: about 0.2 percent of the land in Nye County, Nevada, is being used to
raise crops, and the market value of agricultural products sold in the county
is about $5 million (about $0.40 per acre on the average).

The base-case and the high-impact estimates of health effects in the
public are the same: less than 0.1 radiological fatality. While regional
population doses were not presented in the environmental assessment for Yucca
Mountain (DOE, 1986e), the "bounding" dose estimated for the maximally exposed
individual is 0.2 millirem per year. Applying this conservatively to the
overall population as an average would result in a population dose of about
100 man-rem, or nearly zero health effects for the region.
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F.1.3 NONRADIOLOGICAL FATALITIES IN REPOSITORY WORKERS

One of the eight health-and-safety objectives is minimizing the non
radiological effects experienced by repository workers, and the performance
measure is the number of nonradiological fatalities attributable to the
repository.

The cause of nonradiological fatalities in repository workers is assumed
to be accidents during construction and operation. For completeness, the
potential effects off air pollutants at the site were also examined, using data
reported in the environmental assessment for the Hanford site(DOE, 1986d).
(The environmental assessments for the other sites did not examine the onsite
impacts of air pollution.) The calculations showed that the onsite concentra-
tions of sulfur dioxide and nitrogen dioxide would be considerably lower than
the limits specified by the national ambient air quality standards. The con-
centration of inhalable particulates (IP), assuming that inhalable particu-
lates constitute 50 percent of the total suspended particulates, might exceed
the proposed IP standard (see Section F.1.4), but it would not pose a hazard
to health. Thus, no deaths are expected to result in the Hanford workers from
the air quality at the site, and this conclusion is applicable to the other
sites as well.

The number of total nonradiological fatalities, FT, is estimated by the
following formula:

FT FS + Fu (F-1)

where Fs is the estimated number of fatalities from surface-facility con-
struction and operation and FuG is the estimated number of fatalities from
underground-facility construction and operation. The quantities Fs and
FUG are defined as follows:

Fs= KS x man-hours (surface)
and

FUG = KUG x man-hours (underground),

with Ks and KuG being the surface-accident and the underground-accident
rate per million man-hours, respectively.

A fatality rate of 0.17 fatality per million man-hours of construction
for the surface facilities and 0.55 fatality per million man-hours for under-
ground mining was used. The surface-fatality rate is based on current
statistics compiled by the National Safety Council for similar industrial
operations and is the same as the rate used in the generic environmental
impact statement (DOE, 1980 , p. 5.56). The underground-fatality rate is a
historical 5-year average (1978 through 1982) of fatalities for both nonmetal
and metal underground mines (other than coal). This rate is assumed to be
representative of a repository because some elements of underground repository
construction and operation will be similar to both classes of underground
mining. For example, long drifting is likely to use mechanized mining opera-
tions of one kind or another, but the drilling and preparation of individual
waste-emplacement holes and drifts is likely to require techniques that are
more labor-intensive. As a result, underground repository operations have
little precedent in the mining of any single commodity, and it seems
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reasonable to include the injury experience from both metal and nonmetal
mining operations. The assumed rate for underground fatalities is very close
to the rate cited in the generic environmental impact statement.

It is further assumed that the accident rate will be constant.This
assumption is reasonable (though not intuitively obvious) because the accident
rates for both metal and nonmetal mines encompass the different geologic
environments:of the sites under consideration (hard rock and salt) and because
the rates are not very different (0.57 for metal mines and 0.52 for nonmetal
mines). Furthermore, additional measures would be taken at sites where safety
problems can be expected (for example, at Deaf Smith closer spacing for rock
bolting would be necessary than at Davis Canyon), and hence the accident rate
is likely to be roughly the same at all sites.

The total number of man-hours for construction and operation is derived
from the most recent repository-cost estimates and is presented in Table F-3.

Table F-3. Estimated labor requirements for repository
construction and operation
(Millions of man-hours)

Surface facilities Underground facilities
Site Construction Operation Total Construction Operation Total

Davis Canyon 11.7 46.2 57.9 -7.4 23.4 30.8

Deaf Smith 7.7 46.2 53.9 7.8 27.4 35.25

Hanford 5.5 72.0 77.5 9.3 45.0 54.3

Richton 7.9 46.2 54.1 6.7 24.7 31.4

Yucca Mountain 4.0 47.1 51.1 4.4 13.1 17.5

Substituting the data from Table F-3 and the previously mentioned
fatality rates into Equation F-1 yields the following estimates of
nonradiological fatalities in repository workers for the five sites (ranges
are given in parentheses:

Nonradiological worker
Site fatalities (range)

Davis Canyon 27 (17-36)
Deaf Smith 29 (19-39)
Richton Dome 27 (17-36)
Hanford 43(28-58)
Yucca Mountain 18 (12-24)

The ranges were calculated by assuming a 35-percent uncertainty (plus or
minus) about the labor requirements.
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The labor requirements were developed for the 1986 analysis of the total-
system life-cycle costs (Weston, 1986), which was performed for assessing the
adequacy of the fee paid into the Nuclear Waste Fund. These requirements are
based on site-specific designs for a two-phase repository. The construction
period covers the surface facilities, the shafts or ramps, and a limited
amount of underground development to permit the repository to start receiving
wastein: 1998. The remaining underground development is included in the
operation period. The operation period covers waste receipt, preparation
(consolidation and packaging) and emplacement; underground development and
maintenance; administratibn and support functions; the caretaker phase neces
sary to meet the NRC's requirement for 50-year waste retrievability; and
backfilling.

The labor requirements were separated into surface and underground
categories to provide information about the location of repository workers.
In addition, each of these categories was divided into radiation and non
radiation subcategories to estimate the portion of the labor force working in
waste-handling operations during operation (no radioactive wastes are present
at the site during construction). The surface-labor category includes the
waste-handling buildings, the site, Qffsite improvements, support facilities,
and utilities. The workers assigned to the waste-handling building and the
waste shaft comprise the surface radiation category. All other workers are
assigned to the nonradiation category. The underground labor category
includes shafts and ramps,-underground development (the excavation and main-
tenance of all rooms and corridors), waste emplacement, underground support
services, and backfilling and sealing. Waste emplacement is the only under-
ground function assigned to the radiation category. The site characteristics
that affect the labor requirements are discussed below.

Davis Canyon

The total labor requirements for the Davis Canyon site are nearly midway
between the highest and the lowest estimates (i.e., the requirements for the
Hanford and the Yucca Mountain sites, respectively), and they are the highest
of the three salt sites. The surface construction labor requirements and the
total construction requirements are the highest of all sites considered.

Surface-facility construction and operation. The total surface-labor
requirements for Davis Canyon are higher than those for all other sites
because of the construction needed for the access corridors.

The Davis Canyon site has higher surface-labor requirements for construc-
tion than any other site. The labor requirements are higher because of the
following key factors:

1. The site-access labor requirements for Davis Canyon are the highest
of all sites; they are attributable mainly to the bridge and tunnel
construction required for the railroad and the access road.

2. The waste-handling facilities are larger than those for Hanford and
Yucca Mountain (they are the same for all salt sites).
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3. The waste package consists of spent fuel consolidated in metal can-
isters, which are encapsulated in thick-walled carbon-steel disposal
containers.

4. Because of the assumed gassy underground conditions, the repository-
ventilation facilities (shaft buildings) are significantly larger
than those for Hanford and Yucca Mountain. (These facilities are the
same for all salt sites.)

The surface-labor requirements for operation are nearly identical (within
0.1 percent) for the salt sites and lower than those for Yucca Mountain (2
percent) and Hanford (55 percent). The key discriminators that account for
these differences are the number and the type of waste packages, and the
length of the backfill phase. Like the other salt sites, Davis Canyon pre-
pares the smallest number of waste packages, but the use of thick-walled
containers with internal canisters adds to the number of waste-preparation
steps. The number of waste-handling and support workers for all the salt
sites is very comparable to that of Yucca Mountain, but considerably lower
than that of Hanford. Like the other salt sites, Davis Canyon requires more
surface radiation workers than does Yucca Mountain because more waste-
preparation steps are required. The number of these workers is lower than
that for Hanford, which prepares nearly twice as many waste packages. The
backfill phase, which requires administrative and support workers, is 3 years
for all salt sites, as opposed to a 34-year phase for Hanford. (No backfill
is planned for Yucca Mountain.)

Underground-facility construction and operation. The underground-labor
requirements of the salt sites are about midway between those for Hanford
(highest) and Yucca Mountain (lowest). Davis Canyon has lower underground-
labor requirements than do the other salt sites. However, all salt sites
require the same number of underground radiation workers (waste-emplacement
workers).

The Davis Canyon requirements for underground-construction labor are
between those for Deaf Smith (highest) and Richton Dome (lowest). These
requirements are determined by the depth of the shafts, requirements for shaft
lining, and the rock conditions of the site. Like the other salt sites, Davis
Canyon requires five shafts with hydrostatic linings. However; Davis Canyon
does not require ground freezing, while Deaf Smith and Richton Dome do, and
the rock conditions at DavisCanyon require less artificial support than those
at Deaf Smith. On the other hand, the shafts at Davis Canyon are deeper than
those at the other salt sites.

In regard to the requirements for underground-operation labor the salt
sites differ in some respects from Hanford and Yucca Mountain. The shafts at
the salt sites are significantly deeper than those at Yucca Mountain but less
deep than those at Hanford. Excavation at the salt sites has the highest
productivity because mechanized mining, rather than'conventional techniques,
is used. However, the total quantity of rock mined is nearly 300 percent
higher than that at Hanford and over 50 percent higher than that at Yucca
Mountain. The large increase is attributed to the layout required by the
assumed gassy mine conditions. Thus, the high productivity is offset'by the
size of the excavation.
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For the operation phase, the underground-labor requirements for Davis
Canyon show the same trends as construction, but the shaft-related discrimina-
tors are not applicable. The salt sites are distinguished from the other
sites by the following:

1. Unlike Hanford and Yucca Mountain, the salt sites require periodic
reexcavation of open drifts to prevent closure by salt creep. (Davis
Canyon is assumed to have the lowest rate of creep of all salt sites.)

2. During the waste-emplacement period, the salt sites require
continuous backfilling of rooms and corridors as opposed to keeping
the entire repository open. As a result, some rock-hoisting labor is
eliminated, but the total quantity of rock hoisted is nearly the same
as that for the other sites. At the salt sites, the mined rock not,
needed for backfill must be shipped off the site to prevent soil
contamination with salt.

3. The salt sites require the smallest number of waste-emplacement holes
because fewer waste packages are prepared.

Deaf Smith

The total labor requirements for the Deaf Smith site are between those
for Hanford (highest) and Yucca Mountain (lowest). This observation pertains
to both surface and underground labor.

Surface-facility construction and operation. The total surface-labor
requirements for Deaf Smith are lower than those for Hanford but higher than
those for Yucca Mountain.

The salt sites have the highest surface-labor requirements, and of the
salt sites, Deaf Smith has the lowest surface-labor requirements, although
Richton Dome is very similar. The requirements exceed those of Hanford and
Yucca Mountain because, as already mentioned, the salt sites require larger
wastehandling facilities and prepare waste packages with internal canisters
encapsulated into thick-walled carbon-steel disposal containers. Furthermore,
the repository-ventilation facilities (shaft buildings) are significantly
larger for the salt sites because of the assumed gassy mine conditions.

The site-preparation and site-access requirements for Deaf Smith are
lower than those for the other salt sites and Yucca Mountain, but higher than
the requirements for Hanford.

The surface-labor requirements for operation are nearly identical (within
0.1 percent) for all of the salt sites and lower than those for the nonsalt
sites (the Yucca Mountain requirements are only 2 percent higher, while the
Hanford requirements are 55 percent higher). The key discriminators are
described in the discussion of the Davis Canyon site.

Underground-facility construction and operation. Deaf Smith has the
highest underground-labor requirements of all the salt sites, though Richton
Dome is only 13 percent lower. All of the salt sites require the same number
of waste-emplacement workers.
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The Deaf Smith requirements for underground-construction labor are the
second highest (next to Hanford) for the following reasons:

1. Five shafts must be sunk through water-bearing rock formations. This
requires ground freezing and hydrostatic linings.

2. The Deaf Smith shafts are deeper than those at Richton Dome (but not
as deep as those at Davis Canyon). (The shafts at all the salt sites
are significantly deeper than those at Yucca Mountain).

3. Because of the assumed gassy mine conditions, the total quantity of
rock mined is nearly 300 percent higher than that at Hanford and over
50 percent higher than that at Yucca Mountains though this is offset
by the high productivity of excavation at the salt sites (see the
discussion of the Davis Canyon site).

4. The rock conditions at Deaf Smith require more rock bolting and roof
support than do those at the other salt sites.

For operation, the underground-labor requirements for Deaf Smith show the
same trends as construction, except that the shaft-related discriminators are
not applicable and the discriminators discussed for Davis Canyon (requirements
for the periodic reexcavation of open drifts, continuous backfilling of rooms
and corridors and the smallest number of waste-emplacement boreholes) are
applicable. At Deaf Smith, the rate of salt creep is more than twice the rate
at Richton Dome and thrice the rate at Davis Canyon.

Richton Dome

In total labor requirements, the Richton Dome site is between Hanford and
Yucca Mountain. This observation pertains to both surface- and underground-
labor requirements. It has the lowest labor requirements of the three salt
sites.

Surface-facility construction and operation. The total surface-labor
requirements are lower than those for Davis Canyon and Hanford, higher than
those for Yucca Mountain, and similar to those for Deaf Smith.

The surface-labor requirements for construction are lower than those for
Davis Canyon, slightly higher than those for Deaf Smith (because more site
preparation is needed), and higher than those for Hanford and Yucca Mountain,
as explained previously.

Underground-facility construction and operation. Richton Dome has the
lowest underground-labor requirements of all the salt sites. All salt sites
have the same number of waste-emplacement workers.

The underground-labor requirements for construction are the second lowest
(next to Yucca Mountain) of all sites and the lowest of the salt sites because
the shafts at Richton Dome are deeper than those at Yucca Mountain but less
deep than those at Hanford and those at the other salt sites, and the rock
conditions at Richton Dome require less rock bolting and roof support than
those at Deaf Smith and about the same as those at Davis Canyon.
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For operation, the underground-labor requirements for Richton Dome show
the same trends as construction except that the shaft-related discriminators
are not applicable. Like the other salt sites, Richton Dome requires periodic
reexcavation to counteract salt creep, but the rate of salt creep at Richton
is less than half the rate assumed for Deaf Smith and nearly twice the rate
for Davis Canyon. The requirements for backfilling and the number of waste-
emplacement holes are also like those of the other salt sites.

Hanford site

The Hanford site has the highest total labor requirements. Its require-
ment for construction labor is lower than that of Davis Canyon and Deaf Smith,
but the operating labor is the highest of all sites considered.

Surface-facility construction and operation. The surface-labor require-
ments for Hanford are the second highest (next to Davis Canyon). The require-
ments for construction are next to the lowest (Yucca Mountain), but the
operation requirements are the highest of all sites.

The surface-labor requirements for construction are low because Hanford
requires less site preparation and site-access construction than do the other
sites.

The high surface-labor requirements for operation are attributable to the
following:

1. The need to handle the largest number of waste packages and to add a
packing assembly (for a bentonite-and-basalt packing material) around
the waste disposal container. This results in a higher requirement
for surface radiation labor than at any other site.

2. The backfill period (34 years) is much longer than that for the salt
sites (3 years). (No backfill is planned for the Yucca Mountain
site.)

3. Of all the sites considered, Hanford has the highest surface-labor
requirements for the caretaker phase because of the need to maintain
open the shafts and underground areas. The Hanford repository has
the greatest number of shafts and requires significant support
services (ventilation and water control) to keep the entire under-
ground area accessible during the caretaker phase. (The salt
repositories keep only the main corridors open.)

Underground-facility construction and operation. Of all the sites con-
sidered, Hanford has the highest underground-labor requirements for both con-
struction and operation. The construction-labor requirements are high because
Hanford has the greatest number of shafts, and the shafts are the deepest.
Furthermore, the productivity of excavation is lower at Hanford than at the
other sites (about 33 and 38 percent of the productivity for the salt sites
and Yucca Mountain, respectively). Productivity depends on the host-rock
conditions (stress, temperature, hardness, etc.), ground-water conditions, and
mining methods.
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The high underground-labor requirements for operation are attributable to
the long backfilling period (34 years) and the requirement for more waste-
emplacement boreholes, which is due to the greater number of waste packages.

Yucca Mountain

The Yucca Mountain site has the lowest total labor requirements and the
lowest construction- and operating-labor requirements of all sites considered.

Surface-facility construction and operation. The total surface-labor
requirements are the lowest of all the sites considered because of low con-
struction-labor requirements. The labor requirements for operation are
slightly greater than those of the salt sites.

The low construction-labor requirements are attributed to a surface-
facility design that is quite different from that for the other sites:

1. The size of the waste-handling facilities is about 60 percent of that
for Hanford and the salt sites.

2. The waste package for spent fuel uses thin-walled stainless-steel
disposal containers and no internal canisters.

3. The repository-ventilation facilities (shaft buildings) are much
smaller than those of the other sites (about 17 percent of those at
Hanford and only 5 percent of those at the salt sites) because of
favorable underground conditions.

At Yucca Mountain, the surface-labor requirements for operation are lower
than those for the Hanford site but slightly higher than those for the salt
sites, partly because the total surface-labor requirements follow the trend of
waste-package quantities (salt sites lowest and Hanford highest).

Other pertinent factors include the following:

1. The waste-handling building requires less labor for waste preparation
(fewer radiation workers). This reduction is due to the use of
thin-walled waste containers.

2. Less caretaker labor is needed than at Hanford and the salt sites,
because a separate diagnostic facility is used for performance
confirmation. The other sites must maintain a waste-handling
building since no separate facility is included in their designs.

3. In comparison with Hanford, a considerable labor reduction results
from eliminating the support and administrative staff needed for the
backfill phase, which is not planned for Yucca Mountain.

Underground-facility construction and operation. The underground-labor
requirements for both construction and operation at Yucca Mountain are
significantly lower than those for the other sites considered.
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The underground-construction labor requirements are about 50 percent to
60 percent of those for Hanford and the salt sites, respectively. These
differences are attributable to--

1. Shaft depths, which are 30 to 40 percent of the depths for Hanford
and the salt sites, respectively.

2. The use of ramps instead of two shafts for access underground.

3. Absence of water-bearing formations in the strata through which
shafts are sunk and hence no need for hydrostatic linings.

4. A repository horizon located above the water table.

5. The absence of gassy mine conditions and an excavation volume that is
50 percent smaller than that of the salt sites.

6. Favorable rock stability, ground-water quantities, and working
temperatures (without air conditioning), which allow the excavation
productivity to be 260 percent higher than at Hanford (but 13 percent
lower than at the salt sites).

The underground-labor requirements for operation are also much lower than
those for the other sites. In addition to the discriminators discussed for
construction, there are two other key discriminators. First, no backfilling
of underground rooms and corridors is planned. In comparison with all the
other sites, this represents a very significant labor reduction. Second,
significantly less underground radiation labor is needed because the Yucca
Mountain design uses a single waste transporter to move waste underground (via
a ramp rather than a shaft) and to emplace it. This eliminates some waste
handling, such as transfer on and off shaft conveyances.

F.1.4 NONRADIOLOGICAL FATALITIES INCURRED BY THE PUBLIC FROM THE REPOSITORY

To minimize adverse nonradiological effects on the public is one of the
health-and-safety objectives, and its performance measure is the number of
nonradiological fatalities incurred by the public from the repository. The
mechanism for such effects was postulated to be exposure to the air pollutants
generated during repository construction and operation. Air-pollution impacts
on the public were examined mainly for the sake of completeness because
significant adverse effects were not expected.

Equipment used during the construction and operation of the repository
will generate various air pollutants--namely, particulates, oxides of nitrogen
(NO), sulfur dioxide (SO2), and carbon monoxide (CO). At high dosages
these air pollutants may cause illness and even death. In remote rural areas,
air pollution may exert an effect on aesthetics. This effect is treated in
Section F.2.1.
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Limits on the ambient ground-level concentrations of these pollutants are
set by the Environmental Protection Agency (EPA) in the national ambient air
quality standards-(NAAQS). National primary standards for ambient air quality
define the levels of air quality that are necessary,with an adequate margin
of safety, to protect public health. National secondary standards define the
air-quality levels necessary to protect the public from any known or expected
adverse effects of a pollutant. Ambient-air-quality levels below the NAAQS
would be expected to result in no additional deaths.

The EPA is currently in the process of modifying the standard for the
24-hour and annual concentrations of particulates. The current standard is
for total suspended particulates (TSP) and covers particles of all sizes. The
future standard will cover only inhalable particulates (IP), which are smaller
than about 15 micrometers in diameter. The rationale for this change is that
only the smaller particles are responsible for respiratory distress, primarily
in sensitive persons with preexisting respiratory problems, such as asthma.
The future annual IP standard is expected to be in the range from 50 to 65
micrograms per cubic meter.

The estimates of annual air-quality impacts that are presented in the
environmental assessments for the nominated sites (DOE, 1986a-e) were examined
to determine the peak offsite concentrations of air pollutants. The concen-
trations of inhalable particulates were estimated by assuming that the IP
fraction represented no more than 50 percent of the estimated total suspended
particulates. This assumption is probably somewhat conservative because the
IP fraction in fugitive dust is typically less 50 percent, though it could
approach 50 percent at certain locations.

As discussed below, the maximum predicted offsite concentrations of all
pollutants are expected to be below the respective national standards. There-
fore, no deaths are expected in the general public from air pollution at any
of the five sites.

Davis Canyon

The maximum offsite annual concentration of nitrogen dioxide, occurring
during repository operation, is predicted to be 22 micrograms per cubic
meter. The maximum offsite concentration of total suspended particulates is
predicted to be 24 micrograms per cubic meter, occurring during repository
construction, and thus the IP levels should be well within the future
standard. The concentrations of other pollutants will also be easily within
the applicable standards.

Deaf Smith

The maximum offsite annual concentration of nitrogen dioxide, occurring
during repository operation, is predicted to be 22 micrograms per cubic
meter. The maximum offsite concentration of total suspended particulates is
predicted to be 69 micrograms per cubic meter, occurring during site charac-
terization, and thus the IP levels should be within the future standard. The
concentrations of other pollutants will also be easily within the applicable
standards.

F-23



Richton Dome

The maximum offsite annual concentration of nitrogen dioxide, occurring
during repository operation, is predicted to be 24 micrograms per cubic
meter. The estimated maximum, IP level, 21 micrograms per cubic meter, would
occur during site characterization; this estimate is based on the expected
concentration of total suspended particulates (42 micrograms per cubic
meter). The levels of other pollutants are expected to be small in comparison
with the applicable standards.

Hanford

The maximum offsite annual concentration of nitrogen dioxide, occurring
during repository operation,is predicted to be well within the standard. The
offsite levels of inhalable particulates are predicted to be within the future
standard. The concentrations of other pollutants are expected to be small in
comparison with the applicable standards.

Yucca Mountain

Annual offsite concentrations of nitrogen dioxide and total suspended
particulates were not estimated in the environmental assessment. However, the
estimated 24-hour concentrations indicate that the annual concentrations would
be within the applicable standards.

F.1.5 RADIOLOGICAL FATALITIES INCURRED BY THE PUBLIC FROM WASTE TRANSPORTATION

Four objectives related to health and safety were defined for waste trans-
portation. Two of them are concerned with minimizing radiological effects on
waste-transportation workers and the public, and two are concerned with non-
radiological effects on workers and the public. This section discusses the
performance predicted for each site on the objective of minimizing radiologi-
cal effects on the public.

Performance against this objective is measured by the predicted number of
radiological fatalities incurred by the public from waste transportation. The
approach to the calculations of risk is only outlined here, as risk analyses
for transportation operations have been well documented elsewhere.

The number of fatalities attributable to waste transportation is cal-
culated by the RADTRAN code, which has been used by the Nuclear Regulatory
Commission in evaluating the risk of transporting radioactive materials (NRC,
1977 and 1983) and is the basis of other risk-assessment tools (Finley et al.,
1980; Ericsson and Elert, 1983).

Four factors are needed to assess the risk from waste-transportation
operations: unit-risk: factors, shipment distances, fractions of travel in
various population zones, and the number of shipments.

Unit-risk factors represent the risk per unit distance in a defined
population zone. The factors used to assess the impacts of shipments that
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originate at reactors and the sources of high-level waste are given in Table
F-4. Factors are given for truck and rail shipments through each type of
population zone under both normal and accident conditions. The normal risk is
divided into worker and public categories. The accident risk is not divided
because potential exposures for each category are similar, and the population
density used in the calculations can be considered to include both categories.

Shipment distances to each site are given in Tables F-5 and F-6 for
selected reactors in different regions of the United States and sources of
high-level waste, respectively. A summary of total shipment distances is
given in Table F-7 for each transportation scenario.

Population zones are defined as follows: rural, 6 persons per square
kilometer; suburban, 719 persons per square kilometer; and urban, 3861 persons
per square kilometer. The fractions of travel through the various population
zones are given in Tables F-8 and F-9 for the selected reactors and the high-
level-waste sites, respectively. These fractions of travel were determined by
analyzing a representative route from each source. Further details and data
for all other reactors are presented by Cashwell et al. (1985).

The numbers of shipments from each reactor to each site are given in
Table F-10.

The uncertainty associated with the results is thought to have two
components: one related to the effect of the second repository and the other
to the analytical models and data. The reader is referred to Section A.ll of
Appendix A of the environmental assessments (DOE, 1986a-e) for a discussion of
the analysis that was performed to assess the potential effect of the second
repository on the results calculated for the first repository. That analysis
showed that the uncertainty associated with the second repository is +40 and
-46 percent. This means that, under the best circumstances the second
repository could reduce shipment distances by as much as 46 percent. Con-
versely, under the worst circumstances, shipment distances could increase by
as much as 40 percent. In addition, the uncertainty inherent in the models
and data is estimated to be +0 and -100 percent. From this it is obvious that
the minimum number of radiological fatalities in the public from transpor-
tation to all sites-will be 0. In other words, it is believed that, because
of the conservative nature of the models and data, it is possible that the
expected values could be reduced by as much as 100 percent.

In assessing the sites, both normal and accident conditions for each of
two modes of transportation (truck and rail) were considered. The analyses
contained in Appendix A of the environmental assessments (DOE, 1986a-e)
present results for all-truck and all-rail transportation because these,
represent bounding cases for risk. However, to more closely represent the
actual conditions at the time shipments are made, a rail fraction of 70
percent was assumed over the lifetime of the repository. Although this
fraction cannot be predicted with complete certainty, it is assumed to be
reasonable and representative. It is obtained by assuming that, at the time
of shipment, the reactors that are capable of shipping by rail will do so, and
the weight of spent fuel from those reactors will be about 70 percent of the
total. The remaining 30 percent will be shipped by truck.
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Table F-4. Radiological risk factors for shipments from waste sources to the repository

High-level waste
Mode Zone Hazard group Spent fuelb Defense Commercial

Truck Rural Normal worker fatalities 4.70E-09d 4.14E-09 4.14E-09
Truck Rural Normal public fatalities 2.84E-08 2.54E-08 2.54E-08
Truck Rural Accidental public fatalities 3.10E-13 2.56E-13 1.79E-13

Truck Suburban Normal worker fatalities 1.03E-08 9.10E-09 9.10E-09
Truck Suburban Normal public fatalities 4.36E-08 3.92E-08 3.92E-08
Truck Suburban Accidental public fatalities 7.46E-10 1.08E-10 7.60E-11

Truck Urban Normal worker fatalities 1.72E-08 1.52E-08 1.52E-08
Truck Urban Normal public fatalities 5.96E-08 5.36E-08 5.36E-08'
Truck Urban Accidental public fatalities 1.22E-09 2.16E-10 1.52E-10

Rail Rural Normal worker fatalities 2.14E-09 2.04E-09 1.03E-09
Rail Rural Normal public fatalities 1.15E-09 1.03E-09 1.03E-09
Rail Rural Accidental public fatalities 1.34E-12 5.56E-13 5.40E-13

Rail Suburban Normal worker fatalities 2.14E-09 2.04E-09 2.04E-09
Rail Suburban Normal public fatalities 7.70E-09 6.90E-09 6.90E-09
Rail Suburban Accidental public fatalities 2.78E-09 2.72E-10 2.64E-10

Rail Urban Normal worker fatalities 2.14E-09 2.04E-09 2.04E-09
Rail Urban Normal public fatalities 2.58E-09 2.32E-09 2.32E-09
Rail Urban Accidental public fatalities 6.72E-09 5.08E-09 4.92E-09

Risk factors given per kilometer. To convert factors to risk per mile multiply by
1.609. Risk estimates based on the assumption that a population dose of 1 man-rem leads to
0.0002 radiological fatality plus firstand second-generation genetic effects.

b Unit risk factors for general-commerce transportation by truck or rail; units are
per kilometer for truck and per railcar-kilometer for rail.

c "Normal" and "accidental" fatalities are the fatalities incurred from
transportation under normal conditions and under accident conditions respectively.

d Computer notation is used in this table; thus, 4.70E-09 = 4.70 x 10-9.

Table F-5. Distance per shipment from selected reactors

Distance (miles)
Richton Deaf Davis Yucca

Reactor Dome Smith Canyon Mountain Hanford

Maine Yankee (Maine)
Truck 1570 2150 2570 3040 3107
Rail 1920 2180 2750 3270 3150

Crystal River (Florida)
Truck 579 1670 2310 2600 2990
Rail 571 1699 2450 3000 3210

Quad-Cities (Illinois)
Truck 959 1040 1300 1780 1910
Rail 1080 937 1480 2000 1980

Palo Verde (Arizona)
Truck 1908 789 509 606 1550
Rail 1950 933 1790 652 1690

Trojan (Oregon)
Truck 2780 1850 1190 1330 302
Rail 2919 2210 1250 1460 301

These reactors were chosen as representative of regions throughout the country.
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Table F-6. Distance per shipment from sources of high-level waste

Distance (miles)
Deaf Davis Yucca

Source Richton Smith Canyon Mountain Hanford
Dome

Hanford
Truck 2610 1660 1010 1150 NA
Rail 2670 1730 1070 1288 NA

Idaho National
Engineering
Laboratory
Truck 2160 1210 604 740 610
Rail 2110 1200 555 763 696

Savannah River
Plant
Truck 568 1420 2060 2350 2740
Rail 644 1520 2200 2750 2890

West Valley
Truck 1160 1580 2000 2750 2550
Rail 1450 1690 2100 2860 2660

Commercial high-level waste from the West Valley Demonstration Project.

Table F-7. Total cask miles
(Millions of one-way miles)

Cask miles
Deaf Davis Yucca

Mode and waste type Richton Smith Canyon Mountain Hanford
Dome

100% Truck
Spent fuel
High-level waste

Defense
Commercial

100% Rail
Spent fuel
High-level waste

Defense
Commercial

Totals
Truck from origin

186.7
Rail from origin

67.4

28.0
1.0

11.0

6.5
0.2

94.4

26.0
1.0

15.4

6.1
0.2

96.4

115.1

28.0
2.0

18.8

6.5
0.2

121.4

25.5

141.8

33.0
2.0

23.2

7.6
0.3

145.1

31.1

149.7

35.0
2.0

24.6

8.4
0.3

176.8

33.317.7 21.7
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Table F-8. Fraction of travel in population zones
from selected reactors to nominated sites

Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford
Reactor Truck Rail Truck Rail Truck Rail Truck Rail Truck Rail

Maine Yankee (Maine)
Urban 0.01 0.02 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.02
Suburban 0.43 0.48 0.35 0.34 0.28 0.23 0.26 0.21 0.26 0.27
Rural 0.57 0.50 0.64 0.63 0.71 0.76 0.74 0.78 0.73 0.71

Crystal River (Florida)
Urban 0 0.01 0.01 0.02 0 0.01 0.01 0.01 0.01 0.01
Suburban 0.19 0.18 0.23 0.24 0.22 0.17 0.17 0.16 0.19 0.18
Rural 0.81 0.81 0.77 0.74 0.78 0.82 0.82 0.83 0.80 0.82

Quad-Cities (Illinois)
Urban 0 0.02 0 0 0.01 0.01 0 0.01 0 0.01
Suburban 0.19 0.24 0.18 0.13 0.11 0.08 0.12 0.09 0.10 0.12
Rural 0.81 0.74 0.82 0.86 0.88 0.91 0.88 0.90 0.90 0.87

Palo Verde (Arizona)
Urban 0.01 0.03 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.02
Suburban 0.15 0.19 0.09 0.10 0.08 0.20 0.14 0.09 0.23 0.25
Rural 0.84 0.78 0.89 0.90 0.90 0.78 0.85 0.90 0.75 0.73

Trojan (Oregon)
Urban 0 0.01 0.01 0.01 0 0.01 0 0.02 0 0.01
Suburban 0.16 0.11 0.13 0.09 0.19 0.14 0.18 0.10 0.35 0.17
Rural 0.84 0.88 0.86 0.90 0.80 0.85 0.82 0.89 0.64 0.82

These reactors were chosen as representative of regions throughout the country.

Table F-9. Fraction of travel in population zones from sources of high-level waste

Richton Dome Deaf Smith Davis Canyon Yucca Mt. Hanford
Waste source Truck Rail Truck Rail Truck Rail Truck Rail Truck Rail

Hanford
Urban 0.01 0 0.01 0.01 0 0 0 0.01 NAa NA
Suburban 0.16 0.11 0.12 0.10 0.19 0.15 0.18 0.10 NA NA
Rural 0.84 0.89 0.87 0.89 0.81 0.84 0.82 0.89 NA NA

Idaho National Engineering
Laboratory

Urban 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0 0
Suburban 0.15 0.10 0.10 0.11 0.21 0.22 0.19 0.11 0.15 0.12
Rural 0.85 0.90 0.89 0.88 0.78 0.77 0.80 0.88 0.85 0.88

Savannah River Plant
Urban 0.01 0.03 0.01 0.02 0 0.02 0.01 0.02 0 0.01
Suburban 0.30 0.26 0.23 0.21 0.22 0.19 0.17 0.21 0.19 0.17
Rural 0.69 0.72 0.76 0.78 0.77 0.79 0.82 0.78 0.81 0.82

West Valley
Urban 0.01 0.03 0 0.02 0.01 0.02 0.01 0.02 0.01 0.01
Suburban 0.32 0.33 0.30 0.21 0.22 0.18 0.20 0.21 0.21 0.17
Rural 0.67 0.64 0.70 0.78 0.77 0.80 0.79 0.78 0.78 0.82

NA = not applicable.
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Table F-10. Number of shipments to a repository from each reactor site

Reactor 100% Truck 100% Rail Reactor 100% Truck 100% Rail

Farley 1
Farley 2
Palo Verde 1
Palo Verde 2
Palo Verde 3
Arkansas Nuclear One 1
Arkansas Nuclear One 2
Calvert Cliffs 1
Calvert Cliffs 2
Pilgrim 1
Robinson 2
Brunswick 2
Brunswick 1
Perry 1
Perry 2
Dresden 1
Dresden 2
Dresden 3
Quad-Cities 1
Quad-Cities 2
Zion 1
Zion 2
LaSalle 1
LaSalle 2
Byron 1
Byron 2
Braidwood 1
Connecticut Yankee
Indian Point 1
Indian Point 2
Big Rock Point
Palisades
Midland 2
Midland 1
La Crosse
Fermi 2
Oconee 1
Oconee 2
Oconee 3
McGuire 1
McGuire 2
Beaver Valley 1
Beaver Valley 2
Crystal River 3
Turkey Point 3
Turkey Point 4
St. Lucie 1
St. Lucie 2
Hatch 1
Hatch 2
Vogtle 1
Vogtle 2
River Bend 1
Clinton 1
Cook 1
Cook 2
Arnold
Oyster Creek
Wolf Creek
Shoreham
Waterford 3
Maine Yankee
Three Mile Island 1
Grand Gulf 1
Grand Gulf 2
Cooper
Nine Mile Point 1
Nine Mile Point 2

120
46

511
484
448
762
187
893
853
761
581
799
791
806
747
136
909
825
862
815
858
824
572
572
638
631
568
702
80
762
104
796
373
334
143
609
759
612
779
115
73

735
272
676
695
694
894
486
312
289
547
416
465
528
948
933
562
777
191
270
421
980
723
247
340
771
700
243

18
7
72
70
63
108
27

127
122
105
83

111
109
110
104
18

126
114
119
113
122
117
79
79
88
86
83

100
11
108
14
113
49
46
19
85

108
87

111
17
11
104
39
96
99
99

113
70
43
40
78
60
65
74
135
133
79
108
27
38
61

140
103
35
48
107
97
33

Millstone 1
Millstone 2
Millstone 3
Monticello
Prairie Island 1
Prairie Island 2
Fort Calhoun 1
Humboldt Bay
Diablo Canyon 2
Diablo Canyon 1
Susquehanna 1
Susquehanna 2
Peach Bottom 2
Peach Bottom 3
Limerick 1
Limerick 2
Trojan
Fitzpatrick
Indian Point 3
Seabrook 1
Seabrook 2
Salem 1
Salem 2
Hope Creek 1
Ginna
Rancho Seco 1
Summer
San Onofre 1
San Onofre 2
San Onofre 3
South Texas Project 1
South Texas Project 2
Browns Ferry 1
Browns Ferry 2
Browns Ferry 3
Sequoyah 1
Sequoyah 2
Watts Bar 1
Watts Bar 2
Bellefonte 1
Bellefonte 2
Hartsville Al
Hartsville A2
Yellow Creek 1
Yellow Creek 2
Comanche Peak 1
Comanche Peak 2
Davis-Besse 1
Callaway 1
Vermont Yankee
Surry 1
Surry 2
North Anna 1
North Anna 2
WNP 2
WNP 1
WNP 3
Point Beach 1
Point Beach 2
Kewaunee
Yankee
Brunswick 2
Brunswick 1
Morris BWR
Morris PWR
West Valley BWR
West Valley PWR

804
805
36

693
650
631
534
86
236
279
652
614
1126
1126
679
421
330
614
714
486
320
791
764
509
503
721
12

203
306
347
594
592
699
695
986
444
425
518
524
444
327
463
328

90
50

412
368
248
360
675
748
620
365
295
650
394
617
620
591
634
340
72
80

150
175
17
60

70,553

111
106
6
96
92
90
76
12
34
40
90
85
156
156
95
59
18
107
102
69
46
113
109
71
71
103
2
29
44
50
82
82
135
140
137
46
42
74
74
64
47
65
45
13
8
58
53
31
51
93
102
77
47
38
90
56
89
88
84
90
48
10
11
20
25
2

9927
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The numbers of radiological fatalities predicted for the public from
waste transportation to each site are given below. The ranges account for the
uncertainty associated with the second repository and the uncertainty
associated with models and data, as discussed above.

Predicted fatalities
Site (range)

Davis Canyon 3.5 (0-4.9)
Deaf Smith 2.9 (0-4.1)
Richton Dome 2.4 (0-3.4)
Hanford 4.3 (0-6.1)
Yucca Mountain 4.1 (0-5.7)

As is the case for all transportation health-and-safety objectives, the number
of fatalities is proportional to the total distance. Thus, Richton Dome,
being the closest to the sources of waste, has the lowest level of impact and
Hanford, being the most distant, has the highest level.

The impacts reported above are slightly higher than those reported in
Appendix A of the environmental assessments because they reflect an assumed
dose-effect relationship of 280 health effects per million man-rem rather than
100 health effects per million man-rem.

F.1.6 RADIOLOGICAL FATALITIES IN WASTE-TRANSPORTATION WORKERS

The performance measure is the predicted number of radiological fatal-
ities in waste-transportation workers. The method of predicting health
effects was described in the preceding section, which discusses radiological
fatalities in the public. Basically, it involves the use of unit-risk
factors. This approach relies on a set of factors developed by using an
analytical model known as RADTRAN to obtain the risk per unit distance
traveled for each type of shipment (Wolff, 1984). Unit risk factors are
presented in terms of the population dose (man-rem) per unit of distance
traveled. Once the unit risk factors are calculated, they can be applied by
simply multiplying them by the total distance traveled. Thus, the single most
important factor in the calculations is the shipment distance. The total
distance traveled to each of the sites given the assumption that 70 percent of
the waste is transported by rail and 30 percent by truck, together with the
predicted number of fatalities, is shown below.

Total distance Predicted
Site (millions of miles) fatalities (range)

Davis Canyon 61.4 0.72 (0-1.0)
Deaf Smith 51.6 0.64 (0-0.90)
Richton Dome 41.3 0.52 (0-0.73)
Hanford 79.3 0.90 (0-1.3)
Yucca Mountain 74.8 0.81 (0-1.1)

The ranges account for the uncertainty associated with the second
repository (+40 and -46 percent) and the uncertainty associated with models
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and data (+0 and -100 percent), as discussed in Section F.1.5 It was assumed
that the dose-effect relationship is 280 fatalities per million man-rem.

F.1.7 NONRADIOLOGICAL FATALITIES IN WASTE-TRANSPORTATION WORKERS

This performance measure is the predicted number of nonradiological
fatalities in transportation workers. All of these fatalities would result
from transportation accidents. (The effects of air pollution were also
considered, but are insignificant in comparison with accidents.) The factors
that affect the number of fatalities are the same as those described in
Section F.1.5 except for the unit-risk factors. Unit-risk factors for
nonradiological effects are evaluated from accident-consequence data collected
from actual transportation records. The relevant unit-risk factors are given
in Table F-ll.

Table F-1l. Nonradiological risk factors for shipments from waste sources to repository

High-level wasteb
Mode Zone Hazard group Spent fuel b Defense Commercial

Truck Rural Public fatalities from air pollution 0 0 0
Truck Rural Worker fatalities from transportation

accidents 1.50E-08c 1.50E-08 1.50E-08
Truck Rural Public fatalities from transportation

accidents 5.30E-08 5.30E-08 5.30E-08

Truck Suburban Public fatalities from air pollution 0 0 0
Truck Suburban Worker fatalities from transportation

accidents 3.70E-09 3.70E-09 3.70E-09
Truck Suburban Public fatalities from transportation

accidents 1.30E-08 1.30E-08 1.30E-08

Truck Urban Public fatalities from air pollution l.OOE-07 l.OOE-07 l.OOE-07
Truck Urban Worker fatalities from transportation

accidents 2.1OE-09 2.10E-09 2.10E-09
Truck Urban Public fatalities from transportation

accidents 7.50E-09 7.50E-09 7.50E-09

Rail Rural Public fatalities from air pollution 0 0 0
Rail Rural Worker fatalities from transportation

accidents 1.81E-09 1.81E-09 1.81E-09
Rail Rural Public fatalities from transportation

accidents 2.64E-08 2.64E-08 2.64E-08

Rail Suburban Public fatalities from air pollution 0 0 0
Rail Suburban Worker fatalities from transportation

accidents 1.81E-09 1.81E-09 1.81E-09
Rail Suburban Public fatalities from transportation

accidents 2.64E-08 2.64E-08 2.64E-08

Rail Urban Public fatalities from air pollution 1.30E-07 1.30E-07 1.30E-07
Rail Urban Worker fatalities from transportation

accidents 1.81E-09 1.81E-09 1.81E-09
Rail Urban Public fatalities from transportation

accidents 2.64E-08 2.64E-08 2.64E-08

a Risk factors given per kilometer. To convert factors to risk per mile multiply by 1.609.
b Unit risk factors for general-commerce transportation by truck or rail; units are per

kilometer for truck transportation and per railcar-kilometer for rail trans ortation.
c Computer notation is used in this table. Thus, 1.50E-08 = 1.5 x 10
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The predicted numbers of fatalities for each site are given below. The
ranges account for the uncertainty associated with the second repository (+40
and -46 percent) and the uncertainty associated with models and data (+15 and
-15 percent).

Predicted fatalities
Site (range)

Davis Canyon
Deaf Smith
Richton Dome
Hanford
Yucca Mountain

2.1
1.6
1.3
2.7
2.5

(0.96-3.4)
(0.73-2.6)
(0.6-2.1)
(1.2-4.3)
(1.1-4.0)

F.1.8 NONRADIOLOGICAL FATALITIES INCURRED BY THE PUBLIC FROM WASTE
TRANSPORTATION

One of the health-and safety objectives is to minimize nonradiological
effects on the public from the transportation of waste, and the performance
measure is the number of nonradiological fatalities, which are assumed to
result from accidents. Nonradiological fatalities do not depend on the nature
of the cargo; they are effects that could occur in any tranportation accident,
whatever the commodity that is being transported.

The risk factors are given in Table F-ll. The results of the analysis
are presented below. The ranges account for the uncertainty associated with
the second repository (+40 and -46 percent) and the uncertainty associated
with models and data (+15 and -15 percent).

Predicted fatalities
(range)Site

Davis Canyon
Deaf Smith
Richton Dome
Hanford
Yucca Mountain

8.4 (3.9-13.5)
6.7 (3.1-10.8)
5.3 (2.4-8.5)
11 (5-17.7)
10.2 (4.7-16.4)

As is the case for all the health-and-safety objectives, there is a strong
correlation between the impacts and distance from the sources of waste.

F.2 ENVIRONMENTAL IMPACTS

There are three environmental objectives: (1) to minimize aesthetic
impacts; (2) to minimize archaeological, historical, and cultural impacts; and
(3) to minimize biological impacts. Impacts caused by both the repository and
by waste transportation through the affected area are considered in the
analysis.
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F.2.1 AESTHETIC IMPACTS

Since there is no direct measure of aesthetic impacts, surrogate measures
of performance were developed, and a scale of 0 to 6 was constructed (Table
4-2). The surrogate measures are based on three fundamental factors identi-
fied in the influence diagram for aesthetic quality (Appendix E): the pre-
sence of land areas designated for their special aesthetic qualities, incre-
mental visual changes, and the introduction of incremental undesirable noise.
On the constructed scale, 0 corresponds to virtually no degradation of
aesthetic quality and 6 corresponds to a major aesthetic degradation.

The presence of land areas designated for their special aesthetic qual-
ities recognizes that particular areas may be more sensitive to changes in
aesthetic quality than other areas. The factors that affect this sensitivity
include the type of resource area at risk and the use of the resource area.
Examples of areas so designated are components of the National Park System,
the National Wildlife Refuge System, the National Wild and Scenic Rivers
System, the National Wilderness Preservation System National Forest Land, or
a comparably significant State resource area. The aesthetic characteristics
of such areas are typically among the qualities that are the basis for their
protected status. Subsequent uses and enjoyment of such areas are also
determined by aesthetic characteristics. The presence of such designated or
unique resource areas in the area affected by the repository and the local
transportation system must therefore be considered together with the extent of
the area affected.

Incremental visual changes can be measured by the visibility reduction
caused by project-related pollutant emissions, skyglow, and the degree of
contrast with the existing visual setting. The criteria that can be used in
assessing "contrast" include the extent to which the natural environment is
physically alterated or destroyed, nonconformity with the existing environment
through the intrusion of elements out of scale or out of character with the
existing physical environment, the division of a valued area (i.e.., a park),
incompatibility with the existing character or uses of land in the area, and
the impairment of existing conditions.

The degree to which any noise from the project is undesirable can be
established from noise criteria developed for particular types of sensitive
receptors. For example, the EPA has promulgated noise guidelines for the
protection of human hearing loss and for the protection of the public from
noise in normally quiet areas. In addition, the U.S. Forest Service (USFS)
has established audibility guidelines for various types of recreational
activities. Since the sensitive receptors vary from site to site, the
criteria used to determine the significance of noise intrusion also differ.
The criteria applied for the noise assessments are described in the
environmental assessments for the sites (DOE, 1986a-e,Sections 4.2.1.4 and
5.2.6).

Presented on the next page are the scores(impact levels) for each site
and the bases for these scores. The scores are based on 'the extent, duration,
and intensity of visual and noise effects, the sensitivity bf a resource area
to impacts, and the cumulative and synergistic effects on the aesthetic
character of the site and nearby areas. The first score is the base-case
impact level. The range shows the scores for the low and the high impact
levels.
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Impact level
Site (range)

Davis Canyon 6 (6-6)
Deaf Smith 4 (3-5)
Richton Dome 4 (1-5)
Hanford 1 (1-2)
Yucca Mountain 4 (1-5)

Davis Canyon

At the Davis Canyon site considerable aesthetic degradation would result
from introducing a major industrial facility in a remote area that is highly
scenic and is used mainly for recreation. There are several unique aesthetic
resources in the vicinity of the Davis Canyon site, including the Canyonlands
National Park, the Bridger Jack Mesa Wilderness Study Area, the Newspaper Rock
State Historical Monument, and various recreation areas managed by the Bureau
of Land Management (BLM). All of these resource areas would experience visual
or noise effects.

Project activities would be visible and audible in the Canyonlands
National Park. From various isolated points in the eastern district of the
Park, the facilities of the repository, the access road, and the rail route
would contrast visually with the surrounding area and attract attention.
Project-related noise would exceed the USFS audibility threshold at the
nearest park boundary.

In the northern portion of the Bridger Jack Mesa and the Newspaper Rock
State Historical Monument, the noise from traffic on Utah-211 would exceed the
USFS audibility threshold. The repository, the access road, and the rail
route would be visible from the Bridger Jack Mesa.

The access road and the rail route would be visible from Canyonlands
overlooks and BLM overlooks. Depending on the rail-route alternative that is
selected, visual contrast could occur at the Arches Visitors Center, the Dead
Horse State Park Overlook, or the State of Utah Kane Springs Rest Area and the
Wilson Arch Viewpoint.

Parts of the repository would be visible from portions of Harts Point,
Hatch Point, and the access road to Needles Overlook. The repository, the
access road, and the rail route would be visible from the Davis Canyon jeep
trail and along portions of Utah-211.

Because of the predicted visual and noise impacts and the impacts on the
various unique resource areas, the Davis Canyon site is assigned a base-case
impact level of 6 for the aesthetic-impact performance measure (the high-
impact score is also 6). Considering the number of unique resource areas that
could be affected, the duration of the impacts, the magnitude of the impacts
(i.e., ratings), and the natural aesthetic setting, it is unlikely that any
major impacts could be entirely eliminated or mitigated to insignificant
levels. Thus, even the low-impact score is 6.
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Deaf Smith

An industrial complex in an open agricultural setting would greatly
contrast with the natural setting.

Noise levels at some nearby residences may exceed the EPA guideline for
the average day-and-night noise levels (Ldn = 55 decibels). However, this
guideline is likely to be exceeded only during construction. The base-case
score for the Deaf Smith site is 4. This score is based on a long-term visual
contrast and short-term adverse noise levels.

If the noise generated by repository operation is greater than expected,
the noise levels at nearby residences may exceed the EPA guideline, resulting
in a major noise effect. A major visual effect combined with a major noise
effect would give the Deaf Smith site a high-impact score of 5. If additional
noise mufflers are used or if project activities are sited farther away from
residences, noise effects could be disminished, but the visual contrast would
remain. The low-impact score for the Deaf Smith site is therefore 3.

Richton Dome

For the Richton Dome site, the base-case score on the aesthetic-quality
performance measure is 4. Visual and land impacts would occur from the
development of a rural landscape. Portions of the headframes for repository
shafts would be visible from Mississippi State Highway 42. During site
characterization and repository construction, two residences would experience
noise exceeding the EPA guideline for day-and-night noise levels (55

' decibels). Depending on the routing along local highways, four residences may
be affected by repository-traffic noise.

The low-impact score for Richton Dome is 1. This level could be obtained
if the repository is sited in such a way that it could not be seen from State
Highway 42 and if additional noise mufflers are used on equipment.

It is, however, possible that the repository or transportation routes may
be sited where they could be more visible from State Highway 42 or from
another key observation point, such as the DeSoto National Forest. It is also
possiblethat noise levels could exceed the EPA guideline for longer dura-
tions. Thus the high-impact score for Richton Dome is 5.

Hanford

Since at Hanford the repository would be constructed on a site that is
already used as a DOE center for nuclear research and development, the
expected-incremental aesthetic effects at the Hanford site would be minimal.
Existing activities already generate noise and visual impacts at the site.
The noise generated by the repository project would not exert any effects
distinguishable from those of current aircraft and surface traffic. The
repository may be partly visible from Route 240, but it would be similar to
other structures in the area. The base-case score as well as the low-impact
score for the Hanford site is therefore 1. Even if both adverse visual or
noise impacts do occur, it is still not likely that noise levels would be
unacceptable or that visual contrasts would be seen. The high-impact score
for Hanford is therefore 2.
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Yucca Mountain

Visual impacts at the Yucca Mountain site would be minimal because most
project activities would not be visible from population centers or public
recreation areas. The rail route, the transmission line, and the access road,
as well as some site-characterization activities, may be visible from U.S.
Highway 95. Since the land in the area is used by the U.S. Air Force and by
the DOE, the activities of the project would not be incompatible with the
current uses of the area.

The base-case score for Yucca Mountain is 4. It is based on rail-
transportation noise that would exceed the EPA guideline of 55 decibels at
residential areas and at Floyd Lamb State Park.

The high-impact score for Yucca Mountain is 5. This score would be
assigned if transportation routes dissected BLM land used for recreational
purposes, resulting in a high visual contrast and thus adding a major visual
impact to a major noise impact. A low impact level of 1 could be obtained for
this site if the railroad could be so routed that it would not traverse or
affect residential areas or the State park.

F.2.2 ARCHAEOLOGICAL, HISTORICAL, AND CULTURAL IMPACTS

One of the objectives of siting is to minimize adverse impacts on
significant archaeological, historical, and cultural properties; these impacts
may be directly or indirectly attributable to the repository and waste trans-
portation. The performance measure for this objective is a constructed scale
of 0 to 5, where 0 means no impact and 5 means a very serious degradation of
archaeological, historical,or cultural properties (see Table 4-3). The
assignment of scores is based on a quantitative evaluation of the significance
of properties, the number of properties that would be affected, the degree of
impact, and amenability to impact mitigation.

The repository project-that is, the repository itself and the local
transportation network-has the potential to affect significant historical
properties through the alteration or destruction of the property, the altera-
tion of the surrounding environment, and the introduction of elements that are
out of character with the property. Such effects may result from the
construction or operation of the repository, the construction of
transportation access routes or the waste-transportation operations, or an
increase in population and the concomitant increase in commuting.

The scores (impact levels) assessed for each site are shown below for the
base case as well as the low- and the high-impact cases.

Level of impact
(range)Site

Davis Canyon
Deaf Smith
Richton Dome
Hanford
Yucca Mountain

3 (2.5-5)
1 (0-2.5)
0.5 (0-1)
0.5 (0.5-3)
2 (2-3.5)
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Davis Canyon

Davis Canyon is in an area that is exceptionally rich in archaeological
remains. Despite the absence of a systematic survey in the project area,
extensive data collection has been conducted in the region, and several
hundred aboriginal archaeological sites have been recorded in the area. The
area has a diverse and abundant base of cultural resources, with sites
spanning from the Paleo Indian (9500 to 5500 B.C.) to the Euro-American
Historic (A.D. 1765 to present) periods. Archaeological sites include
chipping stations, transient and alcove camps, storage sites, open and alcove
habitations, rock shelters, rock art, and archaeoastronomy sites. The
rock-art sites particularly those in the Newspaper Rock State Historical
Monument are considered by some to be of "world class."

The rock-art and the archaeoastronomy sites are of major concern.
Although the individual rock-art sites may not be impressive, taken as a whole
they are an important record of the past. The archaeoastronomy sites provide
information about the aboriginal understanding of celestial events. In both
cases, the relationship of the site to similar sites in the environmental
context is critical to their significance.

Historical sites in the Davis Canyon area have the potential for con-
taining information on early exploration, settlement, ranching, and mining, as
well as the place of the area in the history of the region..

Davis Canyon was assigned a base-case score of 3 because it is expected
that some sites of major significance would be adversely affected. If those
impacts could be adequately mitigated, the score could be as low as 2.5.
However, it is possible that the impacts on a number of major sites would be
so severe as to require a score of 5.

Deaf Smith

The Deaf Smith site is in a region that shows evidence of human occupa-
tion from Paleo-Indian (12,000 to 8000 years before the present) to Historic
times (A.D. 1600 to the present). There has been no surface reconnaissance of
archaeological sites in the immediate vicinity of the site, and long agri-
cultural use makes it likely that much surface evidence has been obliterated.
However, given the density of sites nearby, there is a high potential for
undiscovered sites, especially near water sources (including the two playa
lakes at the site).

Similarly, no historical sites have been recorded, but the potential for
undiscovered historical resources is high. The site may contain historical
aboriginal sites associated with water resources, Comanchero and Cibolero
trails located north of Palo Duro Creek, Pastores occupational sites along
stream drainages, evidence of ranching and farming, and a historical trail.

Deaf Smith is assigned a base case score of 1 for archaeological
impacts. It is probable that at least five properties of minor importance
would be discovered, but it is reasonable toassume that the impacts would
be amenable to mitigation. The low-impact score could be 0; it is possible
that no sites would be discovered. However, if the area does yield
archaeological and historical material, the high-impact score could be 2.5.
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Richton Dome

The area of the Richton Dome and the surrounding vicinity are almost
unknown archaeologically. It is unclear whether the dearth of information is
due to the lack of sites or to the lack of investigation.

The potential for discovering sites in this area is low. Extensive
plowing and forestry preclude the possibility of extensive surface remains,
but buried remains in colluvial and alluvial deposits are possible.

It is expected that historical remains include such buried deposits as
house foundations or cisterns. Standing structures may include vernacular
architecture of house, barn, and outbuildings. Archaeological remains in the
region suggest occupation for as long as 17,000 years, with three separately
recognized eras: Paleo-Indian, Indian, and Archaic.

The scores for Richton Dome are 0.5, 0, and 1 for the base case, low
impacts, and high impacts, respectively.

Hanford

The Columbia River region of Washington State was densely inhabited
during aboriginal times, but most prehistoric sites have been destroyed
through vandalism and development. Nine archaeological properties have been
identified on the Hanford reservation, but none is within the nominated
Hanford site.

Archaeological surveys of the Hanford site concluded that the repository
would not affect significant historical properties. Local specialists have
contested this conclusion, suggesting that there are additional sites that may
be directly or indirectly affected by the repository. Furthermore, local
Indian groups--notably the Yakima Indian Nation claim religious significance
for Gable Mountain.

The base-caseand the low-impact scores for Hanford are both 0.5.
Because of Indian claims for Gable Mountain, a higher score 3, could be
considered, but it would be necessary to demonstrate the presence of a major
site of religious significance.

Yucca Mountain

The extensive field inventory that has been conducted in the vicinity of
Yucca Mountain shows that generally the area is very rich in resources. The
richness is attributable largely to preservation: since the area is dry,
materials do not disintegrate rapidly. Furthermore, the area has not been
extensively disrupted over time.

A total of 178 prehistoric aboriginal sites were identified in the area,
representing use by small and highly mobile groups or bands of aboriginal
hunter-gatherers. Among them are 21 campsites and 141 extractive locations-
the remains of limited, task-specific activities associated with hunting,
gathering, and processing wild plants.
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The historical resources in the area include historical trails, mining
camps and mines, ghost towns, ranches, and Mormon settlements.

Impact levels for Yucca Mountain depend not so much on the number of
sites present as on the potential for avoiding or mitigating adverse impacts
on those sites. The regulations of the Advisory Council (36 CFR Part 800)
state that a site significant for the data it contains can be excavated, and
the data extracted, without major impact on the site (or the reason for its
significance). Given that standard, it is possible to say that, despite the
large number of sites, it may be possible to avoid major impacts on most of
the sites that may be affected by the repository.

Given the assumption that most effects would be minimal but given also
the great number of sites that may be affected, the base-case score for Yucca
Mountain is 3. However, if it is possible to keep all impacts minor, the
impact level could be as low as 2. Alternatively, if the impacts are not
subject to mitigation, the level could be as high as 3.5.

F.2.3 IMPACTS ON BIOLOGICAL RESOURCES

Biological degradation can be considered in terms of adverse effects on
habitats or species. The project has a potential for directly altering
habitats through land clearing, stream realignment, streambank disturbance, or
the filling and draining of wetlands. Habitats may be affected by the place-
ment of structures in such a way that they may act as physical or behavioral
barriers to wildlife or may disrupt the continuity of an ecological unit.
Another potential source of habitat disruption is the discharge of effluents
that alter physical or chemical conditions. Wildlife may be directly affected
by accidents resulting in roadkills; by increased hunting, fishing, or
poaching pressures; or by increased noise, lighting, or disturbances
associated with the presence of people.

Since there is no one quantifiable measure of overall biological impacts
and no one type of impact is considered to be truly representative of resource
degradation, the performance measure is a scale constructed to address a range
of effects (see Table 4-4). On this scale, O means no damage to habitats or
species and 5 means the destruction of threatened, endangered, rare, or
sensitive species or their habitats, with adverse effects on the regional
abundance. To determine wherethe site-specific effects fall within the
scale, the evaluation considers the possibility of an effect, the magnitude of
the potential effect, and the importance of the effect. The magnitude of the
effect is evaluated in terms of the numbers of affected species or habitats,
the number or percentage of a species or habitat area that is affected, and
the percentage of the regional population base that is affected. The impor-
tance of the effect is evaluated in terms of the type of species or habitat
affected (i.e., threatened or endangered).

Since there is no one quantifiable measure of overall biological impacts
and no one type of impact is considered to be truly representative of resource
degradation, the performance measure is a scale constructed to address a range
of effects (see Table 4-4). On this scale, O means no damage to habitats or
species and 5 means the destruction of threatened, endangered, rare, or
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sensitive species or their habitats, with adverse effects on the regional
abundance. To determine where the site-specific effects fall within the
scale, the evaluation considers the possibility of an effect, the magnitude of
the potential effect, and the importance of the effect. The magnitude of the
effect is evaluated in terms of the numbers of affected species or habitats,
the number or percentage of a species or habitat area that is affected, and
the percentage of the regional population base that is affected. The impor-
tance of the effect is evaluated in terms of the type of species or habitat
affected (i.e., threatened or endangered).

The base-case scores for the five sites are given below; the ranges show
the low- and high-impact scores.

Site Level of impact (range)

Davis Canyon 3.5 (2.67-4.5)
Deaf Smith 2.33 (1.5-3)
Richton Dome 2.67 (2-3.5)
Hanford 2.33 (1-3.5)
Yucca Mountain 2 (1-2.67)

Davis Canyon

Much of the land around the Davis Canyon site has been recommended for,
or is already dedicated to, wilderness areas, national parks, and the like.
The area is part of the Inter-Mountain Sagebrush Floral Province, where the
desert shrub and pinyon pine-juniper woodlands tend to dominate. No unique
plant ecosystems have been identified in Davis Canyon. Both the diversity and
the productivity of the natural vegetation and wildlife are low. Much of the
site is native pasture supporting open-range livestock grazing.

There are no aquatic communities or wetlands on the site, but wetlands
occur in narrow zones along nearby Indian Creek. The upper 12 mile section of
Indian Creek has been classified by the U.S. Fish and Wildlife Service as a
Class 2 (high-priority) fisheries resource.

No threatened or endangered species have been found at the site, but the
area is favorable for a variety of federally designated species. Two plants
with threatened-or-endangered status may be present near the areas proposed
for site-characterization field studies. A peregrine falcon nest has been
observed in the Canyonlands National Park, and two more have been seen near
Moab. In addition, a pair of peregrines has been sighted along North
Cottonwood Creek. Bald eagles are known to roost along the Colorado River.
Three endangered species of fish--the Colorado squawfish, the humpback chub,
and the bonytail chub--occur 25 miles downstream from the Davis Canyon site.

Sensitive species also occur in the area. Raptors-including golden
eagles, red-tailed hawks, prairie falcons, and great horned owls--nest in the
vicinity of Davis Canyon. Mule deer overwinter in Davis Canyon. Areas
considered for transportation and utility corridors contain populations of
desert bighorn sheep, mule deer, and pronghorns, as well as the
above-mentioned federally protected species. Nearby Hatch Point is the site
of two fawning grounds for pronghorns. It also contains habitat for the sage
grouse, which is scarce in the area. Kane Springs Canyon provides riparian
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and bighorn sheep habitat, and several areas to the south of Harts Draw are
considered valuable pronghorn range. Drainages near the Colorado River
provide the most sensitive biological resources in the ara in the form of
valuable riparian habitats.

The repository project would have several impacts on the natural environ-
ment. Usage of the Canyonlands wilderness and recreation areas may increase.
Locally, temporary loss of vegetative cover would occur. Impacts on wildlife
would include temporary displacement or disturbance of small mammals and
birds. Drilling would be conducted 0.6 to 9 miles from golden eagle nests,
and the construction of access roads to the drill sites may also disturb the
birds. In addition, noise-or human presence may affect the foraging of the
bald eagles and peregrine falcons nesting in the area. However, no depletion
of these endangered species is expected because of the distance of their known
roosts or breeding areas. A bald eagle nest known to be 2 miles away from any
project activity may experience some disturbance due to noise and the presence
of people.

Impacts from salt deposition are expected to be minimal because most of
the deposition would be contained within the site. Offsite deposition is
expected to be insignificant.

Access-road construction and seismic survey lines would destroy some
habitats and may affect threatened and endangered species (peregrine falcons,
bald eagles, and black-footed ferrets). The riparian habitats around Indian
Creek would be disrupted by field testing and utility crossing. The drainage
that provides riparian habitat near the Colorado River would also be dis-
turbed. Realignment of Indian Creek for the Utah-211 bypass would disrupt
riparian habitat.

The Utah-211 bypass may also affect the mule deer. The proposed water
pipeline may interfere with the movement of bighorn sheep, and the removal of
water by this pipeline from the Colorado River may jeopardize the endangered
Colorado squawfish. Impacts on floodplain biota would include the clearing of
local vegetation adjacent to the Davis Canyon wash and at the Indian Creek
crossing point. Because almost all drainages are ephemeral desert washes,
very limited impacts are expected. Increased human presence may cause some
disturbance and displacement of wildlife from adjoining floodplain areas.
Impacts on water quality would be limited to local and temporary increases in
sediment loads from land alterations and disturbances. Site runoff and dis-
charge would be controlled. No adverse effects from windblown salt are
expected.

Davis Canyon is assigned a base-case score of 3.5. The riparian habitats
that would be affected are not common to the area. The transportation
corridors and water pipeline may affect several threatened or endangered
species and would interfere with the access of mule deer and pronghorns to
their wintering and fawning grounds. The potential effects on the riparian
habitats, which are biologically sensitive resource areas, place the impact
level above 3. Although there may be some effects on threatened and
endangered species, their regional abundance is not likely to be threatened,
and thus the base-case score would not be higher than 4.
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The high-impact score for Davis Canyon is 4.5. If the riparian habitats
are greatly affected, there may be a threat to the regional abundance of the
threatened and endangered species that rely on them as well as to other
sensitive species in the area.

The low-impact score is 2.67. It would be assigned if the potential
impact on the riparian habitats and on the threatened and endangered species
are diminished by avoiding known nesting or foraging areas and using buffers.

Deaf Smith

The Deaf Smith site is on land that is predominantly prime farmland. The
area is semiarid to subhumid, with steppe or shortgrass prairie cover where it
is not cultivated. Both at the site and in its vicinity there are playas and
ephemeral-stream wetlands, which are ecologically important. (There are 17
playas in the vicinity, and 12 of them have already been heavily modified.)
There are seven threatened or endangered species in the site vicinity: two
reptiles (the Texas horned lizard and the Central Plains milk snake), four
birds (the bald eagle, the whooping crane, the American peregrine falcon, and
the Arctic peregrine falcon), and one mammal (the black-footed ferret). There
are no critical habitats on the site or in its vicinity. State-protected
species occurring in the vicinity are the osprey and the woodstock.

Wildlife in the area may be adversely affected by increased human
presence, traffic, noise, dust, and erosion. Although there would be no
permanent loss of habitats, raptors may experience a temporary decrease in
foraging habitat. Three of the playas would be drilled.

The repository is not expected to affect water quality, although degrada-
tion due to sediment loading may occur for short periods of time. Effects on
aquatic biota are expected to be minor, as most runoff would be handled at the
site. During construction, no effects on surface-water quality are expected
because sedimentation would be controlled and impacts due to salt dispersal
would be insignificant. Most of the windblown-salt deposition is expected to
occur in the controlled area, and hence no significant effects on soil
productivity are expected. Effects on water are expected to be minimal
because of the measures that would be used in handling salt.

The Deaf Smith site has been assigned a base-case score of 2.33.
Sensitive playas would be affected, although the three playas that would be
drilled have been heavily modified. Threatened or endangered species as well
as sensitive and State-protected species may be affected by the loss of
habitat. However, since much of this area is in agricultural use, many of the
more sensitive species would already have been affected and dislocated.
Although some sensitive resources would be affected and some threatened or
endangered species may be affected, it is more likely that most of the impacts
would be incurred by more-common and less-sensitive species and biological
resources.

The low-impact score for Deaf Smith is 1.5. The playas that would be
drilled may have been so heavily modified that they are of limited use in
contributing to the variety of ecosystems in the area. In addition, if there
are few or no threatened or endangered species in the affected area, then most
of the impact would be felt by the more-common species.
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The high-impact score for Deaf Smith is 3. Although there is a potential
to affect sensitive species and threatened or endangered species in the area,
the natural ecosystem has already been so modified as to limit the impacts.
Although the potential for future negative impacts is not negligible, the
initial impacts of ecosystem modification in the area have already occurred
from agricultural activities.

Richton Dome

The Richton Dome site is characterized as a longleaf-slash pine habitat.
It is drained by several streams and dotted by wetlands. No unique ecosystems
have been identified in the area of the site, nor are there any known
threatened or endangered species or critical habitats at the site. However,
colonies of the cockaded woodpecker are found 10 miles south of the site, and
the American alligator occurs 10 to 15 miles southwest of the site; both are
on the Federal list of endangered species. The bald and golden eagles and the
graybat also occur in the vicinity. The area contains three rare but not
protected species and five State-protected species. Twenty-nine threatened or
endangered species of plants could also occur in the area, but there are no
known designated critical habitats for flora in the area. The Chickasawhay
Wildlife Management Area of the DeSoto National-Forest is 3 miles north of the
dome.

During site characterization and repository construction, some wetlands
would be destroyed. Adjoining wetlands would be disturbed and broken up by
access roads. A creek would be relocated, and another would be traversed by a
bridge. There would be a general loss of vegetation and habitat.

The habitats of the bald eagle and.the graybat may be affected. The
development of access corridors may affect potential habitats of the red
cockaded woodpecker. The cumulative effects of repository siting, construc-
tion and operation may be adverse to various species in the area and result
in range abandonment,decreased productivity,and a decrease in the-size of
fish and wildlife populations, including,migratory birds and rare or
endangered species.

Most of the windblown-salt deposition is expected to occur in the
controlled area, and therefore minimal effects on soil productivity are
expected. Effects of the windblown salt on water quality would be small, and
no adverse effects on vegetation are expected.

There would be permanent loss of some aquatic habitats because of stream
diversion, alterations, and drainage. The seismic refraction lines may cross
floodplain areas, creating temporary breaks in these ecosystems. Water
quality would be temporarily affected by increased sedimentation, and the loss
of some organisms is unavoidable., However,..the impacts would be localized.

Richton is assigned a base-case score of 2.67. The wetlands are a
sensitive biological resource that would be affected. Since there are many
species with Federal status as threatened or endangered, the potential-for
impact is relatively high. The relocation of various waterways would affect
the threatened or endangered species in the-area. If the access lines need to
ross the habitat of the red cockaded woodpecker or the American alligator,
then the potential for affecting a threatened or endangered species would be
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increased. However, there appears to be little threat of affecting the
regional abundance of the threatened or endangered species.

The low-impact score for the Richton Dome site is 2. At the least, the
repository would affect some wetlands, which are biologically sensitive. The
high-impact score for the Richton Dome site is 3.5. If the wetlands are
discovered to be critically tied to a sensitive species or a threatened or
endangered species, then a score of 3.5 is possible. If the destruction of
wetlands would bring the abundance of a species dependent on them down to a
critical level, then this site should potentially rate fairly low.

Hanford

The Hanford site is in a shrub-steppe ecosystem--a relatively fragile
environment that contains separate ecological communities. There are no
naturally occurring surface-water systems or wetlands on the site. However,
manmade aquatic areas on the site attract a variety of birds and mammals.

No federally designated threatened or endangered species are known to
nest at the site or to use it as a critical habitat. The bald eagle and the
peregrine falcon have been infrequently seen in the area, and three birds that
are candidates for Federal protection nest at the site or nearby: the long-
billed curlew, Swainson's hawk, and the ferruginous hawk; the latter is class-
ified as threatened by the State of Washington.

The site contains no plants with Federal threatened or endangered status
or their critical habitats. However, several species that do occur at the
site are being considered for threatened status, and two species designated
sensitive by the State occur nearby. Investigations are continuing as to the
location of State protected and candidate threatened-or-endangered species.

Repository siting, construction, and operation may cause minor disturb-
ances to wintering bald eagles when activities are centered around the
Columbia River. This can be minimized by-adjusting the seasonal time of
activities. Raptors in the area may be caused to leave their nests, as may
the long-billed curlew. Other animals in the area sensitive to noise and
human intrusion will be displaced. The major impact will be the loss of
habitat and the displacement or destruction of species through land disturb-
ance, field studies, and construction. However, although the permanent loss
of habitat is significant on the local scale, the area is not ecologically
unique or sensitive. The regional habitat productivity is not likely to be
affected.

A stretch of the Columbia River 4 miles south of the site is the only
undammed segment of that river in the United States. The river is home to
many birds and is a major spawning ground for the chinook salmon and the
steelhead trout. No threatened or endangered species have been identified.
Drilling near the river may disturb the bald eagle. As mentioned earlier,
these effects can be minimized by drilling only during certain times of the
year, or relocating drilling sites away from bald-eagle nesting sites.

Hanford is assigned a base-case score of 2.33. While considerable
disruption or destruction of land and habitats is expected, there is no
expected threat to threatened or endangered species or to the Columbia River.
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Sensitive species (such as raptors) may be affected but there is little
likelihood of impacts on their regional abundance. An impact level of 3
includes some risk to threatened or endangered species. Sincethe risk is
small in this case,Hanford is placed between 3 and 0.67, butcloser to the
upper end of the spread.

The low-impact score for Hanford is 1. Since most of the species in the
area are common and nonsensitive, it is possible that the sensitive and
threatened or endangered species would not be affected. The distance from the
site to the Columbia River can serve as a protecting buffer for the river and
its habitat. Impacts on nesting birds in the,area can be minimized by
limiting the time of disturbance to seasons during which the birds are not
nesting or avoiding these areas to the extent practicable.

The high-impact score for Hanford is 3.5. If the ongoing flora studies
reveal sensitive and threatened or endangered plant-species on or near the
site, then the potential for impacts on these species may be higher than
expected for the base case. The lack of onsite nesting areas for threatened
or endangered species indicates that no major critical habitats are likely to
be found. It is possible, however, that more sensitive and threatened or
endangered species may be located on the site and that in the event of impacts
on the-Columbia River, the spawning grounds for various fish may be affected.
Therefore, at the worst, the score for Hanford is higher than 3. Although the
likelihood of this is low, the potential consequences are high, and therefore
the high-impact score for Hanford is 3.5.

Yucca Mountain

The Yucca Mountain site encompasses three floristic zones: the Mojave
Desert, the Great Basin Desert, and a transition zone. The animals in the
area are common, and no plants or animals at the site have Federal status as
threatened or endangered species. The Mojave fishhook cactus and the desert
tortoise, which occur in the study area, are candidates for the list of
threatened and endangered species. The desert tortoise is protected by the
State. The density of the desert tortoise in the project area is lower than
in other parts of its range.

No permanent or major sources of seasonal free water,and hence no
riparian habitats, exist at Yucca Mountain. The larger washes and drainages
in the area tend to contain a distinct flora consisting of species found only
in washes or most-common in washes.

The major environmental impact of the repository would be the disturbance
and destruction of habitats sand indigenous wildlife. Depending on the extent
of damage to the soil,hundreds of years may be required for a total recovery.

Yucca Mountain is assigned a base-case score of 2. Wildlife may be
affected by the destruction of catch basins and by the noise generated by
construction,operation, and traffic. The most prominent impact would be
habitat loss and abandonment. Most, of the impact, however, would be felt by
resources common to the area. Construction would avoid the Mojave fishhook
cactus and the desert tortoise wherever possible. The affected land itself,
though sensitive, is not ecologically unusual and represents only a small
percentage of the surrounding biota in the region.
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The low-impact score for Yucca Mountain is 1. This level of impact would
occur if the sensitive species in the area were not affected and all impacts
were limited to common species. The high-impact score is 2.67. The land
itself may be affected and the resulting potential for disruption could be
large. The other sensitive resources in the area are the aforementioned cacti
and tortoises. Although significant effects could be experienced by both of
these sensitive species, the likelihood of such effects is low.

F.3 SOCIOECONOMIC IMPACTS

One of the objectives is to minimize adverse socioeconomic impacts from
the repository and waste transportation.

The performance measure for this objective is a constructed scale con-
cerned with the impacts of the repository on the local communities, the infra-
structure of those communities, the ability of people in those communities to
pursue their lifestyles, and the indirect economic implications for persons in
the local communities. The constructed scale consists of five levels (see
Table 4-5). Level 0 is defined to correspond to essentially no adverse
socioeconomic impacts, and higher levels designate a greater level of adverse
impacts.

The base-case scores for the five sites are given below and are described
in the text that follows. The range shows the low- and high-impact scores.

Site Level of impact (range)

Davis Canyon 2 (1.33-3)
Deaf Smith 1.67 (1-3)
Richton Dome 2 (1-3)
Hanford 0.33 (0-0.67)
Yucca Mountain 0.67 (0.33-2)

Davis Canyon

Considerable in-migration is expected for Grand and San Juan Counties and
for the three communities of Moab, Monticello, and Blanding. The population
of Grand and San Juan Counties in 1980 was 20,494. By 1997, during peak
construction, the baseline population in those counties is projected to
increase to 24,030. The baseline population of Moab, including Spanish
Valley, is projected to increase to 7464 by 1997. The baseline populations of
Monticello and Blanding are projected to increase to 2433 and 3933, respec-
tively, by the same year. Estimates of repository-related in-migration show a
cumulative population increase of about 4690 persons over the first 6 years of
construction. -Moab is-expected to receive 50 percent, or 2350, of these
in-migrants, while Monticello and Blanding are projected to receive 1200 and
940 in-migrants at the peak, respectively. Major upgrading of the public
infrastructure-would be required. Impacts on area housing are expected to be
major: the housing needed by repository-related households could reach 1600
units, but fewer than half this number of units are currently available in the
study area. Additional personnel and equipment would be required in Moab
Monticello, and Blanding to meet increased demands for fire protection, police

F-46



protection, health services, sewage treatment, social services, and
solid-waste disposal. All communities are likely to need new landfills and
additional classroom space. New streets and sewer and water lines would also
be needed for the necessary new housing developments. Substantial social
changes may result from the considerable population growth and the decrease in
the percentage of the population native to Utah. Considerable conflict
between current and new residents is expected.

Mining, trade, and government are the major employers in Grand and San
Juan Counties. Mining has played an important role throughout the last
decade, averaging about one-third of nonagricultural employment in the two
counties. In recent years, mining employment has declined significantly,
while employment in the government sector has increased. Total employment in
the two counties in 1984 was 7240. Direct and indirect employment during
repository operation is expected to peak at 2070. Such direct and indirect
employment may result in the area's becoming economically dependent on the
repository.

Land-use and land-ownership impacts are expected to be minimal. Minor
impacts are expected on tourism and local recreation. If current plans to
upgrade the water system in Moab and Monticello are completed, excess capacity
should be available in all towns even after baseline needs are met; therefore,
a diversion of water resources from other activities should not be needed.
Only 4 percent of the land needed for repository construction and operation is
privately owned, and no commercial or residential displacement is expected.

The base-case estimate for the Davis Canyon site corresponds to impact
level 2 on the performance measure for socioeconomics. Although in-migration
and economic dependence may be more severe than described for impact level 2,
inadequacies in the public and private infrastructure are balanced by the
greater compatibility of the repository with existing land use and ownership.
Minor impacts are expected on the local tourism industry. No diversion of
water resources is expected. Only 4 percent of the site is privately owned,
and no displacement is expected. The lifestyles and values of the
in-migrants, however, are expected to conflict with those of the current
residents.

The low-impact score for Davis Canyon is 1.33. Although the affected
communities do not have large population or employment bases, fewer lifestyle
conflicts may occur than forecast because the area has a history of mining,
and, because of the recent economic decline, local miners may be available.
Impacts on existing land and resource uses may also be minimal because only
4 percent of the land is privately owned, and no displacement is expected.
Impacts on tourism and local recreation are expected to be minor. Because
in-migration cannot be expected to be small enough to cause only moderate
impacts on the public infrastructure and housing the low-impact score is not
as low as 1. However, because the DOE believes that incompatibility between
the lifestyles and values of newcomers and current residents or incompati-
bility with land use and ownership should be weighed more heavily than
inadequacies in the public- and private-service structure, the low-impact
score for the Davis Canyon site is close to a level described as 1 in Table
4-5 and is significantly better than the example scenario given for level 2.

F-47



The high-impact score for Davis Canyon is 3. Communities in the study
area are small, and lifestyle conflicts between current and new residents
could be extensive. Because of the site's proximity to the Canyonlands
National Park and other tourist areas, unexpected and negative impacts may
occur on primary land uses like those related to tourism and local recrea-
tion. In addition, the possibility that business patterns could be disrupted
and economic decline could follow the completion of waste-emplacement opera-
tions cannot be dismissed, given the area's previous economic trends and the
percentage of total employment due to the repository.

Deaf Smith

The 1980 population of the nine-county study area for the Deaf Smith site
was 281,060 in 1980. By 1997, during peak construction, the baseline
populations of the four major communities in the study area are expected to be
as follows: Amarillo, 184,746; Hereford, 20,028; Canyon, 14,455; and Vega,
1215. Estimates of repository-related in-migration show a cumulative
population increase of 2520 over the first 6 years of construction. Amarillo
is expected to receive 60 percent, or 1510 of these in-migrants, while
Hereford, Canyon, and Vega are expected to receive 630, 150, and 100 at the
peak, respectively. This level of population increase is not expected to
cause a significant disruption of public services. Impacts on public services
are expected to occur mainly in Amarillo, Hereford, Canyon, and Vega. The
additional public services--including schools, fire and police protection,
water supply, and recreation-required by in-migration are expected to be
minimal. The projected net change in total population within commuting
distance of the site is less than 1 percent of the baseline population. A
moderate increase in housing needs in the study area is expected. Although
considerable in-migration is not expected, there could be some differences in
lifestyles and values between current and new residents given the relatively
stable farm-based population of the area.

Impacts on the existing agricultural land uses are expected to be minor.
Although some temporary impacts on agriculture may result from the perception
of consumers concerning a repository, these impacts should not be large or
long lasting. In addition, the repository would place demands on the Ogallala
aquifer. Although the demand from the repository is small in comparison with
the current rate of use, the use of water from the Ogallala is a major problem
for the entire region. All of the land is privately owned, and as many as 27
people may require relocation.

The economy of the affected area is moderately diverse. The primary
sectors include retail trade (15 percent), government (18 percent), services
(15 percent), agriculture (10 percent), and manufacturing (10 percent). Some
of these employment sectors are closely related to or support regional
agricultural activities. For example, in the manufacturing sector, the
production of food and food products, agricultural chemicals and fertilizers,
and farm equipment accounts for 40 to 45 percent of the sector.

Total employment in all sectors in the nine-county study area for 1980
was 137,365. Total employment in Deaf Smith County was 9669. Direct and
indirect employment during repository operation is expected to peak at about
2300 workers. Given the employment base in the area, the area is not expected
to become economically dependent on the repository.
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The Deaf Smith site is assigned a base-case score of 1.67. All land is
privately owned, with the displacement of agricultural land uses and as many
as 27 people expected. In addition, the lifestyles and values of many
in-migrants are not expected to match those of the farm-based population in
the study area. For these reasons, the performance of the Deaf Smith site is
not expected to be better than the scenario cited for level 1 in Table 4-5,
but it is slightly better than level 2. Major impacts on public services or
housing are not expected. Population growth rates are not expected to be
high, and most of the in-migrants are expected to locate in Amarillo, which
has the infrastructure to accommodate them.

The low-impact score for Deaf Smith is 1. Population growth rates are
not expected to be high. The impacts on the public infrastructure or housing
are expected to be moderate, and nearly 140,000 persons are employed in the
study area. Lifestyle and value differences between in-migrants and current
residents may be reduced if more than the expected 40 percent of workers and
their families settle in Amarillo. In addition, minor land-use impacts and
little displacement of residents are expected. The Deaf Smith site is not
expected to perform better than the scenario given in Table 4-5 for level 1,
however, because all of the land is privately owned and displacement cannot be
completely avoided. In addition, the repository would place additional
demands on the Ogallala aquifer, but it would use less water than that needed
to irrigate an area the size of the repository.

The high-impact score for the Deaf Smith site is 3. More workers and
their families than projected in the environmental assessment (DOE, 1986b)
may choose to settle in the smaller communities near the site instead of in
Amarillo. Vegas population is expected to be 1215 in 1997. A settlement
pattern with more in-migrants settling in Vega, Hereford, and Canyon could
cause considerable conflict between new and old residents, and it could result
in the need for additional housing in these communities as well as a major
upgrading of the public infrastructure. Impacts on agriculture could also be
more severe than forecast in the environmental assessment. The site, however,
is not assigned a high-impact score higher than 3. A substantial economic
decline is not likely after the completion of waste-emplacement operations
because of the large employment base in the region. Furthermore, many (even
if not the projected 40 percent) in-migrants are likely to settle in the
Amarillo area.

Richton Dome

At Richton Dome, the population in the study area is projected to be
247,650 persons in 1995. The baseline populations of the key communities in
the study area are projected to be as follows at the time of peak construc-
tion: Hattiesburg, 46,240; Petal, 9580; Laurel, 24,750; and Richton, 1310. A
total of about 2420 workers and their families are expected to move into the
area during the first 4 years of repository construction, with 40 percent of
the in-migrants expected to settle in Hattiesburg, 20 percent in the town of
Richton (because of its proximity to the site), 15 percent in Laurel, and 10
percent in Petal. The expected level of in-migration would require a moderate
increase in public services, including additional teachers, police officers,
physicians, hospital beds, water and sewage treatment, and recreation space.
Over 700 additional housing units may also be needed.
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Conflicts in lifestyles between current residents and newcomers are
expected,especially in the town of Richton, which is projected to receive 483
in-migrants, a 37-percent increase over baseline projections for the peak year
of construction.

The economy in the region is moderately diverse. The primary sectors are
manufacturing (21 percent), government (25 percent), and trade (22 percent).
Total employment in the study area in 1981 was nearly 72,000. Employment in
1981 in Perry County was 1980. Direct and indirect employment during reposi-
tory operation is expected to average over 1900 jobs; therefore, the area is
not expected to become economically dependent on the repository.

Minor impacts on existing land use and ownership are expected. Since all
the land is privately owned, residents at the site will be displaced. The
specific location of the controlled area will determine the number of
residents who must be relocated. Land requirements for the repository will
result in the loss of 0.15 percent of the forestland in Perry County. No
diversion of water resources from other uses is expected.

The base-case score for the Richton Dome site is equivalent to level 2 on
the socioeconomic performance measure. Moderate in-migration is expected in
the affected communities, and no major upgrading of public infrastructure or
increases in housing will be needed. Some social conflict is expected between
new and current residents, especially in Richton. Impacts on existing
agricultural and commercial land uses are expected to be minor, and no
diversion of water is expected. All the land is privately owned, and
residential displacement is projected.

The low-impact score for Richton Dome is 1. Lifestyle and value dif-
ferences between in-migrants and current residents may be minimal if more
people settle in Hattiesburg than expected. Minor land-use displacement and
minor displacement of residents are expected. Similarly, impacts on the
public infrastructure or housing should be moderate. The impact level at the
Richton Dome site, however, is unlikely to be lower than the example scenario
given for level 1, because all the land is privately owned and because the
town of Richton is so close to the site.

The high-impact score for Richton Dome is 3. Some workers and their
families may choose to settle in the town of Richton because of its proximity
to the site. Such a settlement pattern could cause increased conflicts
between new and old residents, the need for major upgrading of the public
infrastructure, and the need for additional housing. Depending on the
specific location of the controlled area within the site, a large number of
residences could be displaced. In addition, because of Perry County's low
employment base, economic decline may follow the completion of
waste-emplacement operations. Public infrastructure and housing supply in the
town of Richton could also be affected since the population base is small.

Hanford site

In-migrants are expected to settle in the Richland-Kennewick Pasco
(Tri-Cities) metropolitan area. The population of Richland, Kennewick, and
Pasco in 1984 was 31,660, 37,240, and 18,930, respectively. These three
communities are 22 to 28 miles from the site. The population of Benton and
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Franklin Counties in 1984 was 138,840. Considerable in-migration is not
expected: the maximum increase in population over the base-line population is
estimated to be 3900 persons.- Public-service impacts are not expected in the
Tri-Cities or in any of the smaller communities near the Hanford site.
In-migrants moving into the region would find available services that were
developed during the 1970s, when the area grew at a rapid rate because of
several large construction projects. Because of significant employment and
population losses in the area after 1981, excess capacity is expected to be
available in housing, road networks, and other community services (e.g.,
health care, schools, police and fire protection, water supply, and sewer
facilities). In addition, a highly skilled and young labor force has settled
in the area during the last decade. Lifestyle and value conflicts between new
and old residents are not expected.

The Tri-Cities area has many of the attributes of a regional trade center
with a well-developed, complex economy. Total employment in the two counties
in 1984 was 63,900. During the waste-emplacement phase of operation, the
repository is expected to generate about 1800 direct and indirect jobs. The
repository development is not expected to alter significantly the major
sectors of the economy. For example, employment in agriculture and in other
DOE projects at the Hanford Site depends on factors other than the reposi
tory. Growth in the agricultural and government sectors is expected to
continue as a result of increased irrigation of farmlands and increased use of
the Hanford Site for the production of nuclear materials and energy research.

Impacts on land-use and land ownership are expected to be minimal because
all of the land needed for the repository is owned by the Federal Government
and controlled by the DOE. The Yakima Indian Nation, the Confederated Tribes
of the Umatilla Indian Reservation, and the Nez Perce Indian Tribe, however,
have been granted the status of affected Indian Tribes by the U.S. Department
of the Interior because of the potential impacts on their off-reservation
fishing rights. The predominant land use in the six-county region surrounding
the Hanford site is agriculture. Radioactive materials have been-managed at
the Hanford site for the past 40 years with no apparent adverse impact on
agricultural markets, even though there have been several well-publicized
radioactivity releases to the environment.

No adverse impacts on water resources are expected. Municipal water
systems in the study area are expected to be unaffected, because there is
excess capacity in the Tri-Cities area where most in-migrants would live. In
addition, the Federal Government already owns the water rights that are needed
for a repository. Water would be supplied from the Columbia River.

The base-case score for Hanford is 0.33. The lifestyles and values of
the small number of in-migrants are expected to be compatible with those of
current residents. All land needed for the repository is owned by the Federal
Government. Minor if any, impacts on agricultural land uses are expected.
Adverse impacts on public services, housing, and the area's economy are not
expected.

The low-impact score for Hanford is 0.0. No agricultural impacts may
ccur in the counties surrounding the site, and no impacts on public services,

housing or the areas economy are expected. All land is federally owned, and
the lifestyles and values of in migrants are expected to be compatible with
those of the current residents of the area.
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The high-impact score for Hanford is 0.67. Two uncertain aspects of the
socioeconomic forecast may result in a higher level of impact: (1) the extent
and duration of the employment decline triggered by the termination of work on
the nuclear reactor project of the Washington Public Power Supply System and
(2) the sources and prospects for future economic recovery and growth in the
region over the next three decades. If employment at the projects of the
Washington Public Power Supply System or in other sectors of the economy
increases substantially, then the current excess in community services and
housing may disappear and the repository may contribute to a need to build
additional housing and to expand the public-service infrastructure.

Yucca Mountain

Eighty-five percent of the in-migrating population is expected to settle
in the metropolitan Las Vegas area of Clark County. The populations of Clark
and Nye Counties are projected to be 661,700 and 34,790, respectively, in
1990. Estimates of repository-related in-migration show a maximum population
increase in 1998 of 16,791. The estimated baseline population of Nye and
Clark Counties for the same year without the project is 884,639. Sufficient
infrastructure exists to accommodate in-migrants who settle in the Las Vegas
area. In the rural communities closer to the Yucca Mountain site, public-
service demands are expected to be moderate and to fall mainly on the service
providers best equipped for dealing with growth (i.e., county-wide agencies
with broad tax bases, planning capabilities, and experience in responding to
population growth). Sufficient housing is expected to be available in Clark
County to accommodate the in-migrants. Moderate increases in housing are
expected for Nye County.

Since most in-migrants are expected to settle in the metropolitan Las
Vegas area, the effects on social structure and organization are expected to
be minor. In-migrants who settle in Nye County are also expected to be
assimilated within the existing social structure, because communities in Nye
County have historically had a large percentage of miners and mining continues
to be important to the area.

The economy of Nye and Clark Counties is diverse enough to accommodate
growth without major disruption to existing business patterns and without
becoming overly dependent on the repository. Total wage and salary employment
in Nye County in 1983 was 8630. Clark County's total wage and salary employ-
ment in 1980 was over 200,000. Direct and indirect employment during reposi-
tory operation is expected to average about 4260. The primary sectors of the
economy in southern Nevada are tourism and mining. The tourism economy is
very diverse. Regarding mining, the repository would provide some additional
jobs for miners in Nye County.

Land-use and land-ownership impacts are also expected to be minimal. All
of the land needed for repository construction and operation is owned by the
Federal Government. In addition, preliminary results of an on-going evalua-
tion of the effects of a repository on tourism in southern Nevada have not
identified significant negative impacts. Existing water rights and uses are
not expected to be affected.

The base-case score for the Yucca Mountain site is 0.67. Lifestyle and
value differences between in-migrants and the current residents of Nye and
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Clark Counties are expected to be minimal. No land-use or land-ownership
incompatibilities are expected. Minimal upgrading of public services and
housing may be required in Nye County communities near the site.

The low-impact score for the Yucca Mountain site is 0.33. Although the
expected settlement patterns may minimize public-service and housing impacts
on communities in Nye County, it is not likely that all in migrants will
settle in Las Vegas, which is 95 miles from the site. Minimum public-service
impacts can be expected even under the best scenario.

The high-impact score for the Yucca Mountain site is 2. A settlement
pattern different from the projected one could result in major impacts on
public services and housing in several small communities in Nye County. In
addition,this growth could cause a minor diversion of water resources from
other activities. At the same time, the tourism industry in Las Vegas could
be affected more than-preliminary studies indicate. The Yucca Mountainte,
however, is not assigned a high impact score higher than 2 because none of the
land is privately owned and because the lifestyles and values of in-migrants
are expected to be assimilated into the existing social structure of Nye and
Clark Counties.

F.4 ECONOMIC IMPACTS

This section describes the bases for the costs estimated for the
repository and waste-transportation operations. Costs are reported in
constant 1985 dollars, The costs associated with gaining access to the site
(e.g., by building new roads or railroads) are included in the estimates of
total repository costs, not as part of the transportation costs.

F.4.1 TOTAL REPOSITORYCOSTS

The total cost of the repository consists of four major components:
development and evaluation (D&E), construction, operation, and closure and
decommissioning. The development-and-evaluation category consists of all
activities that are conducted before repository operation, excluding final
design and construction. The construction category includes the final design
and the construction of all surface facilities as well as the excavation of a
limited number of underground waste-disposal rooms and corridors. The opera-
tion category covers the construction of most of the underground rooms and
corridors and the operation of the surface and underground facilities. The
last category, closure and decommissioning,covers the sealing of shafts and
boreholes as well as the decontamination and decommissioning of the surface
facilities.

The estimated costs for a repository at each of the five sites are shown
in Table F-12. The basis for these estimates is the current report on the
total-system life-cycle costs (Weston, 1986). These estimates were developed
is part of the DOE's annual evaluation of the adequacy of the fee paid by the
Electric utility companies into the Nuclear Waste Fund and do not represent
final cost estimates.
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Table F-12 Repository-cost estimates
(Billions-of 1985 dollars)

Site

Cost category Davis Canyon Deaf Smith Richton Hanford Yucca Mountain

Development and
evaluation 1.6 1.6 1.6 1.6 1.5

Construction
Surface 1.7 1.2 1.2 0.9 0.8
Underground 0 8 0 8 30

Subtotal 2.5 2.0 1.9 2.2 1.2

Operation
Surface 3.1 2.7 2.6 3.6 3.0
Underground 1.9 2.0 1.7 4.0 1.2
Waste package 1 1 0

Subtotal 6.0 5.7 5.3 8.9 4.7

Closure and
decommissioning

Surface 0.2 0.1 0.1 0.1 0.1
Underground 10

Subtotal 0.3 0.2 0.2 0.2 0.1

Total
Development and

evaluation 1.6 1.6 1.6 1.6 1.5
Surface 5.0 4.0 3.9 4.6 3.9
Underground 2.8 2.9 2.5 5.4 1.6
Waste package

Total 10 9.5 9.0 12.9 7.5

Uncertainty band
-35% 6.8 6.2 5.9 8.4 4.9
+35% 14.0 12.8 12.2 17.4 10.1

The cost estimates presented here are different from those found in
Sections 6.3.4 and 7.3 of the environmental assessments for the nominated
sites (DOE, 1986a-e). The estimates for the Yucca Mountain and the Hanford
sites have been updated since costs were submittedfor the environmental
assessments. In addition, site-specific estimates for the salt sites were
developed. The estimate for the Deaf Smith site is the estimate used in the
1986 fee evaluation, whereas the estimates for Davis Canyon and Richton Dome
were generated specially for this report. All of the estimates fall within
the design bounds established in Table 5-l of the environmental assessments.
More-definitive estimates will be completed when more-detailed designs and
site-characterization data become available.

The uncertainty (reflected in the range shown in Table F-12) that has
been assigned to these estimates isbased on engineering judgment and is 35
percent of the total cost.This, coupled with a 10- to 40 percent contingency
already built into the estimates, reflects the accuracy of the preconceptual
design work from which the costs were derived. The exact contingency used
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depends on the complexity of the design of specific repository facilities or
processes. For example, the waste-handling building, because of its
complexity, is assigned a 40-percent contingency, while some of the site-
preparation costs are assigned a contingency as low as 10 percent.

As can be seen from Table F-12, the D&E and decommissioning costs are not
strongly discriminating among the nominated sites. The major discriminators
are the costs of construction and operation, for both surface and underground
facilities.

Construction costs account for about 20 percent of the total repository
costs. Listed below are the four major factors that control construction-cost
differences among sites. As indicated three of them pertain to surface
facilities and one is related to underground facilities.

1. Waste-handling facilities (surface). These facilities differ because
of different waste-package designs and quantities, which are in turn
greatly dependent on underground conditions.

2. Site access (surface). Costs vary widely because of differences in
land ownership as well as the location of the site with respect to
railroad, highway, and utility access.

3. Underground facilities (underground). The major differences in
construction costs for underground facilities are attributable to
shafts (the number of shafts, the method of construction, etc.).
Shaft-construction costs are greatly influenced by depth, rock
conditions, and ground-water conditions. (Most underground
development, however, occurs during operation, and the cost of it is
assigned to the operation-cost category.)

4. Ventilation requirements (surface). Because of differences in
underground conditions, the three types of host rock require greatly
different surface-support facilities for the underground operations.
These may include shaft structures, ventilation and filter buildings,
as well as refrigeration facilities.

The most significant cost discriminator among sites is the cost of opera-
tion. Since operation costs account for about three-fourths of the total
repository costs, operation-cost differences control the total cost dif-
ferences. The major factors that affect-operation costs are the following:

1. Underground facilities. -The costs of excavation are widely different
for each site. They depend on the quantity of rock excavated, the
mining method, and the mining rate. These -in turn are based on the
ease of mining and waste logistics. The former depends on host-rock
depth, rock conditions and tunnel stability, ground-water conditions,
and assumptions about the presence of gassy conditions.

2. Backfilling (both underground and surface). - The requirements for
backfilling underground facilities vary greatly among host-rock
types, and these differences cause the operating period to differ
widely. Both underground- and surface-support costs are affected by
the length of the operating period.
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3. Labor (both underground and surface). Labor costs exert a major
effect on operation costs. They depend on both staffing requirements
and local labor rates.

4. Waste packages. Waste-package costs vary widely between host-rock
types. They depend on waste-package designs and quantities, which in
turn depend on underground conditions and rock characteristics, such
as the thermal conductivity of the host rock.

The major factors that control construction and operation costs are
listed in Table F-13 and are briefly described below. For the sake of
brevity, the discussion is organized by discriminating factor, not by site.
The influence diagram for repository costs (Figure E-13 in Appendix E) will
also help the reader in identifying important factors and their inter-
relationships. For a detailed description of the methods and assumptions used
in developing the information presented in Table F-13, the reader is referred
to the current report on total-system costs (DOE, 1986).

Discriminating factor 1 illustrates the land-acquisition and site-access
cost differences among the nominated sites. These differences are caused by
differences in land ownership and site location. Davis Canyon has the highest
site costs because rail and highway construction requires 1.5 miles of bridges
and 9.0 miles of tunnels, and long utility lines are required. Yucca Mountain
has the next highest cost because a 103-mile railroad and highway must be
constructed. Deaf Smith and Richton Dome have lower access costs but require
land-acquisition costs because they are not on Federal land. The Hanford
site, which has good access and is on Federal land controlled by the DOE, has
no land-acquisition costs and low site-access costs.

Discriminating factor 2 is the size of the waste-handling facilities.
At Yucca Mountain, the facilities are considerably smaller (and in turn less
costly) than those of the salt sites or Hanford. The designs are site
specific and are affected by the number, the size, and the type of waste
package, as discussed below for factor 17.

Discriminating factors 3, 4, 5, and 10 describe the underground-access
differences that affect costs. The numbers of shafts and ramps (including
exploratory shafts) vary from 6 at Yucca Mountain to 11 at Hanford, with 7 at
each salt site. The differences are attributable to different underground
requirements (ventilation, men and material transfer, etc.) and limitations on
shaft sizes. Discriminating factor 4 shows that shafts at all the salt sites
as well as Hanford must have hydrostatic liners because they must penetrate
water-bearing strata, and the costs of liners are a significant portion of the
shaft costs. The construction techniques vary from drilling at Hanford to
conventional mining at the other sites. Two of the salt sites, Deaf Smith and
Richton, incur extra costs for ground freezing while sinking the shafts
through water-bearing strata. An important factor is depth (factor 10), which
ranges from 1200 feet at Yucca Mountain to 3300 feet at Hanford. These
factors combine to produce a tenfold difference in shaft costs among the
sites. Hanford has the highest shaft costs, because it has the largest number
of shafts, requires hydrostatic liners, and the shafts are deeper than those
at other sites. Yucca Mountain has the lowest underground-access costs
because it uses ramps instead of some shafts, it has the smallest number of
shafts, the repository horizon is less deep than that at other sites, and no
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Table F-13. Major factors controlling differences in construction
and operation costs among nominated sites

Factor Davis Canyon Deaf Smith Richton Dome Hanford Yucca Mountain

1. Land acquisition and site access
(billions of dollars)

2. Size of waste-handling buildings
(millions of cubic feet)

3. Total number of shafts or ramps
required for underground access
(includes exploratory shafts)

4. Need for hydrostatic lining for
shafts or ramps

5. Method of sinking shafts or ramps

6. Number of shaft buildings required for
ventilation

7. Gassy-mine conditions

8. Excavation quantity (millions of tons)
Initial
Reexcavation
Total

9. Excavation method

10. Depth (feet)

11. In-situ temperature (OC (OF))

12. Potential ground-water inflow to
repository (thousands of gallons
per minute)

13. Labor productivity (tons per man-shift)

0.9

21.0

7 shafts

Yes

Conventional

0.3

21.0

7 shafts

Yes

Conventional
extensive
freezing

0.3

21.0

7 shafts

Yes

Conventional,
moderate
freezing

0.1

20.4

11 shafts

Yes

Drilling

4 4 4 6

0.4

13.0

4 shafts and
2 ramps

No

Conventional

3

Not present

18

18

Conventional and
mechanized

1200

27 (81)

None

13.0

Assumed

27

28

Mechanized

3000

34-43 (93-109)

Assumed

27

33

Mechanized

2700

27 (81)

Assumed

26.5
2.5
29

Mechanized

2100

50 (122)

1.7

15.9

Not present

13

13

Conventional

3300

51 (124)

3.4

5.0

0.028

17.1

1.4

15.0



Table F-13. Major factors controlling differences in construction
and operation costs among nominated sites (Continued)

Factor Davis Canyon Deaf Smith Richton Dome Hanford Yucca Mountain

14. Backfilling duration (years) 39 3B 3m 34 0

15. Staffing levels full-time
equivalent:)cd

Surface operations 830 830 830 1062 872
Underground operations 413 460 434 52
Total 1243 1290 1264 1658 1157

16. Underground labor rate (dollars per
man-hour)E 24.30 22.84 20.00 30.75 32.00

17. Waste packages
Number required for spent fuel 16,500 16,500 16,500 37,000 27,400

Material Thick-walled Thick-walled Thick-walled Thick-walled Thin-walled
carbon steel carbon steel carbon steel carbon steel stainless

steel

Need for internal canister Yes Yes Yes No No
Total fabrication costs (billions

of dollars) 1.0 1.0 1.0 1.3F 0.5

A Source of ground water could be leakage through and around shaft liners or leakage from working faces; for the salt sites,
brine pockets could be sources. For comparison, ground-water inflows of 20,000 gallons per minute are routinely managed in the
mining industry, depending somewhat on depth, temperature, and other conditions.

In a salt repository the backfilling of disposal rooms would be conducted throughout the operating period.
c Staffing levels cover the waste-emplacement phase only.
D See Section F.1.3 for a detailed discussion of staffing levels.
E Surface-labor rates follow the same trend as underground-labor rates.
F Includes the cost of the bentonite-and-basalt packing component.



hydrostatic liners are needed. The costs of shafts for Davis Canyon and Deaf
Smith are nearly identical because of offsetting design discriminators (depth
versus freezing), while the costs of shafts for Richton Dome are the lowest of
the salt sites.

Discriminating factor 6 indicates differences in surface ventilation
structures, which vary from three buildings at Yucca Mountain to six at
Hanford and are reflective of underground conditions. Discriminating factor 7
shows that all of the salt sites are assumed to have gassy mine conditions,
while the others are not. This results in the salt sites having the highest
ventilation costs. The Hanford ventilation systems must handle the warmest,
most humid air, while the Yucca Mountain systems handle cool, relatively dry
air (see discriminating factors 11 and 12).

Discriminating factors 7 through 13 illustrate large differences in
underground development, which lead to large differences in both construction
and operation costs. The amount of excavation varies for each site, as shown
by factor 8. The differences are due to a combination of underground
conditions, including factors 10, 3, and 7 from Table F-13. The greatest
quantity of excavation is required at the salt sites because of the assumed
gassy-mine conditions and salt creep. The continuous creep of salt requires
the
reexcavation of open drifts to maintain waste-emplacement operations. The
creep rate and thus the quantity of reexcavation varies among the salt sites,
with the Deaf Smith'site having the highest rate of creep and excavation. The
Hanford site has the lowest quantity of excavation, while Yucca Mountain is
between Hanford and the salt sites.

Although the salt sites have the highest excavation quantities, their
underground-development costs fall between those of Yucca Mountain (lowest)
and Hanford (highest). The underground-development costs are the product of
the excavation quantities and unit development costs. These'unit costs are
determined by site-specific underground conditions, such as rock hardness,
rock stability, temperature, and ground water inflow (discriminating factors 9
through 13 in Table F-13). 'These conditions dictate both excavation methods
and mining rates.

The salt sites have the lowest unit development costs because they have
the highest productivity (mining rates). At these sites, rock conditions
permit the use of mechanized techniques rather than conventional methods, and
the requirements for roof support are minimal (Davis Canyon and Richton) to
moderate (Deaf Smith). The in-situ temperatures are low at Davis Canyon and
Deaf Smith, but somewhat higher for Richton. The air at all sites is
relatively dry. Finally, minimal quantities of ground water are expected at
the repository horizons.

The Hanford site has the highest unit development costs because it has
the lowest productivity. The basalt at Hanford 'is a -hard rock that -requires
the use of conventional mining methods, moderate roof support is needed
because of rock conditions, the in situ temperature is high, the air is very
humid, and the ground-water inflow is expected to be high.

The unit development costs for Yucca Mountain are higher than those for
the salt sites but considerably lower than those for Hanford. Because tuff is
a hard rock, most of the mining would be done by conventional methods, but
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some mechanized boring is considered. Minimal roof support is required
because of favorable rocks conditions. The in-situ temperature is low, and
the air is dry. In addition, the repository is located above the water table,
and hence no ground-water inflow is expected.

Backfill requirements for the underground excavations vary considerably
among sites and lead to large operating-cost differences. Discriminating
factor 14 shows the length of the backfill period. No backfill is planned for
the Yucca Mountain repository, and hence no backfill cost is incurred. The
salt sites have a 3-year backfill period after the caretaker phase, but the
disposal rooms are backfilled throughout the waste-emplacement period
(starting 1 year after emplacement), which minimizes salt handling and surface
storage. By far the highest cost for backfill is included in the estimate for
the Hanford site, which has a 34-year backfill period after the caretaker
phase as opposed to 3 years for salt.

Discriminating factors 15 and 16 illustrate site differences in labor
costs, which account for most of the operation costs. Discriminating factor
15 shows the emplacement-phase staffing levels for each site, while factor 16
shows the site-specific labor costs. Staffing levels are highest for Hanford
and lowest for Yucca Mountain. The staffing estimates depend on surface and
underground operations, while the labor rates reflect regional cost trends and
local labor contracts in place at the Hanford and the Yucca Mountain sites.
Staffing (and operating costs) to a large degree reflect differences in
repository design. Thus, in addition to engineering judgment on the part of
the designer, the repository design (see discriminating factors 2, 3, and 5
through 9) affects staffing levels.

The last discriminating factor in Table F-13 shows waste-package design
and cost differences for each site. Differences in waste-package costs are
due to great differences in waste-package design, which depends on rock
characteristics, stresses, the chemical waste-emplacement environment, and
performance requirements. The numbers of waste packages for spent fuel are
based on site-specific heat loadings, which are constrained by the thermal and
physical characteristics of the host rock. The waste packages therefore use
different components and materials. For example, the waste packages for
Hanford and the salt sites have thick-walled disposal containers made of
carbon steel. At Hanford, the disposal container is surrounded by external
packing (bentonite and crushed basalt) in the waste-emplacement hole, and
special packing assemblies are added to the container before it is transferred
underground. At the salt sites, the package for spent fuel includes an
internal metal canister for the spent-fuel rods. The package for Yucca
Mountain is encapsulated in a thin-walled stainless-steel disposal container.
The differences in quantities, materials, and components yields waste-package
costs that vary from a low of $0.5 billion (Yucca Mountain) to a high of $1.3
billion for Hanford.

The repository-cost estimates used in the preclosure analysis are based
on a constant cost of money--that is, constant 1985 dollars--throughout the
life cycle of the repository, including activities like backfilling,
decommissioning, and closure, which may not take place for decades. The DOE,
therefore, performed a present-value analysis of the repository cost-estimates
by discounting the cost in order to identify the sensitivity of the estimates
to the time value of money. Using a 3-percent discount rate as an example,
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Table F-14 shows that the cost estimate for each site, especially the Hanford
site, is sensitive to the time value In money. In this example, the cost-
ranking of the sites the same however, the cost difference between
the sites is reduced, especially between the Davis Canyon and the Hanford
sites.

Table F-14. Present-value analysis of the total repository costs
(Millions of dollars)

Constant Discounted
cost Cost cost Cost

Site ( $1985) ranking (at,3%). ranking

Yucca Mountain 7,500 1 4255 1

Richton Dome 8,659 2 4948 2

Deaf Smith County 9584 3 5395 3

Davis Canyon .10,428 4 5019 4

Hanford 12,930 6334

Includes the costs of development and evaluation, construction,
operation, decommissioning, and closure.

F.4.2 TRANSPORTATION COSTS

The last of the objectives defined for this analysis is to minimize the
costs of transporting waste'from the sources to each site. The analysis uses
a logistics code, WASTES, that analyzes the cost of transportation and hard-
ware requirements (Shay et al., 1985). The hardware costs, both maintenance
and capital, are evaluated by using the output from WASTES. The total costs
therefore consist of three components:

1. Shipping costs, which are based on published tariffs and could
change, depending on negotiations with carriers.

2. Capital costs, which include the costs of the shipping casks and the
costs of the trailer or railcar. The number of casks required
depends on the distance of travel. The number of casks required for
each site is summarized in Appendix A of the environmental assess-
ments (DOE, 1986a-e).

3. Maintenance costs, which are based on an assumed 15-year life of the
cask.

All three factors are highly dependent on the assumptions underlying the
analysis, as briefly described below.
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In calculating costs, the spent-fuel discharge data published in a recent
DOE report (Heeb et al., 1985), were used. In all scenarios a total of 62,000
MTHM of spent fuel was shipped from the reactor sites. The amount of spent
fuel shipped from each reactor site was selected on a yearly basis by applying
the following criteria:

1. Reactors without a full-core-reserve capacity in a given year were
given highest priority.

2. Reactors undergoing decommissioning were given the next highest
priority 2 years after the last year of their operation.

3. The oldest fuel remaining at reactors was given final priority.

The other assumptions used in this analysis are given in Cashwell et al.
(1985).

The WASTES model was used to calculate shipping costs and the size of the
cask fleet. This model has considered past work in its development and has
been benchmarked against past analyses. A good discussion of its capabilities
is presented by Shay et al. (1985).

The costs of transporting waste to the various sites are shown below.
The truck-to-rail ratio is assumed to be 30 to 70 as described in Section
F.1.5. The ranges account for the uncertainty associated with the second
repository (+40 and -46 percent) and the uncertainty associated with models
and data (+50 and -50 percent).

Total transportation costs (range)
Site (billions of 1985 dollars)

Davis Canyon 1.2 (0.33-2.6)
Deaf Smith 1.12 (0.30-2.4)
Richton 0.97 (0.26-2.04)
Hanford 1.45 (0.39-3.04)
Yucca Mountain 1.4 (0.38-2.94)

As with the other transportation-related performance measures, there is a
direct correlation between distance and transportation costs. The correlation
is not linear, however, because the costs include costs forloading and
unloading (as part of shipping costs), which are unaffected by distance. The
result is that a shipment between points 1000 miles apart does not cost twice
as much as a shipment between points 500 miles apart; the cost is likely to be
considerably less than double.
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Appendix G

THE MULTIATTRIBUTE UTILITY FUNCTION
FOR EVALUATING NOMINATED SITES*

To evaluate the five sites nominated as suitable for site
characterization,16 objectives were defined. Fourteen of these objectives
pertain to preclosure, and the other two objectives pertain to postclosure.
The preclosure objectives concern the possible consequences of a repository in
terms of health and safety impacts,environmental impacts, socioeconomic
impacts, and economic cost impacts. The postclosure objectives both concern
health and safety impacts.

Whenever multiple objectives are necessary to evaluate alternatives,
value judgments must be made about the relative importance of different
consequences with respect to different objectives. The analysis in this
report makes these assessments and their implications explicit. The result of
these assessments is an objective function for evaluating the alternatives
Such an objective function is referred to as a "multiattribute utility
function."

The purpose of this appendix is to clarify all aspects of the objective
function used in the analysis. Specifically, the appendix explains what was
done to assess the multiattribute utility function, why and how this was done,
and the implications and appropriateness of the resulting multiattribute
utility function. The intent is to assist readers in understanding and
appraising the evaluation process.

Overview of the assessment process

The explicit assessment of a multiattribute utility function is
essentially building a model of the value structure appropriate for evaluating
alternatives. The general process is identical with that necessary to develop
any analytical model, such as models of ground-water flow, of traffic
accidents, of meteorological dispersion of materials, or the health effects
induced by exposure to various substances. The first step is to postulate a
potentially reasonable model that combines the variables felt to be important
to describe the relationship of interest. The reasonableness of the
assumptions necessary for the postulated model is then examined. Given that
the assumptions are found to be reasonable, the general form of the model
(i.e., an equation) is fixed. However, there is often a number of parameters
which need to be specified to render the model appropriate for the specific
purpose under consideration. With a model of ground water flow, such
parameters may be levels of such variables as porosity, temperature, pressure,
and tortuosity. With the value model, parameters refer to the relative

*Prepared by Ralph L. Keeney, Professor of Systems Science, University of

Southern California, Los Angeles, California 90089.
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importance of specific changes in levels of different consequences and to
attitudes toward risk. With physical models, data to specify parameters are
often determined from scientific experiments (e.g.,drilling holes to measure
the variables affecting ground-water flow). With value models, the data
necessary to specify parameters in a model are the value judgments gathered
from individuals with responsibilities for recommending or making the decision
under consideration. With both physical models and value models, the model
should be examined for consistency and logic in as many situations as the
problem affords that are felt to be worthwhile. In either case, this review
process may lead to necessary revisions. The resulting models are then ready
to be of assistance in evaluating the alternatives.

Outline of the appendix

The appendix has five sections. Section G.1 briefly outlines the
theoretical foundations of multiattribute utility theory and the procedures
used to implement it. Section G.2 presents all of the assessments used to
specify the multiattribute utility function. This function and its
implications, are discussed in Section G.3. Section G.4 presents the reasons
that the multiattribute utility function is appropriate for evaluating
alternative nuclear repository sites. Section G.5 discusses the consistency
of the utility function with the guidelines.

G.l FOUNDATIONS OF-THE APPROACH

The approach used to develop an objective function for evaluating the
nominated sites rests on sound theoretical and logical foundations. In
addition, numerous procedures have been developed over the last 20 years to
implement the theory in a manner that is consistent with these foundations.
This section provides a brief summary of the key ideas of the theory and
procedures. The intent is to introduce the reader to the theory and to
provide references for further investigation.

To facilitate communication, it is useful to define precisely the problem
being addressed in terms of the notation used throughout this appendix. There
are five sites to be evaluated as potential repository site. The sites will
be evaluated in terms of 16 objectives measured by a set of performance
measures Xi (i = 1,...,16). Fourteen of these objectives are used'to
describe'preclosure consequences, and two are used to describe postclosure
consequences. A specific consequence with respect to performance measure Xi
is denoted xi (i = 1,....,16). ' Thus, a consequence x = (xt,...,XL's) can
be used to describe a consequence that might result from a repository at the
site.

The theory may seem less abstract with some examples. One of the
objectives is to minimize the health effects incurred by workers from
radiation exposures at the repository site; the performance measure for this
objective is the number of latent-cancer fatalities induced by radiation at
the site. Another objective is to minimize repository costs, and the
associated performance measure is cost in millions 'of dollars. A consequence
with respect to this performance 'measure may be 6,300, meaning the repository
cost is 6,300 million dollars (i.e., 6.3 billion dollars).
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G.l.l UTILITY THEORY

There are different types of objective functions that can be used to
develop a model of values. The basic property of all objective functions
involving multiple performance measures is to assign a number to each
consequence, such that consequences that are preferred have a higher number
and that higher numbers assigned by the objective function indicate preferred
consequences. More precisely, an objective function v assigns a real number
v(x) to each consequence, such that x is preferred to x if and only if
v(x) > v(x') and x is indifferent to x if and only if v(x) = v(x'). Thus,
the objective function can provide a ranking of the consequences.

A multiattribute utility function, denoted by u, is a special type of
objective function. In addition to assigning higher numbers to preferred
consequences, it provides a means of obtaining a ranking for lotteries over
consequences. These lotteries are necessary to describe situations involving
uncertainty; specifically, they indicate a series of possible consequences and
the probability that each will occur. The utility function u assigns a real
number u(x) to each consequence such that a lottery L1 should be preferred
to a lottery L2 if and only if the expected utility of lottery L1 is
greater than the expected utility of lottery L2, and L1 should be
indifferent to L2 if and only if their expected utilities are equal. The
utility function follows from a set of fundamental axioms expressed in
different ways by von Neumann and Morgenstern (1947), Savage (1954), and
Pratt, Raiffa, and Schlaifer (1964).

Another type of objective function is the measurable-value function,
denoted by w. In addition to assigning higher numbers to preferred
consequences, the measurable-value function provides a ranking of the
differences in value between pairs of consequences. Specifically, the
measurable-value function assigns a real number w(x) to each consequence such
that the significance of changing from consequence x to x' is greater than
changing from consequence y to y' if and only if w(x') - w(x) > w(y') - w(y)
and is the same if and only if w(x') - w(x) = w(y') - w(y), where x' and y'
are respectively preferred to x and y. With a measurable-value function, the
differences in w values do have an interpretation, but the expectation of w
has no meaning, which is just the reverse of the case with the utility
functions. The foundations of measurable-value theory can be found in
numerous sources, including Debreu (1960), Luce and Tukey (1964), Krantz et
al. (1971), and Dyer and Sarin (1979).

In addition to being a multiattribute utility function, the utility
function used for evaluating sites in this study was shown to be a
measurable-value function. Hence, it can be used to evaluate possible
consequences described by lotteries, and the results can be used to indicate
the strength of preferences for different alternatives using the
measurable-value property.

G.1.2 INDEPENDENCE ASSUMPTIONS

The main concepts of multiattribute utility theory concern independence
conditions. Subject to a variety of these conditions, the assessment of u can
be divided into parts, each much easier to tackle than the whole.
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It is desirable to find simple functions f, U1 ... Un such that

U(x1 Xn) = f[u)(x1) ... un(xn)), (G-l)

where xi is a level of attribute X1 and there are n attributes, which is
the general term of utility theory analogous to the more specific term-of
performance measure used in the repository-siting analysis. Then the
assessment of u is reduced to the assessment of f and u (i = l,...,n). The
u, are single-attribute functions, whereas u and f are n-attribute
functions. If f is simple, such as additive, then the assessment of u is
simplified. The independence concepts discussed below imply the simple forms
of f indicated later in this section.

Four main independence conditions are relevant to building
multiple-objective value models: preferential independence, weak-difference
independence, utility independence, and additive independence. In the
discussion that follows all four are stated, briefly discussed, and then
contrasted.

Preferential independence. The pair of attributes (Xl ,X 2 ) is

preferentially independent of other attributes X3 ,...,X if the preference
order for consequences involving only changes in the levels of Xi and X2
does not depend on the levels at which attributes X3,...,X. are fixed.

Preferential independence implies that the indifference curves over X,
and X2 do not depend on other attributes. This independence condition
involves preferences for consequences differing in terms of two attributes,
with no uncertainty involved.

The next assumption is also concerned with consequences when no
uncertainty is involved. However, it addresses the strength of preferences
(i.e., value differences) when changes occur in only one attribute.

Weak-difference independence. Attribute X1 is weak-difference
independent of attributes X2,...,X if the order of preference differences
between pairs of X, levels does not depend on the levels at-which attributes
X2,...,Xn are fixed.

There are two important assumptions relating to situations that do
involve uncertainty. As such, the conditions use preferences for lotteries
rather than consequences. A lottery is defined by specifying a mutually
exclusive and collectively exhaustive set of possible consequences and the
probabilities associated with the occurrence of each.

Utility independence. Attribute X1 is utility independent of
attributes X2,...,Xn if the preference order for lotteries involving only
changes in the level of X, does not depend on the levels at which attributes
X2,...,Xn are fixed.

The last independence condition concerns lotteries over more than one
attribute.
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Additive independence. Attributes Xl,...,Xn are additive independent
if the preference order for lotteries does not depend on the joint probability
distributions of these lotteries, but depends only on their marginal
probability distributions.

To get an intuitive feeling for these assumptions, let us illustrate them
in simple cases. The substance of preferential independence can be indicated
with a three-attribute consequence space as shown in Figure G-l.

To avoid subscripts, the attributes are denoted X, Y, and Z with
corresponding levels x, y, and z. There are three X, Y planes shown in the
figure. By definition, if (X,Y) is preferentially independent of Z. then the
preference order for consequences in each of these planes (and indeed in all
possible X, Y planes) will not depend on the level of Z. For instance,
suppose the consequences in the plane with Z set at zO can be ordered A, B, C,
D, E, F, G, with H indifferent to G. Then, because of preferential
independence, the consequences in the plane-with Z set at z' must be A', B',
C', D', E', F', G', with H' indifferent to G'. And also, with Z set at z*,
the order must be A*, B*, C*, D*, E*, F*, G*, with H* indifferent to G*.

An implication of preferential independence is that the indifference
curves in all X, Y planes must be the same. Several indifference curves are
illustrated in each of the three planes in Figure G-1, and it is easy to see
that they are the same.

The usefulness of preferential independence is that it allows one to
determine the preference order for consequences in only one X, Y plane and to
transfer this to all other planes. If (X,Y) is preferentially independent of
Z, it does not follow that any other pairs are preferentially independent.
However, for any number of attributes, if two pairs of attributes overlap and
are each preferentially independent, then, as proved by Gorman (1968a,b), the
pair of attributes involved in only one of the two given conditions (i.e., not
in the overlap) must also be preferentially independent. This means, for our
example, that if (X,Y) is preferentially independent of Z and (X,Z) is
preferentially independent of Y, then (Y,Z) must be preferentially independent
of X.

The next two independence assumptions can be illustrated most easily with
two attributes, as shown in Figure G-2. Here the attributes are X and Y with
levels x and y. Weak-difference independence introduces the notion of
difference in value between two consequences. The purpose is to provide the
logical basis for such statements as "the difference between consequences A
and B is more important than the difference between consequences C and D."
Weak-difference independence is illustrated in Figure G-2 as follows. Suppose
that, through a series of questions, it has been established that the
preference difference between consequences A and B is equal to the preference
difference between B and C. Because the level of Y is fixed at y for all
three of these consequences, the preference-difference relationship can be
translated to all other levels of Y if X is weak-difference independent of Y.
In this case, the preference difference between A' and B' must equal that
between B' and C', and the preference difference between A* and B* must equal
that between B* and C*. With this condition there is, however, no requirement
that the preference difference between A and B be equal to that between A' and
B', although this may be the case.
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Figure G-1. Illustration of preferential independence.

Figure G-2. Illustration of value-difference
independence and utility independence.
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Weak-difference independence is not a symmetrical relationship. That is,
the fact that X is weak-difference independent of Y does not imply anything
about whether Y is weak-difference independent of X. In terms of the example,
suppose y' had been chosen such that the preference difference between A and
A equaled that between A' and A*. Then, even if X is weak-difference
independent of Y, it may or may not be that the preference differences between
B and B' and between B' and B* are equal.

The last two independence conditions concern lotteries necessary to
consider in developing utility functions. The utility independence notion is
very similar to that of weak-difference independence. In Figure G-2, suppose
that the consequence B is indifferent to the lottery yielding either A or C,
each with a probability of .5. Then if X is utility independent of Y, the
same preference relationship can be translated to all levels of Y. This
means, for instance, that B' must be indifferent to a lottery yielding either
A' or C', each with a probability of .5, and that B* must be indifferent to a
lottery yielding either A* or C*, each with a probability of .5.

The utility independence concept is also not symmetrical: X can be
utility independent of Y, and Y need not be utility independent of X.
However, suppose that Y is utility independent of X in Figure G-2 and that A'
is indifferent to a lottery yielding either A* with a probability of .6 or A
with a probability of .4. Then B' must be indifferent to a lottery yielding
B* with a probability of .6 or B with a probability of .4. The corresponding
relationship holds for the C terms.

The additive independence condition is illustrated in Figure G-3.
Consider the two lotteries L and L2 defined in the figure. Lottery L
yields equal .5 chances at the consequences (x,y) and (x',y'), and
lottery L2 yields .5 chances at each of (x,y') and (x',y). Note that
both lotteries have an equal (namely, .5) chance at either x or x', and
both have an equal .5 chance at y and y'. By definition, then, the
marginal probability distributions on each of the attributes X and Y are the
same in both lotteries. Thus, if X and Y are additive independent, one must
be indifferent between lotteries L and L2. This same indifference
condition must hold if either or both of x'and y' are changed in Figure G-3,
because L and L2 would still have the same marginal probability
distributions on the two attributes.

There is no meaning attached to the statement that X is additive
independent of Y. Either X and Y are additive independent or they are not.

More-extensive discussions of all these independence conditions can be
found in the technical literature. Scme of the original sources are Debreu
(1960), Luce and Tukey (1964), and Krantz (1964) for preferential
independence; Krantz et al. (1971) and Dyer and Sarin (1979) for
weak-difference independence; Keeney (1968), Raiffa (1969), and Meyer (1970)
for utility independence; and Fishburn. (1965, 1970) for additive
independence. Keeney and Raiffa (1976) and von Winterfeldt and Edwards -(1986)
present detailed discussions of these conditions.
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Figure G-3. Illustration of additive independence.
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G.1.3 FORMS OF THE MULTIATTRIBUTE UTILITY FUNCTION

The independence conditions appropriate for a given problem imply the
functional form of the multiattribute utility function. For the repository
siting problem, two results are worth mentioning.

Result 1. Given the attributes X1 ,...Xnb n > 2, an additive utility
function

n
U(X,..Xn)= n klui(x1) (G-2)

i=l

exists if and only if the attributes are additive independent, where u, is a
utility function over Xi and the ki are scaling constants.

Note that Equation G-2 is a special case of Equation G-l, and u can be
assessed accordingly. The original proof of Equation G-2 is given by Fishburn
(1965).

Result 2. Given attributes X,...,Xn, n > 3, the utility function

n n
U(Xl,..,Xn)= ) klui(xi) + k kikjui(xi)uj(xj)

i=l i=1 j>i

n
+ k2 kikjkhui(xi)uj(Xj)uh(Xh)

i=l j>i h>j

+ ... + knlkl... knul(x)...Un(Xn) (G-3)

exists if and only if (Xl,Xl), i = 2,...,n, is preferentially independent
of the other attributes and if Xl is utility independent of the other
attributes.

With this utility function, one can assess the ui on a scale of 0 to 1
and determine the scaling constants kl to specify u. The additional
constant k is calculated from the ki, i = 1,...,n.

If , = 1, then k = 0, and if ki 1, then k 0 . If
k = 0, then clearly Equation G-3 reduces to the additive utility function

U(Xl,.... Xn) kiui(xi). (G-4)
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If k 0, multiplying each side of Equation G-3 by k, adding 1, and
factoring yields

n
ku(xi, ...,xn) + 1 = (kkiui(xi) + 1], (G-5)

i=l

which is referred to as the multiplicative utility function. The proof of
Result 2 is found in Keeney (1974). Both Pollak (1967) and Meyer (1970) used
a more restrictive set of assumptions to derive Equation G-3.

If the condition that X1 is weak-difference independent of the other
attributes replaces the condition that XI is utility independent in Result
2, then the measurable-value function will necessarily be additive or
multiplicative. That is, the u terms in Equations G-4 and G-5 can be replaced
by w terms. This is proved by Dyer and Sarin (1979).

If a multiattribute utility function is either additive or multiplicative
and if a measurable-value function is either multiplicative or additive, the
multiattribute utility function and the measurable-value function will be
identical if and only if the component utility function and the component
measurable-value function for a single attribute are identical. From this
condition and the conditions in Result 2, it follows that the respective
component utility functions and the component measurable-value functions for
each of the individual attributes must each be identical.

G.1.4 QUANTIFYING RISK ATTITUDES

The important concepts about risk attitudes are risk aversion, risk
neutrality, and risk proneness. To discuss these concepts, we need to define
a nondegenerate lottery, one where no single consequence has a probability
equal to unity. There must be at least two consequences with finite
probabilities. The following assumptions are mutually exclusive and
collectively exhaustive when applied to any particular lottery:

* Risk aversion. One is risk averse if and only if the expected
consequence of any nondegenerate lottery is preferred to that
lottery. For example, consider a lottery yielding a cost of either 1
or 2 billion dollars, each with a chance of .5. The expected
consequence of the lottery is clearly 1.5 billion dollars. If one is
risk averse, then a consequence of 1.5 billion must be preferred to
the lottery.

* Risk neutrality. One is risk neutral if and only if the expected
consequence of any nondegenerate lottery is indifferent to that
lottery.

* Risk proneness. One is risk prone if and only if the expected
consequence of any nondegenerate lottery is less preferred than that
lottery.
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Given any single-attribute utility function, a measure developed by Pratt
(1964) can be used to indicate its degree of risk aversion. The measure may
be positive, zero, or negative, indicating risk aversion, risk neutrality, and
risk proneness, respectively. Pratt also introduced more-sophisticated
concepts of decreasing risk aversion, etc., which will not be discussed here.
A summary of Pratt's original results, as well as several examples
illustrating their use, is given by Keeney and Raiffa (1976).

The general shape of the utility function is completely determined by the
attitude toward risk. This can all be stated in one concise result:

Result 3. Risk aversion (neutrality, proneness) implies that the utility
function is concave (linear, convex).

These three cases are illustrated for both increasing and decreasing
utility functions in Figure G-4, where it is assumed that the domain for
attribute X ranges from a minimum x to a maximum x* and that u is scaled
from 0 to 1.

In theory, by using the more sophisticated risk attitudes, such as
decreasing risk aversion, one can specify not only the general shape of the
utility function, but also an exact functional form. However, experience has
shown that such fine tuning is rarely required for the single-attribute
utility functions when they are part of a multiattribute formulation. It will
almost always suffice to use a single-parameter utility function, where the
single parameter quantifies the degree of risk aversion for the attribute in
question. Specifically, the exponential and linear utility functions are
collectively a fairly robust set of single-parameter forms for characterizing
single-attribute utility functions.

Result 4. Classes of risk averse, risk neutral, and risk prone utility
functions are

u(x) = a + b(-e-cx), (G-6a)

u(x) = a + b(cx), (G-6b)

and

u(x) = a + b(ecx), (G-6c)

respectively, where a and b > 0 are constants to ensure that u is scaled from
0 to 1 (or any scale desired) and c is positive for increasing utility
functions and negative for decreasing ones.
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(a) Increasing Utility Functions

Risk
neutral

(b) Decreasing Utility Functions

Figure G-4. Risk attitudes and utility functions.
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The parameter c in Equations G-6a and G-6c indicates.the degree of risk
aversion. For the linear case, Equation G-6b, parameter c can be set at +1 or
-1 for the increasing and decreasing cases, respectively. More details about
the exponential utility functions and discussions of other single-attribute
utility functions are given by Pratt (1964) and Keeney and Raiffa (1976).

G.1.5 PROCEDURES FOR ASSESSING UTILITY FUNCTIONS

In the assessment of a multiattribute utility function, a decision
analyst questions Policymakers and decisionmakers about appropriate-
preferences for evaluating the alternatives. Using the results above,
assessments are required to determine three types of information:

1. The appropriateness of the assumptions.
2. The individual functions ui or wi.
3. The scaling factors.

Obtaining this information is as much an art as it is a science. The
approach for obtaining the necessary information is summarized in this
section. A detailed explanation of how these assessments should-be conducted
is given by Keeney and Raiffa (1976) and Keeney (1980), who also illustrate
them for many real cases. - -

G.1.5.1 Verifying independence-conditions

All of the independence conditions are examined by looking for specific-
cases of preferences that contradict the assumption in question. If none are
found, the assumption is assumed-to be appropriate for the problem.

As an example, consider investigating whether (X1,X2) is
preferentially independent of other attributes X3,...,Xn. First
X3.. Xn are set at relatively undesirable levels (say, x3,...,x)
and the preferences in the XI,.X2 plane are examined. The decision
analyst questions the policymakers to find pairs of consequences in this plane
that are indifferent. Suppose (x1,x2,x3 ,...,xn ) is indifferent to
(xI',X2,X3 ... xn0). Then X3 ....Xn are changed to different
levels (say x3*, ,. Xn*) and the policymakers are asked whether
(x1x2,x3*,...,xn*) is indifferent to (Xl ',x2 x3* ... xn*).
A "yes" answer is consistent with preferential independence; a "no" answer is
not. If such responses-are consistent with preferential independence for
several pairs of X1 and X2 and for several different levels of
X3,...,Xn, then it is reasonable to assume that (X1, X2) is
preferentially independent of X3 ,.. X. n

Since the verification of weak-indifference independence or utility
independence is identical in style, we shall discuss only the former here.
Suppose we wish to ascertain whether X1 is weak-difference independent of
X2,...,Xn. Let us define the range of X1 to go from x1 to x1 *. We
ask the policymaker for a level x1' such that the preference difference from
XI to x1' is equal to that from X1' to X1*, given always that the
other attributes are fixed at, say, x2 ...,xn . Then we can change the
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levels of X2,...,Xn and repeat the process. If x1' is still the level
of X1 such that the preference differences from X1 and x1' and from
X1' to Xl* are equal, then it may be that X1 is weak-difference
independent of X2,...,Xn. If X1' is not the level, then the condition
cannot hold. If X1' is found to be the level that splits the preference
difference from x1 to X1* for several levels of the other attributes,
then it is reasonable to assume that X1 is weak-difference independent of
X2, ... ,Xn

To examine the appropriateness of the additive independence condition,
several pairs of lotteries with identical marginal probability distributions,
such as those illustrated in Figure G-3, are presented to the policymakers.
To make this simpler, all attributes but two can be fixed for all the
consequences in both lotteries of a given pair. If the levels of the
attributes that differ in consequences do cover the ranges of those
attributes, and if each of the given pairs of lotteries is indifferent to the
policymakers, then it is probably appropriate to assume that X1 ,...,Xn are
additive independent.

G.1.5.2 Assessing the individual functions

The individual functions that we want to assess are the single-attribute
utility functions, denoted by ul, which are also single-attribute
measurable-value functions. In general, each of these is determined by
assessing utilities for a few xi levels and then fitting a curve. However,
as indicated in the preceding discussion about risk aversion, the shape of the
curve has a meaning in terms of the preferences.

Two types of value judgments are needed to determine the single-attribute
utility functions. The first specifies the risk attitude and therefore
determines the general shape of the utility function. The second identifies
the specific utility function of that general shape.

Suppose we want u(x) for attribute X for x < x < x*. And since it is
trivial to ascertain whether larger levels of X are preferred to smaller, let
us assume larger levels are less preferred, as in the case with costs. To
begin examining risk attitudes, we take a 50-50 lottery at the extremes of X
and compare it with the expected consequence. That is, the policymakers are
asked whether a 50-50 chance at each of x and x* is preferred to,
indifferent to, or less preferred than the sure consequence
x = (x + x*)/2. A preference for the sure consequence indicates that risk
aversion may hold.

Next, the same line of questioning is repeated for the lower- and
upper-half ranges of X. The lottery yielding equal chances at x and x is
compared with the expected consequence (x + x)/2. Preference for the sure
consequence again indicates risk aversion. Similarly, a preference for the
sure consequence (x + x*)/2 to a 50-50 lottery yielding either x or x* also
indicates risk aversion. If assessments for the entire range plus the upper
and lower halves are consistent in terms of their risk implications, risk
aversion is probably a very good assumption to make. If different
implications are found and a reexamination indicates no errors in
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understanding, it is appropriate to divide the domain of X and search for
sections exhibiting different risk attitudes. For instance, it may be that
from x to x the policymakers are risk averse, but from x' to x* risk
neutrality is appropriate.

We have now determined that the risk attitude that implies one form of
Equation G-6 is probably reasonable. If the form is G-6b, no additional
assessments are necessary. The parameter c is set at +1 or -1, depending on
whether the utility function is increasing or decreasing. Then the constants
a and b are simply set to scale u from 0 to 1.

For the risk-averse and risk-prone cases, a little more effort is
required. Suppose that the attribute is such that preferences increase for
greater levels of the attribute and that the client is risk averse. Then from
Result 4 it follows that a reasonable utility function is

u(x) = a + b(-e-cx) (b > 0, c > 0). (G-7)

If u(x) is to be assessed for x < x < x*, we might set

u(x) = 0 and u(x*) = 1 (G-8)

to scale u. Next, we shall need to assess the certainty equivalent for one
lottery. In other words, we need to know a certainty equivalent x that is
indifferent to the lottery yielding either x' or x", each with an equal
chance, where x' and x" are arbitrarily chosen. Then the utility assigned to
the certainty equivalent must equal the expected utility of the lottery, so

u(x) = 0.5u(x') + 0.5u(x"). (G-9)

Substituting Equation G-7 into Equations G-8 and G-9 gives us three equations
with the three unknown constants a, b, and c. Solving for the constants
results in the desired utility function.

Now let us return to the case of a constructed index with clearly defined
level orders x xl,...,x ,x*, where x is least preferred and x* is
most preferred. Then we can again set a scale by Equation G-8 and assess
u(xj), j = 1,...,6, accordingly. For each xj, we want to find a
probability pj such that xj for sure is indifferent to a lottery yielding
either x* with probability pj or x with probability (1 - pj). Then,
equating utilities, we obtain

u(xJ) pju(x*) + (1 - pj)u(x ) = pj (j = 1,...,6). (G-10)

For both the natural and the constructed scales, once a utility function
is assessed, there are many possible consistency checks to verify the
appropriateness of the utility function. One may compare two lotteries or a
sure consequence and a lottery. The preferred situation should always
correspond to the higher computed expected utility. If this is not the case,
adjustments in the utility function are necessary. Such checking should
continue until a consistent set of preferences is found.

Now suppose we wish to assess a measurable-value function w(x) for
attribute X for x < x < x*. Suppose that preferences increase in this
range. Then we can scale w by
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w(x) = 0, w(x*) = 1. (G-11)

To specify the shape of w, we investigate the qualitative character of the
policymaker's preferences. For instance, we can take the point
x' = (x + x*)/2 halfway. between x and x*, and ask for the midvalue point
between x and x'.. Suppose.,it is one-third of the distance from x to
x'. Then we ask for the midvalue value point between x' and x*. If it is
also one-third of the distance from x' to x*, a certain structure is implied
since the ranges x to x' and x' to x* are the same. Suppose for any pair
of points with this same range, the midvalue point is one-third of the
distance from the less desired point to the more desired point. This would
have very strong implications for the shape of w. In this case, it follows
that

w(x) = d + b(-ec), (G-12)

where d and b are scaling constants to obtain consistency with Equation G-ll
and the measurable value function has an exponential form with one parameter c.

The parameter c is determined from knowing the midvalue point for one
pair of x levels. We could use the already determined point one-third of the
distance from x to x', for example. However, let us suppose we assess x to
be the midvalue point for the range x to x*.- Then, it follows from the
definition of a measurable-value function that

w(x*) - w(x) = w(x) - w(w ). (G-13)

Combining this with Equation G-11 yields

W(X = 0.5, (G-14)

which can be substituted into Equation G-12 to determine the parameter c. The
scaling parameters d and b can be determined from evaluating.

G.1.5.3 Assessing the scaling constants

The scaling constants, designated by the k's in Equations G-2 through
G-5, indicate the value tradeoffs between the various pairs of attributes.
Given attributes X1,...,X., there will be n scaling factors for the
additive function and n + 1 for the multiplicative function. For now, let us
designate the number of scaling constants by r. To determine these, we need
to develop r independent equations with the r scaling constants as unknowns
and then solve them.

To do this, we have, in general, a function u over X1 ,...,Xn broken
down into another function f with u1(x1),...,un(xn) and k1,...,kr
as arguments. Notationally,

u(xl, .. ,X.) = f[u1 (X1), ..... ,un(xn),kl, .......,kr], (G-15)
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where the form of f is determined from the independence conditions and the
u1 are assessed as mentioned above. The easiest way to generate equations
is to find two consequences x and y that are equally preferred by the
policymakers. Then, clearly, u(x) = u(y), so

f[u1(X1),...,Un(Xn),k1,...,kr] = f[u1(y1),... Un(Yn),k1. ...,kr] (G-16)

which is one equation with the unknowns kl,...,kr.

In practice, it is usually best to fix n - 2 of the attributes and vary
just two to obtain a pair of indifference consequences. If these two
attributes are X1 and X2 , then the question posed to the policymakers
directly concerns the value tradeoffs between X1 and Xz. The dialogue of
an actual assessment concerning energy policy in Keeney (1980) illustrates the
art involved in generating equations like Equation G-16 by using value
tradeoffs. Operationally, if it turns out that some equations are redundant
(i.e., not independent), additional equations can be generated as necessary.

G.1.6 CHECKING FOR CONSISTENCY

Once the information is obtained to specify a multiattribute utility
function, it is important to consider this as a preliminary representation of
the objective function. It provides a useful basis for any modification or
improvement to better represent the value judgments appropriate for evaluating
the alternatives. Indeed, in problems involving complex values, it is quite
often the case that the initially expressed preferences are inconsistent to
some degree. One of the major reasons for making the value judgments explicit
is to identify inconsistencies, understand the basis for their existence, and
then eliminate them to obtain a consistent representation of values. This
does not mean, of course, that different individuals should have the same
values.

The consistency checks can take several forms. There are a number of
different sets of assumptions about independence conditions that can lead to
the same multiattribute utility function or measurable-value function. More
than one of the possibilities should be explored. Also, once the initial
utility function is formulated, the implications of the utility function can
be clearly displayed. These can then be appraised by a wide selection of
interested individuals and by participants in the evaluation process.

G.2 ASSESSMENT OF THE MULTIATTRIBUTE UTILITY FUNCTION

This section presents the details of the assessment of the multiattribute
utility function. Because the assessment of the preclosure utility function
is more involved and because the assessment of the postclosure utility
function is found in Chapter 3, this section focuses mainly on the former.
However, assessments relevant to integrating the preclosure and postclosure
utility functions are discussed.
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The discussion begins with the perspective used in the assessment. The
procedure used in the assessment is given next. Then-the independence
conditions that were verified and their implications for the form of the
multiattribute utility functions are discussed. This is followed by
assessments of the single-attribute utility functions and assessments of the
value tradeoffs to specify,the scaling factors. Finally, several consistency
checks that were used are described.

G.2.1 PERSPECTIVE FOR THE ASSESSMENT

The utility function is necessary to quantitatively evaluate sites in,
terms of their impacts. As discussed in Chapter 2, the impacts of concern
were categorized into implications for health and safety, environmental
quality, socioeconomic conditions ,and economiccosts. The meanings of these
four categoriesof preclosure impacts were further specified by the set of
performance measures given in Table G-l. The performance measures for
environmental and socioeconomic consequences required constructed scales that
are defined in Tables G-2 through G-5, respectively. Table G-1 also contains
a set of impact ranges for those performance measures. These ranges are meant
to be broad enough to include all of the likely consequences that would occur
if any of the five nominated sites were developed as a geologic repository.

The assessment of the utility function is done from a prescriptive
viewpoint; that is, the value model developed is not supposed to describe or
predict the behavior of government, but rather tohelp prescribe what actions
should be taken by the government with respect to this problem to serve the
interests of the citizens.

The value judgments expressed belowwere provided by managers in the
Office of Civilian Radioactive Waste Management of the Department of Energy
(DOE). It is this officethat has the responsibility to advise the Secretary
of Energy which three sites should be recommended for characterization. The
Secretary of Energy must then recommend the three sites to the President.

G.2.2 PROCEDURE USED TO ASSESS THE UTILITY FUNCTION

The DOE managers who provided the value judgments necessary for the
utility function were William J. Purcell,. Associate Director for the Office of
Geologic Repositories; Thomas H. Isaacs, Deputy Associate Director for the
Office of Geologic Repositories; Ellison S. Burton, Director, Siting Division;
and Ralph L. Stein, Director of the Engineering and Geotechnology Division.
Others present during the assessments were Thomas P. Longo, a DOE staff person
and the head of the methodology lead group (see Appendix A), and Ralph L.
Keeney, a decision analyst from the University of Southern California who did
the assessments.

The assessment process, was conducted in three sessions that had distinct
purposes. The first session was to establish an appropriate form for the
utility function. The second session was to assess the value tradeoffs and
single-attribute utility functions necessary to provide a specific utility
function of that form. The third session was to reconfirm the key value
judgments built into the utility function and to provide an opportunity for
any changes. All three sessions were conducted with the managers before the
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Table G-1. Objectives and performance measures

ImpactRange
Objective Performance measure Lowest Highest

Level Level

HEALTH-AND-SAFETY IMPACTS

1. Minimize worker health effects from X1: repository-worker radiological
radiation exposure at the repository fatalities 0 30

2. Minimize public health effects from X2 : public radiological fatalities
radiation exposure at the repository from repository 0 10

3. Minimize worker fatalities from X3: repository-worker nonradiological
nonradiological causes at the repository fatalities 0 100

4. Minimize public fatalities from X4 : public nonradiological fatalities
nonradiological causes at the repository from repository 0 10

S. Minimize worker health effects from X5 : transportation-worker radiological
radiation exposure in waste transportation fatalities 0 10

6. Minimize public health effects from X6: public radiological fatalities
radiation exposure in waste transportation from transportation 0 10

7. Minimize worker fatalities from X7 : transportation-worker nonradiological
nonradiological causes in waste fatalities 0 10
transportation

8. Minimize public fatalities from X8: public nonradiological fatalities
nonradiological causes in waste from transportation 0 20
transportation

ENVIRONMENTAL-IMPACTS

9. Minimize aesthetic degradation X,: constructed scale (see Table G-2) 0 6

10. Minimize the degradation of archaeological, X1 0: constructed scale (see Table G-3) 0 5
historical, and cultural properties

11. Minimize biological degradation X11: constructed scale (see Table G-4) 0 5

SOCIOECONOMIC IMPACTS

12. Minimize adverse socioeconomic impacts X12 : constructed scale (see Table G-5) 0 4

ECONOMIC IMPACTS

13. Minimize repository costs X13: millions of dollars 4000 19000

14. Minimize waste-transportation costs X1 4: millions of dollars 200 4200
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Table G-2. Performance measure for aesthetic degradation attributable
to the repository and the transportation network

Impact level Aesthetic effects a,b

0 None

1 One minor effect

2 Two minor effects

3 Three minor effects

4 One major effect

5 Two major effects

6 Three major effects

Major effects are defined as the following:

* The affected area contains components of the National Park system,
National Wildlife Refuge system, National Wild and Scenic River
system, National Wilderness Preservation system, National
Forestlands, a comparably significant State resource area, or an
aesthetic resource that is unique to the area. The locations of
such components are such that-

- Four or more key observation points or sensitive-receptor areas
located in the resource area are on the line of sight or are
within audible distance of the project and/or

- Some key observation points or sensitive-receptor areas located
on the line of sight or within audible distance of the project
attract many visitors.

* The locations of residences, population centers, major vistas ,
natural or cultural landmarks, public recreation areas, or
public highways are such that these points are on the project's
line of sight and are located in a visual setting that would
significantly contrast with the project.

* The locations of residences, population centers, major vistas,
natural or cultural landmarks, public recreation areas, or
public highways are such that the project would be audible and
would exceed established notice criteria.
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Table G-2. Performance measure for aesthetic.degradation attributable
to the facility and transportation network (continued)

b Minor effects are defined as the following:

* The affected area contains components of the National Park system,
National Wildlife Refuge system, National Wild and Scenic River
system, National Wilderness Preservation system, National
Forestlands, a comparably significant State resource area, or an
aesthetic resource that is unique to the area. The locations of
such components are such that--

- Three or fewer key observation points or sensitive-receptor
areas located in the resource area are on the line of sight or
are within audible distance of the project and/or

- No key observation points or sensitive-receptor areas located
on the line of sight or within audible distance of the project
attract many visitors.

* The locations of residences, population centers, major vistas,
national or cultural landmarks, public recreation areas, or public
highways are such that these points are on the project's line of
sight but are located in a visual setting that would not
significantly contrast with the project.

* The locations of residences, population centers, major vistas,
natural or cultural landmarks, public recreation areas, or public
highways are such that the project would be audible but would not
exceed established noise criteria.
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Table G-3. Performance measure for the degradation of archaeological,
historical, and cultural properties (historic properties)

Impact level Impacts on historical properties

0 There are no impacts on any significant historical
properties

1 One historical property of major significance or five
historical properties or minor significance are subjected
to adverse impacts that are minimal or are amenable to
mitigation

2 Two historical properties of major significance or ten
historical properties of minor significance are subjected
to adverse impacts that are minimal or are amenable to
mitigation

3 Two historical properties of major significance or ten
historical properties of minor significance are subjected
to adverse impacts that are major and cannot be
adequately mitigated

4 Three historical properties of major significance or 15
historical properties or minor significance are subjected
to adverse impacts that are major and cannot be
adequately mitigated

5 Four historical properties of major significance or 20
historical properties of minor significance are subjected
to adverse impacts that are major and cannot be
adequately mitigated

a The performance measure is defined by the following:

* Historical property of minor significance: A historical property
that is of local or restricted significance, but does not meet
the criteria of significance for the National Register of
Historic Places (e.g., a homestead or miner's cabin that is of
local importance but does not meet the criteria of the National
Register; an archaeological site that is representative of a
period of time of which there are many examples).
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Table G-3. Performance measure for degradation of archaeological,
historical, and cultural properties (historic properties) (continued)

* Historical property of major significance: A historical property
that meets the criteria of significance for the National Register of
Historic Places (e.g., first town hall in a community; cave sites
representative of an Indian people at one stage of their history; a
Civil War battlefield) or a religious site highly valued by an Indian
group (e.g., an Indian burial ground).

* Minimal impacts: Impacts that may alter the historical property, but
will not change its integrity or its significance.

* Major impacts: Impacts that change the integrity or the significance
of the historical property.

* Amenable to mitigation: The character of the historical property is
such that it is possible to mitigate adverse impacts, reducing major
impacts to minor or eliminating adverse impacts (e.g., impacts on an
archaeologicalsite that is significant because of the data it
contains can be mitigated by excavating and analyzing those data;
subsurface sites located within the controlled area may be protected
under agreements made to guarantee that they will not be disturbed; a
historical site can be adequately protected from vandals by erecting
physical barriers).

* Not amenable to mitigation: The character of the historical property
is such that impacts cannot be adequately mitigated because the value
depends on the relationship of the historical property to its
environment (e.g., a historical property of religious significance; a
historical property that has value beyond the data contained; an
archaeological site that is too complex for adequate excavation given
current state-of-the-art techniques).
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Table G-4. Performance measure for biological degradation

Impact level Biological effects

0 No damage to species of plants or wildlife that are desirable,
unique, biologically sensitive, or endangered orto any
biological resource areas that provide habitats for such
species.

1 Damage to, or destruction of, individuals of desirable species
or portions of biological resource areas that provide habitats
for the species, but such species or resource areas are
nonunique, nonsensitive, nonendangered, and common throughout
the region.

2 Biologically sensitive species or resource areas are within the
affected area. The damage to, or destruction of, individuals
of these sensitive species or portions of such resource areas
does not threaten their regional abundance.

Other affected biological resources are not unique in the region

3 Threatened and endangered (T&E) species and/or habitats for T&E
species are within the affected area. The damage to, or
destruction of, individuals of the T&E species or portions of
the habitat does not threaten their regional abundance

or

Biologically sensitive species or resource areas are within the
affected area. The damage to, or destruction of, individuals
of these sensitive species or portions of such resource areas
threatens their regional abundance

Other affected biological resources are not unique in the
region.

4 Threatened or endangered (T&E) species and/or habitats for T&E
species are within the affected area. The damage to, or
destruction of, individuals of the T&E species or portions of
the habitats does not threaten their regional abundance

and

Biologically sensitive species or resource areas are within the
affected area. The damage to, or destruction of, individuals
of these sensitive species or portions of such resource areas
threatens the regional abundance.

Other affected biological resources are not unique in the region
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Table G-4. Performance measure for biological degradation (continued)

Impact level Biological effects

5 Threatened and endangered (T&E) species and/or habitats for T&E
species are within the affected area. The damage to, or
destruction of, individuals of the T&E species or portions of
the habitats threatens their regional abundance

and

Biologically sensitive species or resource areas are within the
affected area. The damage to, or destruction of, individuals
of these sensitive species or portions of such resource areas
threatens their regional abundance.

Other affected biological resources are unique in the region.

G-25



Table G-5. Performance measure for socioeconomic impacts

Impact Level Socioeconomic impacts equivalent to the following

0 Population growth of 2,000 persons is dispersed over a broad region
with a population of 100,000. Public infrastructure-such as
schools, protective services, fire services, water, sewer, and solid
waste systems, and recreational facilities-are adequate to deal with
repository-related growth. Transportation infrastructure and housing
supply are also adequate.

Because of the large population base, and diverse life-styles,
values, and social structures, social disruptions are not expected.

Direct and indirect employment of 1,500 during repository operation,
in a region with total employment of 60,000, is not expected to lead
to the area's economy becoming overly dependent on the repository.

Repository activities are not incompatible with existing land uses
such as agriculture, residential, or those related to tourism or
local recreation, and no adverse impacts are expected to water
resources.

All land is state or federally-owned and no commercial, residential,
or agricultural displacement is expected.

1 Population growth of 5,000 persons is dispersed over an area with a
population of 50,000. Moderate upgrading of public
infrastructure--such as schools, protective services, fire services,
water, sewer, and solid waste systems, and recreation facilities--and
of transportation infrastructure is required to accommodate
repository-related growth in affected communities. Moderate (2
percent) increase in housing supply is required to accommodate
growth.

Despite the expected population growth, in-migrants have life-styles
and values that are expected to match those of current residents;
major social disruptions are not expected.
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Table G-5. Performance measure for socioeconomic disruption impacts
(Continued)

Impact Level Socioeconomic impacts equivalent to the following

1 Direct and indirect employment of 3,000 during repository
(continued) operation in a region with total employment of 30,000 and a

moderately diverse economy is not expected to lead to
disruption of existing business patterns and economic
dependency that cannot be avoided by applying standard
economic planning measures.

Repository activities are not incompatible with existing
land uses such as agriculture, residential, or those
related to tourism or local recreation; no adverse impacts
are expected to water resources.

One quarter of the land is privately owned and minimal
commercial, residential, or agricultural displacement is
expected.

2 Population growth of 5,000 persons is concentrated in a few
communities in an area with a population of 50,000. Major
upgrading of public infrastructure--such as schools,
protective services, fire services, water, sewer, and solid
waste systems, and recreation facilities--and of
transportation infrastructure is required to accommodate
repository-related growth in affected communities. A 10
percent increase in housing is also expected.

More than a quarter of the residents have life-styles and
values that are unlikely to match those of in-migrants.

Direct and indirect employment of 3,000 during repository
operation in a region with total employment of 30,000 and a
moderately diverse economy is not expected to lead to
disruption of existing business patterns and economic
dependency that cannot be avoided by applying standard
economic planning measures.

Repository activities are somewhat incompatible with
existing land uses such as agriculture, residential, or
those related to tourism or local recreation and minor
impacts are expected; minor diversion of water resources
from other activities is also expected.

Half of the land is privately owned and commercial,
residential, or agricultural displacement is expected.
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Table G-5. Performance measure for socioeconomic disruption impacts
(Continued)

Impact Level Socioeconomic impacts equivalent to the following

3 Population growth of 10,000 persons is concentrated in a
few communities within an area with a population of
10,000. Major upgrading of public infrastructure--such as
schools, protective services, fire services, water, sewer,
and solid waste systems, and recreation facilities--and of
transportation infrastructure is required to accommodate
repository-related growth in affected communities.
Considerable new housing (a 75 percent increase) is also
expected.

Affected communities have homogenenous life-styles, values,
and social structure that do not match those of
in-migrants; conflict between current and new residents is
expected.

Direct and indirect employment during repository operation
of 5,000 in a region with 5,000 employees is expected to
disrupt existing business patterns and to lead to
substantial economic decline following the completion of
repository operation.

Negative impacts are expected to existing land uses such as
agriculture, residential, or those related to tourism or
local recreation; minor diversion of water resources from
other activities is expected.

All land is privately owned and commercial, residential, or
agricultural displacement is expected.

4 Population growth of 10,000 persons is concentrated in a
few communities within an area with a population of
10,000. Major upgrading of public infrastructure--such as
schools, protective services, fire services, water, sewer,
and solid waste systems, and recreation facilities--and of
transportation infrastructure is required to accommodate
repository-related growth in the affected communities.
Considerable new housing (a 75 percent increase) is also
expected.

Affected communities have homogenenous life-styles, values,
and social structure that do not match those of
in-migrants; conflict between current and new residents is
expected.
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Table G-5. Performance measure for socioeconomic disruption impacts
(Continued)

Impact Level Socioeconomic impacts equivalent to the following

4
(continued)

Direct and indirect employment during repository operation
of 5,000 in a region with 5,000 employees is expected to
disrupt existing business patterns and to lead to
substantial economic decline following the completion of
repository operation.

Repository activities are incompatible with existing land
uses such as agriculture, residential, or those related to
tourism or local recreation and negative impacts are
expected; major diversion of area water sources is likely,
resulting in impacts to development in the affected area.

All land is privately owned and commercial, residential, or
agricultural displacement is expected.

.
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Table G-6. Parameters in the base-case multiattribute
and equivalent-consequence function

utility function

Performance measure

XI = repository worker radiological
fatalities

X2 = public radiological fatalities
from repository

X3 = repository-worker non-
radiological fatalities

X4 = public nonradiological
fatalities from repository

Xs = transportation-worker
radiological fatalities

Xs = public radiological fatalities
from transportation

X = transportation-worker non-
radiological fatalities

Xs = public nonradiological
fatalities from transportation

X9 = aesthetic impact (see Table 4-2)

X1O = archaeological impact (see Table 4-3)

X11 = biological impact (see Table 4-4)

X12 = socioeconomic impact (see Table 4-5)

X13 = repository cost (millions of
dollars)

X14 = transportation cost (millions of
dollars)

Impact range

Lowest Highest
level level

0 30

0 10

0 100

0 10

0 10

0 10

0 10

0 20

0 6

0 5

Utility-function components

Value
tradeoff Component disutility

K1 functions C1

1 X1

4 x2

1 X3

4 X4

1 X5

4 X6

1 X7

4 x

1 Cg(O)=O. Cs(1)=3. Cg(2)=6. C9(3)=9.
C9(4)=33, Cg(5)=67, C,(6)=100

0.2 C1O(0)=O, C1o(l)=12, C10(2)=23,
Clo(3)=56, C1o(4)=78, C10(5)=1OO

0.3 CI1(0)=0, C11(l)=4. C11(2)=10,
C11(3)=18, C11(4)=40. C11(5)=1OO

5 C12(0)=0, C12(1)=8. C12(2)=20.
C1 2 (3)=60, C1 2 (4)=100

0

0

4000

200

5

4

19,000

4200

1

1

X13

X14



availability of information about the impacts describing the site performances
in terms of the performance measures. The assessments reported below have not
been changed since that time.

For the first session, to establish the form of the utility function,
separate meetings were held with groups of two managers. Messrs. Burton and
Stein participated in the first meeting, and Messrs. Purcell and Isaacs in the
second. The reason for separate meetings was twofold. First, the managers
were not familiar with the-assessment procedure or the assesser (Keeney) and a
smaller group provides a better opportunity for familiarization. Second,
smaller groups reduce the likelihood that each individual does not fully
participate in the assessment. Each of the meetings lasted from 3 to 4
hours. The implications were the same namely, that the appropriate utility
function was additive, as described in the next subsection.

The second session involved all four managers together. In examining the
independence assumptions necessary to identify the appropriate form of the
utility function, many value tradeoffs and single-attribute utility functions
were necessarily specified in the first session. Thus, to some extent, the
second session was a check on some implications of the first session.

In the second-session assessment of the value tradeoffs and
single-attribute utility functions, each manager was asked to provide his own
judgment first. An open discussion of the value judgments followed to resolve
disagreements to the degree that this was appropriate (i.e., when the
reasoning of one manager seemed appealing to another). There was no attempt
to reach a consensus on the appropriate utility function for evaluating the
nominated sites. Differences of opinion about this are certainly legitimate.
The attempt was to reach agreement on a utility function thought to be
reasonable for the base-case analysis. Any differences in values felt to be
appropriate were to be included in the sensitivity analyses. The utility
function presented in Section G.3 represents such a base-case utility
function. The value judgments elicited in the second session, which lasted
approximately 4 hours, are found later in this section. Both the first and
the second sessions occurred in the same week.

The third session occurred 3 weeks after the first two. The base-case
utility function had been specified from the value judgments in the interim
and the substance in this appendix written to document it. The managers were
asked to read this material before the session. In this session, there was a
presentation of all the implications of the utility function. These included
the independence assumptions, value tradeoffs, and single-attribute utility
functions. The session lasted approximately 2 hours and included all the
managers except Mr. Purcell, who was away on a business trip. He reviewed the
implications from the written material. The managers concurred that the
base-case utility function was a reasonable reflection of values for
evaluating the nominated sites.

G.2.3 VERIFICATION OF INDEPENDENCE CONDITIONS

The procedures used to investigate each of the independence conditions
discussed in Section G.1 are described below.
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G.2.3.1 Preferential Independence

Each pair of performance measures in Table G-1 was found to be
preferentially independent of all the other performance measures. Three
examples are presented here.

Consider Figure G-5 which shows the consequence space for performance
measures X1 and X5 representing respectively radiological fatalities
(latent cancer) in workers at the geological repository and in transportation
workers. The respective ranges go from O to 30 fatalities for repository
workers and from 0 to 10 for transportation workers. The first question asked
the DOE managers was whether consequence A or B in Figure G-5 was preferable,
where consequence A represented 30 cancer fatalities in workers and none in
transportation workers, and consequence B represented 10 fatalities in
transportation workers and none in repository workers.

The respondents felt that consequence B was preferable. Next,
consequence B was compared with consequence C, which represents five
fatalities in repository workers and none in transportation workers. In this
case, consequence C was preferred by the DOE managers. Next it was found that
consequence D, representing 10 radiological fatalities in repository workers
and none in transportation workers was indifferent to consequence B. The
respondents were asked whether they had given any thought to the number of
public fatalities that might be involved in making this value tradeoff between
radiological fatalities in workers. The response was "no". This was an
indication that the performance measures X1 and X5 were preferentially
independent of the performance measures representing public fatalities.
Similarly, the cost, environmental, and socioeconomic implications were found
not to be of concern when making the value tradeoff between performance
measures X1 and Xs. Specifically, for instance, the questioning was
repeated for explicit cases where the cost of repository was stated to be 8
billion and then 18 billion, and the same indifference indicates that the
death of one repository worker from cancer is as undesirable as the death from
cancer of a transportation worker. On being questioned, the DOE respondents
agreed that this did represent the values they felt should be used to evaluate
consequences in the problem. Indeed, further questioning indicated that the
consequence of five cancer fatalities in transportation workers and five
cancer fatalities in repository workers, indicated by E in Figure G-5, was
indifferent to both consequences B and D. In general, the indifference curves
over that consequence space were linear going through points involving an
equal number of total fatalities to workers due to cancer.

In Figure G-6, the pair of performance measures X7 and X8 were the
examined for preferential independence. Specifically, X7 represents
nonradiological fatalities in transportation workers and X8 the
nonradiological fatalities in the public that are due to waste
transportation. The numbers of fatalities range from 0 to 10 for workers and
from 0 to 20 for the public, and are essentially all attributable to possible
traffic accidents or accidents between trains carrying the waste and
automobiles. In Figure G-6 consequence A with 10 worker fatalities and no
public fatalities was much preferred to consequence B with 20 public
fatalities and no worker fatalities. Consequence A was also preferred to
consequence C, which entails 10 public fatalities and no worker fatalities.
It was found that consequence A was indifferent to consequence D, which is 2.5
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x1 = RADIOLOGICAL ASSESSED AS
HEALTH INDIFFERENT
EFFECTS IN 15 INDEPENDENT OF
REPOSITORY OTHER PERFORMANCE
WORKERS 10 MEASURE LEVELS

X = RADIOLOGICAL HEALTH
EFFECTS IN TRANSPORTATION WORKERS

Figure G-5. Verification that {X1, X5}
are preferentially independent of other
performance measures.

10

RKERS

WORKERS INDIFFERENT
OTHER PERFORMANCE
MEASURE LEVELS

2.5-

0-D Ca
0 2 4 8 12 16 20

= PUBLIC FATALITIES DUE
TO TRANSPORTATION

Figure G-6. Verification that{X 7 , X8}
are preferentially independent of other
performance measures.

0213-0039ST 4129/86

G-33



public fatalities. It was clearly stated that this indifference did not
depend on the other numbers of public or worker fatalities due to radiation or
due to accidents at the facility. This value tradeoff also did not depend on
environmental, socioeconomic, or economic consequences. Hence, performance
measures X7 and X8 were preferentially independent of the other
performance measures. In this context, it was also verified that the
indifference curves over worker and public fatalities due to transportation
accidents were linear and evaluated a public fatality as four times more
significant than a worker fatality. The reasons for such an evaluation are
discussed in Section G.4.

Figure G-7 shows the indifference that was found between the
socioeconomic performance measure Xl2 and the repository-cost performance
measure X13. Specifically, no socioeconomic impact (level 0) and a cost of
5,500 million dollars was indifferent to the worst level of socioeconomic
impact (level 4) and a repository cost of 5,000 million dollars. This value
tradeoff was independent of the levels of the other performance measures.
Furthermore, the DOE managers were always indifferent to accepting an
additional cost of 500 million dollars to alleviate entirely the socioeconomic
implications of a level 4 impact.

G.2.3.2 Utility independence

Utility independence was specifically verified for two performance
measures-, public fatalities due to transportation accidents, Xs, and
repository costs, X13. For X8, the DOE managers were presented a lottery,
shown in Figure G-8, with a 50-50 chance of either 20 public fatalities or
otherwise no public fatalities and asked to compare it with a sure loss of
five members of the public in transportation accidents. Although clearly
undesirable, the certain consequence of 5 fatalities was better than the
lottery involving the 50-50 chance of 20 fatalities. When the certain
consequence was changed to 15 fatalities, it was deemed less preferable than
the lottery. Finally, 10 was selected as the number of fatalities indifferent
to the lottery. That response was independent of the levels of other
attributes in the problem. Specifically, the same questions were repeated,
and the same responses elicited, when it was explicitly stated that the cost
of the repository was 6 billion and then 18 billion. Similar questions were
repeated with different fixed levels of socioeconomic and environmental
implications, and the same response of 10 public fatalities being indifferent
to the lottery was obtained. Hence, performance measure X8 was utility
independent of the other attributes.

Figure G-9 shows a lottery for the costs of the repository. It involves
a 50-50 chance of either 20 billion dollars or 5 billion dollars in cost.
This lottery was preferred to a certain cost of 16 billion dollars and less
preferred than a repository cost of 10 billion dollars. It was indifferent to
a certain cost of 12.5 billion dollars, which is the average of the lottery.
This indifference did not depend on the level of the other performance
measures, indicating that X1 3 was utility independent of the other
performance measures.
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X13 = REPOSITORY
COST
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INDIFFERENT
INDEPENDENT OF
OTHER PERFORMANCE
MEASURE LEVELS10000 -
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X, = SOCIOECONOMIC IMPACT

Figure G-7. Verification that{X12, X13}

are preferentially independent of
other performance measures.

G-35



ASSESSED AS
INDIFFERENT TO EACH

10 PUBLIC FATAUTIES OTHER INDEPENDENT OF
OTHER PERFORMANCE
MEASURE LEVELS

0.5
20 PUBUC FATALITIES

0.5 o PUBLIC FATALITIES

Figure G-8. Verification that X8, noncancer public fatalities due to transportation,
is utility independent of the other performance measures.

ASSESSED AS
INDIFFERENT TO

$12,500 MILLIONS EACH OTHER

INDEPENDENT OFOTHER PERFORMANCE
MEASURE LEVELS

0.5 $20,000 MILLIONS

0.5 $5,000 MILLIONS

Figure G-9. Verification that X13, repository costs, is utility independent of the other
performance measures.
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G.2.3.3 Weak-difference independence

Exactly like the utility-independence assumptions, weak-difference
independence was examined for performance measures X8 and X 13. For
instance, with regard to public fatalities, the DOE managers were asked what
number of fatalities X8 was such that the difference between 0 and x
fatalities was as significant as the difference between x and 20 public
fatalities. The level of x8 was varied until the two ranges were equally
significant. This occurred when x3 was 10, and the response was independent
of the levels of the other performance measures, indicating that X8 was
weak-difference independent of the other performance measures. Because the
midvalue point of 10 fatalities was identical with the certainty equivalent of
10 fatalities obtained in assessing utility independence for X8 in Figure
G-8, it indicated that the utility function and the measurable-value function
for X8 were one and the same.

Regarding repository costs, it was determined that the change in costs
from 5 billion to 12.5 billion dollars was as significant as the increase in
cost from 12.5 billion to 20 billion dollars. This also did not depend on the
level of the other performance measures. Hence, it seemed appropriate to
assume that X13 was weak-difference independent of the other performance
measures.

G.2.3.4 Additive independence

Three pairs of performance measures were explicitly examined for additive
independence. The first involved performance measures X7 and X8. The DOE
managers were shown the two lotteries in Figure G-10 and asked whether they
were indifferent between these lotteries or had a preference for one over the
other. It was pointed out that in each case there was an equal chance that
the number of worker fatalities due to transportation accidents would be
either 0 or 10 and that the number of public fatalities due to transportation
accidents would have an equal chance of being either 0 or 20. The only
difference between the two lotteries is the manner in which the combinations
of the fatalities would occur. Specifically, with the first lottery, one
would have either 20 public and 10 worker fatalities or no public and worker
fatalities. With the second lottery, one would have either the higher number
of worker fatalities and no public fatalities or the higher number of public
fatalities and no worker fatalities. The DOE respondents were indifferent
between these two lotteries, indicating that performance measures X7 and
X8 were additive independent of the other performance measures.

Figure G-ll indicates the examination of performance measures X8 and
X13 for additive independence. With both lotteries, there is is an equal
chance that the number of public fatalities from transportation accidents will
be either 0 or 20. Also, with each lottery there is an equal chance that the
repository cost will be either 5,000 or 15,000 million dollars. The only
difference in the two lotteries is how the consequences are paired together.
The DOE respondents were also indifferent between these two lotteries. Hence,
X8 and X13 were additive independent.
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0.5 (X = 20, X1 = 15,000) 0-5 (X, = 20, X1, = 5,000)

ASSESSED AS
INDIFFERENT TO EACH
OTHER INDEPENDENT OF
OTHER PERFORMANCE
MEASURE LEVELS

0.5 (X = 0. X,, = 5.000) 0.5 (X, = 0, X,, = 15,000)

Figure G-10. Verification that X 7 , noncancer worker fatalities due to transportation,
and X 8, noncancer public fatalities due to transportation, are additive independent.

0.5 (X=10,Xs=20) 0.5 x7=10.X=0)
ASSESSED AS
INDIFFERENT TO EACH
OTHER INDEPENDENT OF
OTHER PERFORMANCE

0.5 ( X 0Xs=0) MEASURE LEVELS 0.=

Figure G-1 1. Verification that Xs, noncancer public fatalities due to transportation, and
X13, repository costs, are additive independent.
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Finally, Figure G-12 was used to examine whether a preclosure measure of
fatalities and a postclosure measure of radiation releases were additive
independent. Specifically, performance measures X2 and X15', the number
of postclosure cancer fatalities induced in the public by radiation, were
utilized. Both lotteries in Figure G-12 have equal chances of either 0 or 10
preclosure public cancer fatalities due to the repository, and an equal chance
at either 0 or 200 postclosure cancer fatalities due to the repository. The
DOE respondents were indifferent between these two lotteries, indicating
that the pair of performance measures X2 and X15 ' were additive
independent of the other performance measures. This suggests that preclosure
fatalities X2 and postclosure radiation releases X1 5 should be additive
independent.

G.2.3.5 Form of the multiattribute utility function

The independence assumptions verified in this problem are sufficient to
imply that the preclosure multiattribute utility function must be of the
additive form given by Equation G-4. Furthermore, because the component
utility functions for public transportation fatalities and for repository
costs were identical with the measurable-value functions for those performance
measures, the multiattribute utility function-must also be a measurable-value
function.

G.2.4 COMPONENT UTILITY FUNCTIONS

As a result of the assessments involving the independence assumptions, a
good deal of information was already available on the component utility
functions. For instance, from Figures G-8 and G-9 it was clear that the
component utility functions for public transportation fatalities and
repository costs had to be linear, which was consistent with a risk-neutral
attitude. Then, because of the linear indifference curves between the
performance measures X8 and X13 and the other health-and-safety and cost
performance measures, it followed that all of the component utility functions
for the health-and-safety and cost performance measures had to be linear.
However, many direct assessments were made to verify that this was indeed the
case.

As an example, consider preclosure nonradiological fatalities in
repository workers, represented by performance measure X3 . The range on
this goes from 0 to 100 fatalities. The DOE respondents felt that a lottery
with an equal chance at either 0 or 100 such fatalities was indifferent to a
situation with a certain consequence of 50 fatalities. This indicated that
the component utility function was linear.

The utility functions for the performance measures involving constructed
scales-namely, those concerning environmental and socioeconomic
consequences--were assessed differently. The assessments were done by
specialists involved in constructing the respective performance measures (see
Appendix A), and measurable-value functions were assessed. Let us indicate
the assessments for the four performance measures in question. For
performance measure X9, which is concerned with aesthetic impacts, the scale

G-39



0.5 0

ASSESSED AS
INDIFFERENT TO EACH
OTHER INDEPENDENT OF
OTHER PERFORMANCE
MEASURE LEVELS

(X = 0, X'18 = 200)

Figure G-1 2. Verification that X2, preclosure public health effects due to
repository radionuclide releases, and X'15, a measure of postclosure health effects
due to reposiotry radionuclide releases in the first 10,000 years, are additive
independent.
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had seven levels, as shown in Table G-2. Level 0 corresponded to no impact,
and level 6 to the greatest impact. We wished to scale the measurable-value
function from 0 to 1, so a value of l was assigned to 0 impact, and a value of
0 to a level 6 impact. The aesthetic scale involved major effects and minor
effects. The respondent was asked whether a major effect was two times as
significant as a minor effect, or less than twice as significant or more than
twice as significant. The response was that it was more than twice as
significant. Next, we asked whether a major effect was five times as
significant as a minor effect, or less or more. Again, the response was
"more". It was determined that a major effect was 10 times as significant as
a minor effect. Furthermore, the respondents felt that two major effects were
twice as significant as one major effect and that two minor effects were twice
as significant as one minor effect. Thus, the measurable-value function, and
the component utility function, since they must be the same, is given by

us(0) = 1, u9(l) = 0.97, U9(2) = 0.94, U9(3) = 0.91,

U9(4) = 0.67, us(5) = 0.33, us(6) = 0.

The performance measure for archaeological impact, X10, is shown in
Table G-3. It has six levels, ranging from 0 for no impact to 5 for the
maximum impact. As seen by the construction of the scale itself, the
respondent felt that one historical property of major significance was
equivalent to five historic properties of minor significance. It was
determined that a major adverse impact on two historical properties was twice
as significant as a major adverse impact on one historical property and that
the same relationship was true for minor adverse impacts. It was also
determined that a minor impact was approximately one-fourth as significant as
a major impact on a historical property. Collectively, these responses
allowed the construction of the following measurable-value function, which is
also a component utility function, for archaeological impacts:

u1o(0) = 1, u1o(l) = 0.88, u10(2) = 0.77, U1O(3) = 0.44,

u10(4) = 0.22, u10(5) = 0.

The scale for biological impacts goes from no impact, indicated by level
0, to the impact indicated by level 5 in Table G-4. A measurable value of 1
was assigned to the level 0, and a value of 0 was assigned to the level 5. It
was first determined that the significance of a change from level 5 to level 4
was 1.5 times as significant as the change from level 4 to the no-impact level
0. This indicated that the measurable value of level 4 had to be 0.6. Going
from level 4 to level 3 eliminated slightly more than half the negative
biological impacts associated with level 4, so that change in value had to be
slightly greater than the significance of the change from level 3 to level 0.
Thus the measurable value of level 3 was set at 0.82. The respondent felt
that a change from level 3 to level 2 was more valuable than a change from
level 2 to level 1 and that a change from level 2 to level 1 was more valuable
than a change from level 1 to level 0. Consistent with this is the following
measurable value function and utility function:

u11(0) = 1, u11(l) = 0.96, u11(2) = 0.9, u11(3) = 0.82,

u11(4) = 0.6, u11(5) = 0.
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With regard to the socioeconomics performance measure Xl2 defined in
Table G-5, the no-impact level 0 was assigned a measurable value of 1, and the
impact level 4 was assigned a value of 0. The significance of the change in
impact from level 4 to level 3 was deemed equal to the significance of a
change from level 3 to level 2. Each of these changes was felt to be twice as
significant as a change from level 2 to level 0. Also, the importance of a
change from level 2 to level 1 was 1.5 times as important as a change from
level 1 to level 0. As a result, the measurable-value function, and the
component utility function, is

u12(O) = 1, u12(l) = 0.92, u12(2)=0.8, u12(3) = 0.4, u12(4) = 0.

G.2.5 VALUE TRADEOFFS

As was the case with the component utility functions, a good deal of
information about the value tradeoffs was available directly from the
independence assessments. All the value tradeoffs, which were made by the DOE
managers, are presented here. The reasons for, and the appropriateness of,
the value judgments are discussed in Section G.4. A sensitivity analysis also
investigated the implications of these value judgments for the evaluation of
the nominated sites.

From Figure G-5 and the related discussion, it was clear that the DOE
managers felt that a cancer fatality in a repository worker should be
considered equivalent to a cancer fatality in a worker involved in
transporting the radioactive waste. The same logic was used regarding the
pairs of performance measures X2 and X6, X3 and X7, and X4 and
X8. Basically, these value tradeoffs indicated that radiological fatalities
in the public were equivalent whether they resulted from transportation or
from the repository, that nonradiological fatalities in workers were
equivalent whether they resulted from working at the repository facility or in
transportation, and that nonradiological fatalities in the public were
equivalent whether they resulted from the repository or transportation.

An important value tradeoff involves the death of an individual member of
the public from radiological or nonradiological causes. It was decided that
the appropriate evaluation scheme would equate these. In addition, the DOE
managers felt that it was appropriate to equate radiological and
nonradiological fatalities in workers.

The value tradeoff between public fatalities and worker fatalities is
shown in Figure G-6. Specifically, it was felt that a public fatality should
be considered four times as important as a worker fatality.

The value tradeoff between repository cost and transportation cost was
easy: the DOE managers felt that a dollar of cost in one was equivalent to a
dollar of cost in the other. The value tradeoffs between costs and the other
performance measures were, however, more difficult.

The value tradeoff between preclosure public fatalities and costs was
felt to be 4 million dollars for each statistical fatality; that is, up to 4
million dollars should be spent to prevent one statistical fatality from
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either radiation exposure or accidents, such as traffic accidents, involving
the public. Because such a value tradeoff is clearly sensitive and crucial to
any evaluation, the reasonableness of this is discussed in detail in Section
G.4 and the sensitivity analysis varied this value tradeoff over a wide range.

The value tradeoffs for the environmental and socioeconomic performance
measures were assessed by asking for the maximum increase in repository costs
that would be justified for reducing a particular impact from the maximum
level to the zero level. To alleviate the aesthetic effects associated with a
level 6 impact, the DOE respondents felt that an additional cost of 100
million dollars would be justifiable. This means, for instance, that a
repository with no aesthetic impact that cost 100 million dollars more than a
repository that had a level 6 aesthetic impact would be equally desirable.

To preclude the archaeological impacts associated with level 5 on
performance measure X10, the DOE respondents were willing to spend up to 20
million dollars. To preclude the biological impacts associated with level 5
on performance measure X11 , they were willing to spend an additional 30
million dollars. With regard to the socioeconomic performance measure X12,
the respondents were willing to spend up to 500 million dollars to preclude
the impacts associated with level 4 (i.e., to reduce the impacts to level 0).

A value tradeoff is necessary to provide some guidance for an appropriate
manner to combine preclosure and postclosure utility functions. This was
addressed in the composite analysis by conducting a sensitivity analysis for
the entire range of possible value tradeoffs. Since the implications of the
analysis were similar over essentially this whole range, little effort was
focused on obtaining an appropriate judgment for this potentially
controversial value tradeoff.

G.2.6 CONSISTENCY CHECKS

Many consistency checks were made in the course of these assessments.
The independence checks were redundant in many situations. For instance, if
the pair of performance measures X1 and X2 is preferentially independent
of the others and if the pair X2 and X3 is preferentially independent of
the others, then it follows that the pair X1 and X3 must also be
preferentially independent of the others. However, in several situations, the
latter was explicitly checked.

As discussed with regard to the utility independence and weak-difference
independence assumptions, the situations were checked for two attributes--
public fatalities due to transportation, Xs, and facility cost Xl3. Only
one would be sufficient to use Result 2 and to show that the multiattribute
utility function and measurable-value function must be one and the same, given
the preferential independence assumptions.

Similarly, it was necessary to verify for additive independence only one
of the situations represented in Figures G-10 through G-12; the others should
have been additive independent in order to be consistent. Independent
verification showed that this was indeed the case.
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With regard to the linearity of the component utility functions, this was
consistent with the linear indifference curves between pairs of performance
measures once it is verified that one of the component utility functions is
linear. It also happens that linear utility functions and linear indifference
curves imply that the multiattribute utility function is additive, which
provides an additional check on the overall structure of the utility
function. As a check of the value tradeoffs, implications of pairs of value
tradeoffs on overlapping performance measures were redundantly assessed. For
instance, 4 million dollars was assessed as indifferent to one statistical
public fatality and one public fatality was assessed as indifferent to four
worker fatalities. This implies that one worker fatality must be indifferent
to 1 million dollars, which was also the assessed value tradeoff. After the
assessment, all the DOE managers reviewed the implications of the utility
function discussed in Section G.3 and the appropriateness of this assessment
in Section G.4.

G.3 THE MULTIATTRIBUTE UTILITY FUNCTION

This section presents the utility function implied by, and consistent
with, the assessments in Section G.2. The resulting multiattribute utility
function will be called the "base-case utility function." First the
preclosure utility function is presented. Then the aggregate preclosure and
postclosure utility function is given. Next the implications of the utility
functions are listed, and finally variations that are useful to examine in
sensitivity analyses are considered.

G.3.1 THE BASE-CASE PRECLOSURE UTILITY FUNCTION

Because of the preferential independence conditions and the utility
independence conditions verified in the assessment process, Result 2 of
Section G.1 implied that the multiattribute utility function must be either
additive or multiplicative. The verification of the additive independence
assumption as part of the assessments implied that the specific case must be
the additive utility function

14
U(X1...., X1 4 ) = k1u1(x 1 ), (G-17)

i=l

where u is the multiattribute utility function scaled from 0 to 1; the
u1(i = l,...,14) are the component utility functions scaled from 0 for the
worst level to 1 for the best level; and the scaling factors represented by
the k1(i = 1,...,14) are each between 0 and 1 and sum to 1.

The component utility functions specify the relative desirability of the
different levels of each single performance measure over the ranges indicated
in Table G-l. Figure G-13 illustrates the component utility functions. Thus,
for instance, with regard to the component utility function ul, the best
level of zero fatalities and the worst level of 30 fatalities are respectively
assigned utilities of 1 and 0, meaning u1(O) = 1 and u1(30) = 0.
Furthermore, it can be calculated from u1 that u1(15) = 0.5. Since u1
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9is assessed to compare lotteries, a lottery that yields a 0.5 chance of 30
fatalities and a 0.5 chance of zero fatalities has an expected utility of
0.5. Thus, this should be indifferent to 15 certain fatalities, which has the
same utility. This indifference must hold to be consistent with the
assessments that the preferences were linear.

The misinterpretation of the scaling factors, the k1's, is a common
mistake in appraising multiattribute utility studies. Specifically, the
scaling factors do not indicate the relative importance of the different
performance measures. In fact, there is no clear meaning to the statement
that one performance measure (or the objective associated with it) is more
important that another. In order to make the meaning of "more important"
unambiguous, it is necessary to attach a range to each performance measure.
Thus, for instance, it would be correct to say that if the scaling factor
associated with performance measure X3 , nonradiological fatalities in
repository workers, was greater than the scaling factor associated with
performance measure X4 , nonradiological public fatalities due to the
repository, then the relative importance of going from the worst level of
nonradiological worker fatalities to the best level is more important than
going from the worst level of nonradiological public fatalities to the best
level. However, this may occur because there is a range of 100 worker
fatalities vs. 10 public fatalities. It may not be the case that an
individual worker fatality is evaluated as more important than an individual
public fatality in this context. Indeed, just the opposite may be true. To
illustrate this important point, the assessments in Section G.2 indicated that
a nonradiological public fatality is considered four times more important than
a nonradiological worker fatality. Yet, because the range for repository
worker fatalities is 10 times as great as the range of nonradiological public
fatalities, the scaling factor k3 would be 2.5 times the scaling factor
k4 (calculated as 1/4 times 10).

For this problem, the assessed value judgments are such that the additive
utility function can be written in a form much easier to interpret than
Equation G-17. Because the preferences over each performance measure decrease
with increasing impact levels and because the component utility functions are
linear for each of the performance measures with natural scales, the
multiattribute additive utility function can be written as

14
U(Xl, ... ,X14) = 121 - 1/200 [ KiCi(xi),. (G-18)

i=l

where the Ci(i = 1,...,14) are directly interpretable as units of impact for
the performance measures with natural scales and percentages of the range of
impacts for performance measures with the constructed scales and the
K 1(i = 1,...,14) represent the value tradeoffs.

The interpretation of the K, scaling factors is easy. For instance,
the scaling factor K1 = 1 is one, meaning that an additional cost of 1
million dollars was assessed as equivalent to a statistical worker fatality
induced by radiation exposure at the repository. The scaling factor K2 = 4,
meaning that the relative value of one additional cancer induced in the public
by radioactive emissions from the repository is equivalent to 4 million
dollars. For the socioeconomics performance measure, the assessed value
tradeoff was that it is worth 500 million dollars to reduce the socioeconomic

G-46



impacts associated with the worst level (i.e., level 4) of that performance
measure to level 0, which represents no adverse socioeconomic impacts. Hence,
K 12 = 5, since it is worth 5 million dollars to reduce socioeconomic impacts
by 1 percent of the range of impacts. The performance measures for both of
the cost attributes are identically 1, implying that a million dollars is
worth a million dollars. The specific values that were assessed for Ci and
Ki are given in Table G-6.

Since preferences decrease with increasing impact levels, the minus sign
is needed in front of the 1/200 term in Equation G-18 and the Ci can be
considered as component disutility functions. The factors 121 and -1/200 in
Equation G-18 are necessary to scale the utility from 0 to 100, where 100 is
chosen to represent a particularly desirable set of impacts for all
performance measures and 0 represents a particularly undesirable set of
impacts for all performance measures. For this purpose, the ranges of the
performance measures listed in Table G-1 (repeated in Table G-6) were chosen
to be broad enough to include all possible impacts for the sites being
evaluated. The utilities of 0 and 100 are assigned to sets of impacts
represented respectively by the worst levels and the best levels in Table
G-6. Because the utility function is additive and because the component
utility function for repository cost is linear, it is particularly easy to
interpret units, referred to as utiles, of the multiattribute utility function
(Equation G-18) in terms of equivalent costs Specifically, one utile is
equivalent in value to 200 million dollars.

A final comment about the multiattribute utility function-is in order.
Because of the weak-difference independence verified in the assessments
discussed in Section G .2 and because the component measurable value function
for costs was the same as the component utility function for costs, the
multiattibute utility function represented in Equation G-18 is also a
measurable-value function. This means that the difference in the utility of
two consequences can be used as a measure of the relative importance of the
difference between those two consequences. Hence, differences in utilities
can be used to rank the relative importance between consequence pairs

G.3.2 PRECLOSURE AND POSTCLOSURE UTILITY FUNCTIONS

To evaluate the overall implications of various nominated sites, it is
necessary to combine the preclosure and postclosure multiattribute utility
functions. This results-in the overall site utility us(Sj) for site Sj
calculated from

u.(Sj) = kpr upr (x1,...,x14) + kpostupost(x15,x16) (G-19)

where upre is u given inEquation G-18, upost is given in Chapter 3, and
kpre + kpost = 1. The kpre and kpo t are assessed by using value
tradeoffs between preclosure and postclosure impacts. Their interpretation
relates to the relative importance of the collective ranges of the preclosure
performance measures and the postclosure performance measures, respectively.
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G.3.3 IMPLICATIONS OF THE MULTIATTRIBUTE UTILITY FUNCTION

There are numerous implications of the utility functions that were not
directly verified in the assessment. This is the case even though there were
redundant verifications to check the consistency of the assessed
multiattribute utility function.

Some of the major implications of the base-case utility function are
readily evident from Figure G-13. Specifically, it is clear that the
component utility functions for all of the performance measures involving a
natural scale (i.e., the health-and-safety, and cost performance measures) are
linear.

The implications of the utility function with respect to independence
conditions are not directly observable from the utility function without some
prior knowledge of multiattribute utility theory. Specifically, the following
implications hold:

* Each pair of performance measures is preferentially independent of
the set of remaining performance measures.

* Each individual performance measure is utility independent of the set
of remaining performance measures.

* Each individual performance measure is weak-difference independent of
the set of remaining performance measures.

* Each pair of performance measures is additive independent of each
other when the levels of the remaining set of performance measures
are fixed.

G.3.4 VARIATIONS OF THE MULTIATTRIBUTE UTILITY FUNCTION USEFUL FOR
SENSITIVITY ANALYSIS

The conduct of the analysis is important. In this analysis, the value
judgments are introduced sequentially, beginning with those that might be
considered less controversial. For example, the judgment that a dollar of
repository cost is as significant as a dollar of transportation cost is likely
to be less controversial than value tradeoffs between costs and environmental
impacts. After introducing the less controversial value tradeoffs into the
analysis, the alternatives are carefully examined to see what implications can
be drawn. Implications from this stage of the analysis may have broad
acceptance from individuals representing a wide variety of viewpoints about
appropriate value judgments for the problem.. Even a partial ranking of the
nominated sites may be of substantial help. Then more controversial value
judgments can be introduced and the nominated sites further examined. The
intention is to gain as many insights from the analysis as possible while
making the weakest, and therefore the most widely acceptable, value judgments
and assumptions. With this analysis, the implications for the ranking of the
nominated sites is rather strong based on the analysis prior to the
introduction of what should be the most difficult and controversial value
tradeoffs.
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A crucial element of the multiattribute utility analysis is the
sensitivity analyses that are conducted. The intent is to vary over
reasonable ranges any of the possible inputs that could substantially affect
the relative desirability, and hence the ranking, of the nominated sites.
These sensitivity analyses are intended to indicate which-judgments or data
are crucial to the conclusions drawn from the analysis. They also suggest
where more careful attention and effort should be focused. Listed below are
cases that were considered in the sensitivity analysis of the base-case
utility function.

Because potential fatalities are very important, the linearity of the
component utility function for fatalities was relaxed, and a risk-averse
utility function was used over its range. In this case, since preferences
decrease as the level of the performance measure increases, the
constantly-risk-averse utility function

u(x) = h - be (G-20)

is used for performance measure X, where h is a constant and b and c are
positive constants. The constants h and b are included to scale the component
utility from 0 for the worst level to 1 for the best level of the performance
measure.

The implications of a risk-prone utility function for fatalities that
promotes ex-post equity were also examined. The component utility function
used in this case was the constantly-risk-prone utility function

u(x) = h + be-cx (G-21)

where all of the constants have the same interpretation as in Equation G-20.

It seemed appropriate to vary the form of the utility function to examine
the possible implications of overall risk attitudes quite distinct from the
base case. To see how this can be done, recall that the base-case utility
function u is also a measurable-value function. As a measurable-value
function, u combines the impacts on all the performance measures into one
numerical "measurable value." The base-case utility function is risk neutral,
implying that a lottery with a 0.5 chance of an impact with a measurable value
of 90 and a 0.5 chance of an impact with a measurable value of 10 is
indifferent to an-impact with a measurable value of 50 (i.e., the average of
the lottery). If the sure impact with the 50 measurable value is preferred
to the lottery, then a risk-averse attitude is implied. On the other hand,
if the lottery is preferred to the impact with a measurable value 50, a
risk-prone attitude is implied. Both of these possibilities can be
investigated by assuming that the utility function is an exponential
function of the measurable value, designated u, so that

U(X1,-..,X 1 4 ) = A + B exp(cu(xl, ... x 1 4)]1 (G-22)

where A and B are constants to set the range of U equal to that of u (see
Keeney and Raiffa (1976) and von Winterfeldt and Edwards (1986)). The
constant c indicates the risk attitude; it is positive for risk-prone utility
functions and negative for the risk-averse utility functions. The greater the
magnitude of c, the greater the aversion or proneness to risk.
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Ranges of the different value tradeoffs were important to consider. As
an example from the preclosure analysis, the base-case value tradeoff between
performance measures X1 and X13 indicated that the relative value assigned
to one statistical radiological fatality in a repository worker was as
undesirable as an additional cost of 1 million dollars. The range for this
value tradeoff in the sensitivity analysis went from 1 to 25 million dollars.
In the composite analysis, sensitivity analyses varied the relative weights on
the preclosure and the postclosure implications of the various sites. This
was done by varying the weights kpr and kpost in Equation G-19. Since
this seemed to be a potentially crucial value tradeoff, the sensitivity
analysis considered the entire range of from 0 to 1 for each of the scaling
factors, keeping the constraint that they must sum to 1.

G.4 APPROPRIATENESS OF THE UTILITY FUNCTION

In this section, the appropriateness of the utility function for
evaluating the nominated sites is appraised. Specifically, succinct comments
are provided on the reasons for the fundamental values that comprise the
multiattribute utility function.

G.4.1 THE SET OF OBJECTIVES

The set of objectives chosen for a given problem collectively describes
the consequences of major interest. Judgments are made about which objectives
to include in the analysis and which to exclude. The intent is to include all
the objectives felt to be useful for gaining insights from the decision-aiding
methodology. The potential implications of any objectives not explicitly
included in the study should be explicitly examined, at least qualitatively,
in a sensitivity analysis and appraisal of the results of the analysis.

The major concerns in this problem were health-and-safety, environmental,
socioeconomic, and cost impacts, and these concerns are explicitly addressed.
With regard to health-and-safety impacts, the main distinction is between
those occurring in the preclosure period and those occurring after closure.
Furthermore, in the preclosure period, distinctions are made between
health-and-safety effects on waste-management workers and effects on the
public and whether the health-and-safety impacts result from radiological
causes or nonradiological causes like traffic accidents. Collectively, the
objectives address the major concerns raised in the DOE s siting guidelines
(10 CFR Part 960).

Objectives not explicitly included in the study include nonfatal
health-and-safety effects, socioeconomic impacts in regions through which the
waste will be shipped, equity considerations (e.g. , the equity of the risk to
beneficiaries of nuclear power and to others living in different States), and
political considerations. With regard to nonfatal health-and-safety effects,
it is expected that'these are highly correlated with the fatal
health-and-safety effects, and hence placing a greater weight on those
performance measures could, in a sensitivity analysis, examine whether the
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inclusion of nonfatal effects might make a difference in the evaluation of the
nominated sites. With regard to the socioeconomic impacts of waste
transportation, equity, and political implications, it was felt that the range
of these impacts is not likely to be significant enough to lead to different
implications of the evaluation of the five sites, even though the absolute
level of such impacts may be important. To place this latter statement on a
more common basis, consider an individual who is about to purchase a new
house. Although the individual may feel that cost of the house is important,
it is not particularly relevant to the choice of the best house if the range
of costs for all houses is small (e.g., within 2,000 dollars) relative to the
range of the other important attributes in the choice (e.g., the quality of
the local school system, distance from work).

The set of objectives is composed exclusively of fundamental objectives.
Stated in another way, none of the objectives concerns means, which may be
important, only for their implications on fundamental objectives. This allows
one to evaluate alternatives in terms of what is fundamentally important. It
avoids many of the possibilities of double counting consequences, and it
increases the understanding of the analysis. For instance, there is no
fundamental objective that states that the purpose is to minimize the
radiation emitted during the transportation of spent fuel to the repository.
This is of course very important, but it is important only because it is a
means to the potential radiological health effects that may eventually result
from such emissions. Since the fundamental health effects are included as
objectives, there is no reason to include the means objectives of radiation
emitted.

G.4.2 THE SET OF PERFORMANCE MEASURES

The performance measures in the preclosure analysis are designed to
indicate the direct interest with respect to the given objective. For
instance, since one is concerned with radiological health effects, the
performance measure is the number of fatalities. This should be contrasted
with what is commonly used in many analyses--namely, a proxy performance
measure. For instance, in this case, a proxy measure might be the radiation
dose received by people. Such proxy measures are difficult to interpret for
all but experts in the given field and require a translation from levels of
the proxy measure into the fundamental concern. Specifically, it is necessary
to have some idea about how a radiation dose is related to a specific number
of cancer fatalities. The preclosure analysis makes such implicit
translations unnecessary by carefully defining direct performance measures.
The postclosure analysis, partially because of the extremely long period of
concern, does use proxy measures to indicate performance. The reasons for
defining the performance measures as releases of radionuclides rather than
health effects are discussed in Chapter 3.

It is not difficult to develop direct performance measures when the
concern is with fatalities or costs. However, it is worthwhile to elaborate
on the eight performance measures used for health-and-safety effects in the
preclosure analysis. Specifically, it is informative to distinguish between
the concept of a statistical fatality and an identifiable fatality. A short
description may help define these terms.
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Suppose that there is an accident in a coal mine and that one miner,
named Paul Kring, is trapped in the mine. There is enough water and air for
him to survive for a week, and a quick appraisal indicates that it would cost
10 million dollars to drill a special shaft and rescue Paul, an effort that is
sure to be successful. A decision is made to proceed, and naturally almost
everyone concerned believes that the decision is appropriate: 10 million
dollars is certainly less significant than Paul's life. Just before the work
begins, however, a person familiar with mine safety says the following: "Coal
mining is clearly a risky occupation and from time to time there are accidents
in the mine. These accidents are invariably due to weakened structural
supports. If we spent the 10 million dollars to strengthen the support
system, we could expect five fewer mining accidents over the next 10 years,
and national records of fatalities in mining accidents suggest that the lives
of six miners would be saved. Why should 10 million dollars be spent to save
the life of one miner when the same amount could be spent to save six miners?"

Perhaps 10 million dollars should be spent for each of the purposes, but
if only one of the purposes could be pursued, many persons would suggest
rescuing Paul. There is, of course, no right or wrong answer to this
question. Rescuing Paul is saving an "identifiable fatality." Saving six
workers who would not be in accidents that do not occur would be avoiding six
"statistical fatalities." In the former case, everyone knows who is saved,
whereas in the latter case this is never known. Because of this distinction,
it may be appropriate for the value tradeoff between costs and statistical
fatalities to be smaller than the value tradeoff between costs and
identifiable fatalities. In the analysis of repository sites, the types of
fatalities being considered are statistical fatalities resulting from very
small incremental risks to a large number of people.

There are no natural scales to directly measure that which is
fundamentally important with environmental and socioeconomic consequences.
Thus, groups of professionals were asked to define levels of the performance
measures that could communicate potential implications with regard to the
respective objectives of siting a repository at the different sites. Again,
the strength of this approach is that it makes the judgments used in the study
explicit, and it attempts to clearly communicate the reasoning behind those
judgments. Furthermore, it assists in differentiating professional judgments
about the level of impacts from value judgments about the relative importance
of those different levels of impacts.

G.4.3 THE ADDITIVE UTILITY FUNCTION

Whenever the objectives in the given problem context are fundamental and
measured by direct performance measures, there is a sound basis for an
additive utility function (see Keeney, 1981). For instance, if the additivity
assumption did not hold between cost performance measures and fatality
performance measures, it would imply that the amount of money one would be
willing to expend to reduce the number of fatalities from 10 to 5 would be
different from the amount of money one would spend to reduce the number of
fatalities from 5 to 0. This would imply that one set of five potential
statistical fatalities was more important that another set of five statistical
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fatalities, which seemed inappropriate. It may be argued that it might be
politically more important to reduce fatalities from 5 to 0 than from 10 to 5,
but the purpose of the assessments was to help identify the sites to be
recommended for characterization, and not to minimize some adverse political
implications to the government, to the DOE, or to the nuclear program.

G.4.4 LINEAR COMPONENT UTILITY FUNCTIONS

The linear utility functions for the health-and-safety and cost
performance measures indicate that a given unit change in any of those
performance measure is equivalent in value to any different unit change on
that same performance measure. In other words, with regard to each fatality
performance measure, the third statistical fatality must be considered as
important as the ninth statistical fatality. This value judgment seems
appropriate for three reasons: (1) a given probability of any individual's
loss of life should be evaluated equally regardless of whether 0 or 10 other
individuals have died from the same cause, (2) the linear utility function is
consistent with minimizing the number of lives lost for any given investment
of funds (see Keeney 1985), and (3) even if the worst end of the ranges of all
fatalities occurs, these represent small amounts relative to the 50,000
traffic deaths and over 350,000 cancer deaths per year, and hence is not
analogous to a large-scale catastrophe, where risk aversion may be reasonable
(see Nichols and Zeckhauser, 1985).

The linearity assumptions about cost seemed appropriate, since the costs
would be distributed over millions of persons through the fee levied on
nuclear utilities for electricity generated with nuclear fuel. Since such
cost would not likely be a major portion of the budgets of any of those
citizens, the linearity assumption seems quite reasonable.

G.4.5 VALUE TRADEOFFS AMONG DIFFERENT PRECLOSURE STATISTICAL LIVES

The performance measures concerned with preclosure statistical lives are
those designated X1 through X8. They differentiate fatalities into those
related to workers and the public, those induced by the repository and by
transportation, and those induced by radiation and other causes, such as
traffic accidents.

One value judgment explicitly built into-the multiattribute utility
function was that a radiological or nonradiological fatality in a worker or a
member of the public should not differentiate as to whether the fatality is
attributable to the repository or to transportation. Thus, for instance, the
death of a transportation worker in a traffic accident was considered as
important as the death of a mine worker constructing the repository.
Similarly, the radiological death of a member of the public was considered
equally important, whether that fatality is attributable to the repository or
to transportation.
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A separate value judgment was made that the base-case utility function
should evaluate a radiological fatality in a worker as equivalent to a
nonradiological fatality in a worker. There were balancing reasons for this
judgment. It was felt that in general a radiological fatality, which results
from cancer, is more dreaded by citizens in our society, and hence it should
have a greater weight. On the other hand, the average cancer-induced fatality
usually occurs later in an individual's life than the average construction or
transportation accident. Hence, there is a greater loss of life expectancy
from a nonradiological fatality than a radiological fatality. This tends to
suggest that the relative importance of the nonradiological fatality is
greater than that of a cancer fatality. It was felt for the base-case
evaluation that these two considerations would roughly balance each other, and
hence the relative significances of a nonradiological and a radiological were
considered equivalent. This was the case both for workers and for members of
the public.

A judgment was necessary about the relative importance of the death of a
member of the public and of a waste-management worker. Although clearly both
fatalities are extremely important, it was judged that a public fatality was
considered a greater loss to society. This is because it is generally
understood that all types of work have associated risks and that the
individuals performing that work are doing so voluntarily and to some extent
are compensated for those risks. On the other hand, members of the public are
not compensated and are not necessarily willingly involved in
waste-management. The distinction is sometimes referred to in the technical
literature as a fatality due to a voluntarily accepted risk for the workers
and due to an involuntarily accepted risk for members of the public (see, for
example, Starr 1972). It was decided that the base-case evaluation should
consider the death of a member of the public four times more important than
the death of a worker. This ratio was partly due to the fact that current
regulations allow the radiation exposures of workers to be 10 times greater
than the exposures of members of the public. However, the dose received by
workers is monitored very carefully so that actions can be taken if the dose
is near the dose limit. Thus, the ratio of 10:1 implied by the regulations
for the relative importance of public fatalities to worker fatalities was
reduced to 4:1 because of the ability to take action to avoid additional
radiation exposure of workers when this seemed appropriate.

G.4.6 VALUE TRADEOFFS BETWEEN COSTS AND PRECLOSURE STATISTICAL LIVES

Perhaps the most important value tradeoff in this study involves that
between costs and statistical lives. In particular, let us consider the value
tradeoff between costs and statistical public fatalities. Several specific
questions may be appropriate.

First, one might ask why the construction and operation of a repository
cannot be completely safe such that no members of the public have any risk of
losing their lives. The same question might indeed be asked with regard to
workers. The simple answer is that, though safety-and-health consequences are
extremely important, there is always the chance that fatalities will occur.
Actions should be taken to minimize these to the extent practicable. Indeed,
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by explicitly addressing the value tradeoff between costs and statistical
lives, the concept of "to the extent practicable" is made operational.
However, it is clear that there is always the possibility of accidents in
mines and of traffic accidents, both of which may result in the deaths of
workers. Furthermore, traffic accidents could lead to fatalities in members
of the public, which is unfortunately all too well understood by the citizens
in our country. Furthermore, nuclear material does emit radiation, which can
cause cancers that may be fatal.

It might be stated that it is immoral to trade off lives, even when they
are statistical lives, against costs. The fact is that the nature of the
problem requires such a tradeoff. The main issue is whether this value
tradeoff is made explicitly or implicitly. Many moral theories hold the value
of a life to be of paramount importance, and actions that are not made to save
lives where possible are deemed immoral. To the extent that analysis can help
lead to better decisions and result in the savings of more lives, it is
perhaps immoral not to explicitly address the crucial value tradeoffs between
costs and statistical fatalities (see Keeney, 1984).

The fundamental question is, Why is a value tradeoff of 4 million dollars
per statistical life reasonable for this analysis? Part of this answer lies
in what actions might be taken if that money were not expended. If 4 million
dollars was not expended, it would remain in the hands of individual citizens
(i.e., those paying nuclear utilities who pay waste-disposal fees), or it
would used by government for other purposes. If used by government for other
purposes, as shown by Graham and Vaupel (1981), there are many government
programs where statistical lives can be saved for significantly less than 4
million dollars. In fact, it has often been argued that as a society we can
save deaths on the highways from expenditures much smaller than a million
dollars (see Cohen, 1980, 1983). Since most of the public fatalities due to
the repository are in fact highway fatalities, it seems inappropriate to spend
significantly more than a million dollars on improving spent-fuel
transportation to save public lives on the highway when we could save more
lives for the same expenditures directly on highway improvements. And it is
important to recognize that the individuals at risk in both of these cases are
precisely the same-namely, the people driving on highways.

If the 4 million dollars is not used by the government for safety
purposes and remains in the hands of individuals, these individuals have the
option of using their funds to enhance either their safety and health or the
quality of their lives in other ways.. Some of these funds may be spent for
health care, for home fire alarms,-for automobile-safety equipment, or for
nutrition. Cohen (1980, 1983) calculates that many individual options of
screening for cancer can save lives at a present cost of less than a million
dollars. Indeed, it has been persuasively argued by Wildavsky (1980) that
richer is safer. In addition, Keeney and von Winterfeldt (1983) discuss many
pathways that lead to public fatalities when the costs of regulations that
increase electricity prices are passed on to consumers.

One additional guideline for the value of a statistical public life is
provided by the Nuclear Regulatory Commission in 10 CFR Part 50, Appendix I,
which states that a sufficient condition for determining whether risks to the
public are as low as reasonably achievable is to make investments that require
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up to 1,000 dollars for each man-rem of avoided population dose. This
guideline presumably takes into account both fatal and nonfatal effects of
such radiation. If it is considered only for the fatal effects, then using
the dose-response that 280 fatal cancers are caused by every million man-rem
of radiation dose, it can be calculated that a fatality is deemed equivalent
in significance to the cost of 3.6 million dollars.

Concerning statistical worker fatalities, Thaler and Rosen (1976)
examined what additional premiums in pay were necessary to induce individuals
to engage in riskier occupations (e.g., mining). They found that $200 per
year was required to accept an increase of .001 in the annual probability of
accidental death. From this, a value tradeoff of $200,000 to avoid a
statistical worker fatality was calculated. Rappaport (1981) using different
data and procedures, derived an analogous value tradeoff of 2 million dollars.

Because of the generally acknowledged significance of fatalities and
because the Nuclear Waste Policy Act clearly states the paramount importance
of potential fatalities for evaluating repository sites, the base-case value
tradeoffs were chosen as follows: 4 million dollars is indifferent to one
statistical public fatality and 1 million dollars is indifferent to one
statistical worker fatality. Sensitivity analyses investigated the
implications of increasing these up to 25 times.

G.4.7 VALUE TRADEOFFS BETWEEN COSTS AND ENVIRONMENTAL AND SOCIOECONOMIC
IMPACTS

As is clear from Table G-6, if the three environmental performance
measures were at their worst level, and the socioeconomic performance measure
was at its worst level, it would be more important to completely alleviate the
socioeconomic impacts. Specifically, this would be worth 500 million
dollars. To alleviate the aesthetic impacts associated with the worst level
would be worth 100 million dollars. To eliminate the biological impacts
associated with the worst level would be worth 30 million dollars, and to
eliminate the archaeological impacts associated with the worst level would be
worth 20 million dollars. As discussed in Section G.3, this does not
generally imply, for instance, that aesthestic impacts are more important than
biological impacts. It implies that the specific range of aesthetic impacts
represented by the performance measure for this problem is more important than
the specific range for the biological impacts represented by the performance
measure for the problem. It was felt that the socioeconomic impacts
associated with the worst level could cause significant changes in the local
social and economic conditions. If, for instance, the area surrounding a
repository site had approximately 50,000 people and sustained this major
socioeconomic impact, the 500-million-dollar value tradeoff would be
equivalent to 10,000 dollars spent to avoid that impact on each of those
persons.

With regard to aesthetic impacts, the major ones would concern the
degradation of visual vistas and potentially annoying noises in otherwise
serene or rural settings. It is noteworthy to recognize that these
implications, though important, do not last forever and end when the
repository is closed and decommissioned approximately 70 years after opening.
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For instance, if 300,000 people visited a particular site known for its vista
in each of 30 years, the 100-million-dollar value tradeoff would be equivalent
to approximately 10 dollars per person for the inconvenience or disappointment
about having the vista somewhat degraded.

The 20-million-dollar and 30-million-dollar value tradeoffs for
archaeological and biological impacts are much smaller than those of the
aesthetic impact mainly because of the range involved. With archaeological
impacts, this is equivalent to 5 million dollars spent to avoid major adverse
impacts on a historical property of major significance, and the 30 million
dollars to alleviate biological impacts is spent to avoid a threat to the
regional abundance of either threatened or endangered species and biologically
sensitive species. However, this threat would not concern the national
abundance of those species.

G.4.8 VALUE TRADEOFFS BETWEEN PRECLOSURE AND POSTCLOSURE STATISTICAL LIVES

A unique aspect of a geologic repository is that the health implications
could occur over thousands of years. There was little available guidance to
establish a value tradeoff between preclosure statistical fatalities and
postclosure releases of radionuclides, which can result in postclosure
statistical fatalities. Fortunately, perhaps, the postclosure analysis had
similar implications over the extremely wide range of value tradeoffs where a
postclosure fatality was evaluated equivalent to more than 350 preclosure
fatalities or equivalent to a very small risk of one fatality in the
preclosure period.

It is useful to point out that a willingness to tradeoff multiple deaths
in the future to avoid one death today does not imply that our generation
considers the lives of members of future generations less significant than
present lives. Such a value tradeoff reflects a value judgment that it is
reasonable and responsible to spend more current funds to save 10 lives in the
current generation than to save more than 10 lives in 5000 years. This view
would be consistent with "discounting" future life in the analysis. A quote
from Raiffa et al. (1978) illuminates the fundamental logic of discounting
possible future losses of life:

"This discounting is merely an accounting device to place the dollars
spent and the lives saved at the same point in time. In effect, we discount
future lives precisely because dollars invested today should be expected to
yield more life-saving in the future than in the present. It is because of
our concern that resources be applied at the point in time where they can save
the most lives that we discount lives. It is, emphatically, not because we
wish to value future lives less than we value present lives in any absolute or
utilitarian sense. It is because we do not want to be wasteful of scarce
resources in saving lives, either present or future."
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G.5 CONSISTENCY OF THE UTILITY FUNCTION WITH THE SITING GUIDELINES

The implementation guidelines of the DOE siting guidelines contain
statements that can be used as guidance for the specification of the utility
function to be applied in a multiattrlbute utility analysis of the nominated
sites. Specifically, the guidelines contain statements that might be regarded
as bearing on the scaling factors for evaluating preclosure versus postclosure
repository performance and preclosure performance in various areas. Among the
relevant statements are the following:

1. "Evaluations of individual sites and comparisons between and among
sites shall be based on the postclosure and preclosure guidelines."

2. "Evaluations shall place primary significance on the postclosure
guidelines and secondary significance on the preclosure guidelines."

3. "Preclosure guidelines contain technical guidelines separated into
three groups that represent, in-decreasing order of importance,
preclosure radiological safety; environment, socioeconomics, and
transportation; and ease and cost of siting, construction,
operations, and closure."

4. "Comparisons between and among sites shall be based on the system
guidelines to the extent practicable and in accordance with the
levels of relative significance specified above for the postclosure
and preclosure guidelines to the extent practicable and in accordance
with the levels of relative significance specified above for the
postclosure and the preclosure guidelines."

5. "If the evidence for the sites is not adquate to substantiate such
comparisons, then the comparisons shall be based on the groups of
technical guidelines, considering the levels of relative significance
appropriate to the postclosure and the preclosure guidelines and the
order of importance appropriate to the subordinate groups within the
preclosure guidelines."

With regard to statement 1, the multiattribute utility analysis of the
sites is indeed based on the postclosure and preclosure guidelines. As
explained in the main text, the site-selection objectives established for the
analysis are based on the intent of the qualifying conditions of the system
guidelines, and the performance measures were systematically related to key
factors of the technical guidelines, as demonstrated by the various influence
diagrams in Appendixes B and E. The multiattribute utility analysis
essentially integrates the considerations inherent in the system and technical
guidelines in a way that logically accounts for the complex relationships and
interactions that are important to a comparative evaluation.

Qualitative statements about relative significance and importance are
imprecise. Therefore, it is not possible to translate the above-cited
statements about significance and importance into precise quantitative values
for the scaling factors or for the value tradeoffs that such scaling factors
imply. If the implementation guidelines had required that "sole significance"
or "complete importance" be assigned to any one set of guidelines, then
scaling factors could be selected to assign 100 percent of the weight to the
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objectives corresponding to these conditions and none to all others. Since
the guidelines do not contain such statements, it is necessary to make
judgments in trading off performance in one category against performance in
another. For example, from the wording of statement 2 above it seems
reasonable to conclude that if site A is estimated to produce only very
slightly higher postclosure radionuclide releases than site B but entails
considerably more preclosure radiological fatalities, much higher
environmental and socioeconomic impacts, and much higher economic costs, then
site B would be preferable. Similarly, establishing an order of importance
for preclosure considerations does not imply that very small differences in
the most important consideration should always overshadow large differences in
conditions of lesser importance. The exact relative significance that should
be assigned to differences in the estimated abilities of the sites to meet
various objectives (which are specified by the numerical values for the
scaling factors) cannot be derived from statements about primary significance
or order of importance.

To ensure that postclosure is given primary significance, a complete
sensitivity analysis of postclosure and preclosure scaling factors was
conducted. The relative scaling factors assigned to preclosure and
postclosure performance were varied across the entire range of possibilities
(0 to 100 percent of the weight to postclosure), where all possible
interpretations of primary significance are represented by some combination of
weights. The ranking of the sites remains the same over most of the range.
To change the ranking, it is necessary to use scaling factors that place an
extremely low relative importance on preclosure performance. As indicated in
Chapter 5, a conservative analysis (which is likely to overestimate the
numbers of postclosure fatalities) suggests that one postclosure statistical
fatality would have to be valued at least as highly as 10 and perhaps as
highly as 350 preclosure statistical fatalities to justify scaling factors
that would alter the base-case rankings of the sites. The DOE does not
believe that such extreme views are a reasonable basis for conducting a
comparative evaluation and does not regard such value tradeoffs as being
required by its siting guidelines. If such an extreme view were adopted, the
sensitivity analysis indicates that the sites would be judged essentially
equally desirable, with Hanford just discernibly less favorable than the
others.

To ensure that the analysis is consistent with the order of importance
specified for preclosure impacts, three steps were taken. First, conservatism
was introduced into the estimation of preclosure impacts as specified by the
order of importance. The most conservative analysis was used for the
estimation of radiological-safety impacts. For example, the dose-effect
relationship used in the estimation of radiological health effects is 280
fatalities per million man-rem. A recent analysis prepared for the Nuclear
Regulatory Commission (NRC, 1985) proposes a risk factor of 190 fatalities per
million man-rem. This estimate, derived by methods similar to those employed
by the National Academy of Sciences in the BEIR Report (NAS, 1980) but with
the benefit of more recent information, agrees with many earlier estimates.
Despite the evidence supporting lower risk factors, the higher factor was
selected as the basis for the preclosure analysis to reflect the importance of
preclosure radiological safety. In the case of environmental and
socioeconomic impacts, base-case estimates were intended to be best
judgments. In the case of costs, however, base-case estimates may understate
the
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potential for higher costs. Estimates of total repository costs have
increased significantly in recent years, and experience demonstrates that
large construction projects more often than not exceed cost projections
because of delays, changing requirements, legal circumstances, and other
unexpected conditions. Although the DOE recognizes these realities, such
considerations were not used to increase the estimates of costs in the
analysis.

Another step adopted to meet the order-of-importance requirement involved
the base-case scaling factors used in the preclosure analysis. In effect, the
requirements of the guidelines led to the adoption of scaling factors for
radiological impacts that are somewhat higher than those that would have been
selected in the absence of the guidelines. Similarly, the scaling factors for
the ease and cost of siting, construction, operation, and closure are somewhat
lower than they would otherwise be. The basis for these judgments is
discussed in Section G.4 of this appendix.

A third important step adopted to meet the order-of-importance
requirement for preclosure performance was to conduct a thorough sensitivity
analysis to investigate whether changes in the value tradeoffs would alter
conclusions. As described in Chapter 4, the sensitivity analysis greatly
increased the relative values assigned to radiological safety and to
environmental, socioeconomic, and transportation impacts. The basic
implications of the analysis and the preclosure rankings are not sensitive to
these changes. Therefore, the analysis is consistent with a broad range of
interpretations regarding the relative importance of preclosure-impact
categories.
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Appendix H

DOE INTERACTIONS WITH THE NATIONAL RESEARCH COUNCIL'S BOARD
ON RADIOACTIVE WASTE MANAGEMENT

Between the publication of the draft environmental assessments (EAs) in
December 1984 and this report, four meetings were held between the Department
of Energy (DOE) and the Board on Radioactive Waste Management (BRWM) of the
National Academy of Sciences-National Research Council. The purpose of the
first meeting, held on March 22, 1985, in Augusta, Georgia, was to discuss the
three aggregation methods used for comparative site evaluations in Chapter 7
of the draft EAs. As a follow-up to that meeting, in a letter dated April 26,
1985, the BRWM said, among other things, that "the methodology of comparative
assessment is unsatisfactory, inadequate, undocumented, and biased and should
be reconsidered.... "

In addition to these comments by the BRWM, numerous comments from the
public and other interested parties addressed the site comparisons in Chapter
7 of the draft EAs. In response to the comments, the DOE conducted, from June
through August 1985, a preliminary study of a formal decision-analysis
methodology for site comparisons. This study was performed by three of the
people in the methodology lead group (Appendix A) and incorporated technical
and value judgments from a few technical specialists. After a review of the
study by DOE management, the Director of the Office of Civilian Radioactive
Waste Management decided (1) to adopt the methodology used in the preliminary
study as the methodology for aiding in the site-recommendation decision, and
thereby involve a much larger number of technical specialists in its
application, and (2) to seek outside review of the adequacy of the
methodology. In a letter dated August 29, 1985, the DOE requested that this
independent review of the methodology be conducted by the BRWM. The BRWM
agreed to perform the independent review, and, as discussed below, the
remaining three meetings between the DOE and the BRWM concerned the
development and application of this methodology.

In September 1985, the DOE transmitted for review by the BRWM a generic
description of the revised methodology. The DOE met with the BRWM on October
1-3, 1985, in Menlo Park, California, to discuss the methodology. On October
10, 1985, the BRWM sent the DOE a letter that generally endorsed the choice of
the multiattribute utility method, but urged that its implementation be also
subjected to an independent review. In a letter dated October 21, 1985, the
DOE agreed to consider the recommendations of the BRWM and, subsequently, in a
letter dated October 30, 1985, asked the BRWM to act as the independent
reviewer of the implementation. Having been advised that the BRWM agreed to
perform this independent review, the DOE in a letter dated November 6, 1985,
scheduled two review meetings with the BRWM in December 1985 and January
1986. The latter meeting was subsequently rescheduled for March 1986.

On December 5, 1985, the DOE transmitted available materials on the
actual implementation of the methodology, and on December 12-15, 1985, the DOE
met with the BRWM in Washington, D.C., to discuss these materials. The BRWM
was generally pleased with the direction of the analysis, but was unable to do
a thorough review because the level of documentation was inadequate.
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On March 17, 1986, the DOE transmitted a substantially complete report
that documented the implementation of the methodology. On March 24-25, 1986,
the DOE met for the last time with the BRWM in Washington, D.C., to discuss
the contents of the report. In a letter dated April 10, 1986, the BRWM
indicated general satisfaction with the implementation of the methodology for
comparative evaluations of the nominated sites.

In its letter of April 10, 1986, the BRWM refers to the CSRR, or the
Candidate Site Recommendation Report, and to a Chapter 6 that was to be a part
of the CSrR. After the March 24-25, 1986, meeting with the BRWM and before
receiving the BRWM letter, the DOE decided that the title of this report
should be changed from the CSRR to the present title and that this report
would serve to support the actual recommendation report from the Secretary of
Energy to the President. There are several practical reasons for this
change. Because of the size (nearly 500 pages) and technical detail of this
report, and its basic purpose of establishing an initial order of preference
for sites for characterization, it is more appropriate to present the final
order of preference in a separate report. The recommendation report is
considerably more concise and explains the basis for the final order of
preference. This basis includes the results of this report together with the
host-rock diversity requirements of the DOE siting guidelines (10 CFR Part
960, Subpart B) and other information. The other information was originally
intended for the Chapter 6 referred to above, but it has since been
incorporated into the recommendation report.

For the convenience of the reader, the correspondence between the DOE and
the BRWM is reproduced in the attachment to this appendix.
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Attachment to Appendix H

CORRESPONDENCE BETWEEN THE DOE
AND THE BOARD ON RADIOACTIVE WASTE

MANAGEMENT OF THE NATIONAL
RESEARCH COUNCIL



NATIONAL RESEARCH COUNCIL
COMMISSION ON PHYSICAL SCIENCES, MATHEMATICS, AND RESOURCES

Constitution Avenue Washington, D C. 20418

bOARD ON OFFICE LOCATION
RADIO WASTE MANAGEMENT JOSEPH KINEY BUILDING

1ST STREET AND

PENNSYLVANIA AVENUE, N.W.

April 26, 1985

Mr. Ben Rusche, Director
Office of Civilian

Radioactive Waste Management
RW-l/Forrestal
U.S. Department of Energy
Washington, D.C. 20585

Dear Mr. Rusche:

The Board on Radioactive Waste Management has reviewed Chapter 7 of the
Draft Environmental Assessments (DEA's) that were issued in December 1984 by
the Department of Energy (DOE) in response to Section 112 of the Nuclear Waste
Policy Act (NWPA) of 1982. The chapter is seen to be particularly important
because in it DOE presents a comparative evaluation of the five sites under
consideration for site characterization. The characterization step, which
will require constructing a shaft and conducting explorations at repository
depth, is then proposed for three of the sites -- Deaf Smith, Texas (in bedded
salt); Hanford, Washington (in basalt); and Yucca Mountain, Nevada (in tuff)
-- which is the minimum number required by the act.

As a preface to its comments, the Board would like to compliment DOE for
issuing the Environmental Assessments in draft form for public comment, which
is not required by the act. While this letter offers a number of recommen-
dations for possible improvement, the Board recognizes that DOE has had to
comply with the final General Guidelines for the Recommendation of Sites
(published in the Federal Register in December 1984), and that the decision
being addressed by the DEA's is strictly on which of the sites to concentrate
the necessary further study. The characterization step, which will require
spending hundreds of millions of dollars at each stte, will clearly provide
much more data than is known at present, and ultimately the information on
which to base the eventual decision on where to site a repository.

The Board's criticism of the Draft Chapter 7 and Appendix B is focused on
three major concerns:

- The methodology of comparative assessment is unsatisfactory, inadequate,
undocumented, and biased and should be reconsidered in accordance with the.
following paragraphs;

- Insufficient weight and attention are placed on the clear need to find a
site adequate under the post-closure guidelines before considering its
relative rank under pre-closure guidelines; and
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Mr. Ben Rusche
Page 2

Quite apart from the question of technical acceptability, the presentation
of the methodology of comparison is sufficiently important that it should
be highlighted as a stand-alone issue separate from the earlier parts of
Chapter 7 which speak to site suitability.

The comparison process used by DOE was, first, to rank the five sites for
each of the twenty technical guidelines, and then to aqgreqate the rankings by
three simple quantitative methods. The Board does not consider the "averaging
method" and the "pair-wise comparison method" to be satisfactory since the
spread in rankings is artificially determined. The "utility estimation
method, or multiattribute analysis, can be a valid means for comparing sites
based on the eleven pre-closure guidelines (which deal with radiological
safety; environment, socioeconomics and transportation; and ease and cost of
construction, operation and closure).

However, since multiattribute analysis is a technique that is appropriate
and useful only when other analytic comparisons cannot or can no longer be
made, the application of this method to the post-closure guidelines is not an
adequate means of assessing repository performance. Many of the post-closure
factors, such as the ones dealing with geohydrology, geochemistry, rock
characteristics, and dissolution, do not act independently in determining
performance, and their relative importance is site-specific. The DOE method
treats the factors independently and gives them equal weights for all the
sites. For the post-closure guidelines, the Board recommends a different
method of assessing performance, which does not use multiattribute analysis
except as a way to estimate qualitatively the uncertainties.

In carrying out the analysis for both the post-closure and pre-closure
factors, it is necessary to make clear how the ratings of the sites for each
factor are determined and by whom. The same can be said for the weightings
given each factor. A series of expert panels of judges is needed in order to
have a measure of the variability of the ratings and weights, which can then
be used to assess the stability of the final rankings. The DOE analysis did
not make clear who assigned the ratinqs or the weights. une procedure might
be to use the combined group of technical review committees as mentioned in
the discussion of post-closure performance assessment below to reassess the
ratings for each site for each guideline, as a basis for an evaluation of the
sensitivity of the overall rankings to these individual ratinqs. Finally the
Board questions the DOE assumption that lack of information should be equated
with unfavorable information in rating a site for a particular factor. For
example, the lack of information on the ability of the Department of Energy to
acquire the Utah site, which is now owned by the U.S. Government but con-
trolled by the Bureau of Land Management, resulted in the very low ranking on
ownership.
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Of far greater importance than the premature use of multiattribute
analysis, the DOE weighting of the post-closure and pre-closure factors
(51:49, respectively) seems to be biased too much towards the latter, and
barely in keeping with the requirements of the guidelines. (The Board
recognizes that DOE did vary the overall weighting between the sets of pre-
and post-closure factors.) The post-closure guidelines are clearly the most
important and the adequacy of a site under the post-closure guidelines must be
clearly established before attempting comparison with other sites.
Deficiencies in the pre-closure factors can be mitigated substantially at
increased cost.

The Post-closure comparison methods used by DOE, and quite possibly the
method recommended by the Board, do not discriminate significantly among the
sites. Consequently, the choice of sites for characterization is driven
largely by the variances in the ratings of the pre-closure factors. This very
important feature of DOE analysis should be clearly stated in Chapter 7 and
highlighted for the reader.

A scientifically defensible method for integrating and properly weighting
the post-closure factors at each site is to conduct a performance assess-
ment", such as was advocated in the Research Council's WISP Report*, using
analytic models. With adequate data and confidence in the models, the
performance assessments could then be used to compare sites. Even with the
current uncertainties and the variability In the quantity and quality of data,
performance assessments are still a better means to compare sites for the
post-closure quidelines than the method used by DOE. the use of performance
assessments is compatible with the system requirements of the final Guide-
lines, and the Board urges consideration of the methodology advocated in the
WISP Report. The Board recognizes, however, that although performance
assessments using the current state of knowledge may be able to establish
adequacy with respect to post-closure guidelines, they may not be able to
disciminate among the five sites assessed to achieve a clear ranking: one
site may have lower average releases but a higher variance in the estimate
than another site.

Any attempt to rank sites based on the post-closure factors would require
a measure of confidence in the magnitude of the uncertainties in the
performance assessments. Because the probability distributions for many of

*Waste Isolation Systems Panel, Board on Radioactive Waste Management, Commis-
sion on Physical Sciences, Mathematics, and Resources, National Research
Council "A Study of the Isolation System for Geologic Disposal of Radioactive
Wastes" National Academy Press, Washington DC 1983. See Chapter 9.
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the factors that enter the assessments are poorly known at this time, purely
analytic methods cannot be used. In this case, multiattribute sensitivity
analysis could be used to estimate qualitatively and subjectively the degree
of confidence in the performance assessments. For example, the assessments
could be used to identify the factors that would appear to be most important
for a particular site and the conditions that, if they occur, would compromise
performance. A group of experts could then be used to rate and rank the sites
based on their current degree of confidence (in terms of an estimated proba-
bility) that the unfavorable conditions will not occur and that the repository
performance will be better than a specified level. This comparison method
will subjectively take into account the different quantities and qualities of
data at the sites and the uncertainties in modeling, and it will focus atten-
tion on the most serious potential problems as well as the most favorable
characteristics for each site. The sites could also be rated and ranked on
the basis of an expert group's assessment of the likelihood that characteri-
zation wil1 satisfactorily-resolve outstanding issues--and uncertainties-to the
degree required for licensing by the Nuclear Regulatory Commission.

If DOE should wish to use this comparison method in the near term, there
is a knowledgeable group that could be assembled quickly. The combined group
of technical review committees for all of the sites could be brought together
and given the tasks outlined above. It would be instructive to see how much
agreement (and variability) would emerge when this group attempted to assign a
degree of confidence to each of the performance assessments.

More generally, the Board believes that pooled judgement by knowledgeable
experts is an appropriate means to assess uncertain and incomplete technical
information. The fragile character of these peer judgements is reflected in
the fact that how one poses the questions to be answered can affect the
outcome. The Board has no expertise to offer on the cognitive psychology of
eliciting peer judgements, but it does seem clear that both the range of
uncertainty in data and the uncertainties in the models that analyze those
data should be assessed.

The Board recommends that great emphasis be placed on learning from each
step throughout the multi-year process of developing a repository. The
characterization of several sites at repository depth is now needed for this
learninq process to continue. A question arises as to the best and most
robust strategy it one or more sites should fall by the wayside during the
characterization process. Clearly, if it were determined that three sites
must be qualified after characterization In order to submit a license
applicaton to the NRC, then it would be prudent to characterize more than
three sites, It is extremely important, therefore, for this issue to be
resolved quickly. Even if three qualified sites are not required, the Board
believes it is technically desirable and Important to consider additional



Mr. Ben Rusche
Page 5

exploration at the two sites not currently recommended for characterization,
although this may be difficult under the provisions of the Nuclear Waste
Policy Act.

The Board's third major concern after pointing out the flaws in the method
and the lack of emphasis on adequate site as against best site, is with the
presentation of the method of ccmparison of the sites. Chapter 7 and Appendix

explain the method of selection of sites for characterization, but neither
does that job adequately. The methodology of comparison (now Section 7.4)
should, after revision, be given a position of greater emphasis by withdrawing
it from Chapter 7 and making it a stand-alone issue. -The most important
points in tne present methodology, such as the fact that the pre-closure
ratings largely determine the final rankings, are not clearly and crisply
stated. Critical information, such as the ratings given sites for various
factors (Tables B-2 and B-3), should not be buried in an appendix.
Explanations can be clear even when the comparison process is complicated.

The Board appreciates the difficulties involved in drafting Environmental
Assessments and making a selection at this stage of the data collection and
further appreciates the opportunity to comment on the Environmental Assess-
ments. We wish you well in your task of making the necessary major revision,
and would be pleased to amplify any of the points raised in this letter or in
our recent meeting with OCRWM staff.

Sincerely,

Frank L. Parker
Chairman

FLP:jc



Department of Energy
Washington, DC 20585

AUG 2 9 1985
Dr. Frank Parker
Vanderbilt University
P.O. Box 1596, Station B
Nashville, Tennessee 37235

Dear Dr. Parker:

This is in reference to your telephone conversation with Tom
Isaacs of my office on August 5, 1985, regarding the possibility
of the National Academy of Sciences'(NAS) Board on Radioactive
Waste Management conducting an independent review of the method-
ology to be used to evaluate sites for consideration as candidate
sites for characterization for the first geologic radioactive
waste repository. We would like to request the Board's review
consistent with the scope and schedule described below.

As outlined in the Department's siting guidelines for
nuclear waste repositories (10CFR960), "[o]n the basis of the
siting provisions specifying the basis for site evaluations in
960.3-1-5, the sites nominated as suitable for characterization
shall be considered as to their order of preference as candidate
sites for characterization" (S960.3-2-3). In the draft
Environmental Assessments issued in December 1984, the Department
included in section 7.4 of Chapter 7 a proposed order of
preference of the proposed nominated sites based in part on
several ways of combining site rankings under the individual
guidelines. We have received a number of comments, including
those of the Board, on the rankings and the methodology used in
the draft EAs. In light of these comments and the concerns
expressed by the States, the Department is reexamining the
methodology used in the draft EAs to consider appropriate changes
for the final EAs. Such a reexamination is now in progress.
We believe that an independent review of ranking
methodology by an organization such as the NAS Board would be
useful in assuring an effective and credible document.

It is our understanding that the NAS Board on Radioactive
Waste Management is willing to perform an independent review of
the adequacy of a ranking methodology to be used in the final
EAs scheduled for publication in December 1985. The Department
would intend to append your review findings to the final EAs and
to the Secretary's nomination and recommendation to the
President. We can provide you with a copy of the ranking method-
ology to support development of the preferred order of sites at
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least. two weeks prior to the next scheduled meeting of the Board
on October 1-3. 1985. For the review findings to be appended to
the EAs, we would need to receive the Board' a letter report or
other appropriate document by November 15, 1985.

We look forward to your reply. Should you accept our

request for this important review of the ranking methodology on

behalf of the NAS, please contact Tom Isaacs or me so that we may

arrange to provide you with all the pertinent information in a

timely fashion.

Sincerely,

Ben C. Rusche, Director
Office of Civilian Radioactive
Waste Management

cc: Peter Myers
Naational Academy of Sciences



NATIONAL RESEARCH COUNCIL
COMMISSION ON PHYSICAL SCIENCES, MATHEMATICS, AND RESOURCES

2101 Constitution Avenue Washington. D. C. 20418

BOARD ON OFFICE LOCATION:
RADIOACTIVE WASTE MANAGEMENT

21ST STREET AND
PENNSYLVANIA AVENUE. N W.

August 30, 1985

Mr. Ben C. Rusche, Director
Office of Civilian Radioactive

Waste Management
U.S. Department of Energy
Washington, D.C. 20585

Dear Mr. Rusche:

This is in reference to your letter to Dr. Frank Parker, Chairman of the
Research Council's Board on Radioactive Waste Management, dated August 29,
1985 requesting a review by the Board of the ranking methodology to be con-
tained in the forthcoming Environmental Assessments. Dr. Parker has asked me
to respond that the Board will be happy to undertake the review consistent
with the scope and schedule described in your letter.

To accomplish the review within the specified time, it will be of great
importance to have the referenced copy of the ranking methodology at the
earliest possible time in order that Board members can have adequate oppor-
tunity to study it before the meeting. We understand from Tom Isaacs that we
can expect to have it by or before noon on September 16th which wi11 allow it
to be duplicated and dispatched by express mail before the close of business
that day. We will be in touch with Tom regarding details of the meeting and
DOE resource persons attending it.

Sincerely,

Peter B. Myers
Staff Director
Board on Radioactive
Waste Management

PBM: jc

cc: Frank L. Parker
Tom Isaacs

The National Research Council is the principal operating agency of the National Academy of Sciences and the National Academy of Engineering
to serve government and other organizations
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October 10, 1985

Mr. Ben C. Rusche, Director OCRW
U.S. Department of Energy
RW-l /Forrestal
Washington, D.C. 20585

Dear Mr. Rusche:

In response to your August 29, 1985 request that the Research Council's
Board on Radioactive Waste Management conduct "an independent review of the
methodology to be used to evaluate sites for consideration is candidate sites
for characterization for the first geologic radioactive waste repository", the
Board has reviewed the Department of Energy's (DOE) August 1985 document A
Methodology for Aiding Repository Siting Decisions." The document describes
work in progress on the application of the multiattribute utility technique to
help the Secretary of Energy select three sites to recommend to the President
for characterization as candidate sites for a repository for permanent deep
geologic disposal of high level radioactive waste as required by the Nuclear
waste Policy Act (Sec 112 (b) (1) (8)).

The Department of Energy's August methodology paperpresents only the
basic concepts of the multiattribute utility technique, together with a few
simplified illustrative examples. Consequently, It is important to note that,
except for some of those involved in multiattribute utility technique itself,
the Board on Radioactive Waste Management did not have an opportunity to
consider matters of technical substance, such as site-specific data or
revisions to the draft Environmental Assessments. Further, since it was not
contained in the methodology document, the Board was not able to examine the
specific implementation of the multiattribute utility technique being
developed by DOE (including performance measure scales, scoring procedures and
associated probability distributions, influence diagrams, utility functions,
weighting factors, and procedures for selecting panels of technical experts
and DOE decision makers)..

Nevertheless, the Board commends DOE for its adoption of a rigorous form
of this decision-aiding methodology. While recognizing that there is no
unique procedure for ranking, the Board beltieves that the multiattribute
utility technique can be an appropriate method by which to integrate
technical, economic, environmental, socioeconomic, and health and safety
issues to assist DOE in its selection of sites for characterization. Thus we
feel that our concern about the appropriateness of the methodology, as
expressed in our April 26, 1985 critique of Chapter 7 of the December 1984
Draft Environmental Assessments, has now been addressed.
The National Research Council is the principal operating agency of the National Academy of Sciences and the National Academy of Engineering

To serve government and other organizations
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Although the multiattribute utility technique proposed by DOE appears
appropriate, the technique must be implemented correctly and accurately to be
useful and credible. The adequacy of the application of the technique can
only be evaluated after the analysis is complete. In the absence of documen-
tation on how the multiattribute utility technique is being applied by DOE we
cannot now determine the extent to which our earlier concerns will be answered
about the adequacy of site rankings, the appropriateness of documentation
supporting and describing the results, and the potential for bias in applying
the technique.

The multiattribute utility technique appears to be a promising approach
for stating clearly and systematically the assumptions, judgments, pre-
ferences, and tradeoffs that must go into a siting decision. As explained in
the Board's letter of April 26, 1985, the "utility estimation" technique used
in Chapter 7 of the Draft Environmental Assessments was not adequate, because
it treated post-closure factors independently and gave them equal weight for
all sites. The Board reiterates that a scientifically defensible method of
integrating and weighting the post-closure factors at each site is to conduct
a performance assessment using quantitative models, as recommended in the
National Research Council's report on the Waste Isolation Systems Project.

Were adequate data and validated models available, the results cf the,
performance assessments could provide a direct, estimate of post-closure
performance, which could be integrated with pre-closure factors by using a
multiattribute utility technique analysis to compare sites. When currently
available performance assessments are not adequate for reliable direct
comparison of the expected post-closure performance of the five sites,
judgments of experts may be used to develop subjective estimates of the
performance of the post-closure factors at each site. DOE has proposed that
its technical experts and those of its contractors use this approach to
develop performance measure scales and to score each site on those scales.
The Board is concerned that DOE's use of its own technical experts to assess
performance by this subjective method may mask the degree of real uncertainty
associated with post-closure issues.

The Board believes that particular emphasis must be placed on the analysis
and comparison of the post-closure performance of the sites in order to test
the validity of the conclusion in the Draft Environmental Assessments that the
five sites are essentially indistinguishable with respect to the post-closure
measures. The credibility of those estimates would be substantially enhanced
if an independent panel of outside experts were to review the complete
analysis prior to issuance of the final Environmental Assessments.

DOE proposes to use multiattribute utility technique as a decision-aiding
rather than decision-making technique. The Board on Radioactive Waste Manage-
ment supports this limited approach. As stated in our letters of April 2,
1984 to DOE and the U.S. Nuclear Regulatory Commission, "The combination of
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complexity and uncertainty [in the repository siting problem] implies that DOE
must be accorded substantial discretion to exercise its best technical judg-
ment in recommending three of the nominated sites according to Sec. 112 (b)
(1) (B). Proper implementation of the multiattribute utility technique would
illuninate DOE's decision process by presenting a comprehensive and explicit
specification of the assumptions, value judgments, and technical estimates
used in ranking the sites.

The comprehensive, explicit disclosure made possible by the multiattribute
utility technique is both a strength and a weakness. Its strength is that it
documents a difficult and controversial decision. Its weakness is that the
documentation itself will be, of necessity, complex, lengthy, and burdened
with concepts that are themselves formidably technical and hard to explain.

The complexity of the multiattribute utility technique demands scrupulous,
methodical implementation, and it is crucial that DOE take time to do the job
right. More time than is currently planned by DOE to complete the Environ-
mental Assessments may well be needed, but the importance of the decision on
site characterization to the implementation of the Nuclear Waste Policy Act as
a whole strongly supports the wisdom of a careful, comprehensive application
of the technique. A prompt decision now by DOE to take additional time would
also permit internal and external review Of the key technical components of
the multiattribute utility technique.

A potential difficulty is that the siting guidelines specify a hierarchy
of importance between the pre- and post-closure groups of factors and among
the three groups of pre-closure factors. While the general intent of
specifying an order of priority is clear, there remains the possibility that
translating a vaguely worded requirement into precise mathematical constraints
on the numerical weights estimated as part of the multiattribute utility
technique (as proposed by DOE) may lead to implicit value judgments that DOE
is not prepared to defend. An early concern of the analysis should be to
determine whether or not this is in fact the case.

The Board recommends that the methodology and assessment portion of
Chapter 7, because of its importance in site ranking, be written so that it
can stand alone with an introduction that puts the candidate site selection
process in perspective. The Board also urges that the theory, data, and
methods used in the site recommendation process be presented clearly and
understandably so that all uncertainties and judgments are made explicit. The
Board recognizes that a major advantage of the multiattribute utility
technique approach is that it can facilitate such a presentation.

The Board appreciates the difficulty faced by DOE in responding to all the
comments on the Draft Environmental Assessments, in revising the assessments,
and in applying a more refined technique to help select the three candidate
sites. We compliment DOE on the way in which they have responded with a
revised methodology to our concerns and those of others about the Draft
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Environmental Assessments. The Board supports the rigorous application of the
new methodology and would be pleased to amplify any of the points raised in
this letter or in our meeting of October 1-3, 1985 with the staff of the
Office of Civilian Radicactive Waste Management.

Sincerely,

Frank L. Parker
Chairman
Board on Radioactive
Waste Management

FLP/Jc



Department of Energy
Washington, DC 20585

OCT 2 1 1985

Dr. Frank L. Parker
Chairman
Board on Radioactive
Waste Management

National Academy of Sciences
2101 Constitution Ave., N.W.
Washington, D.C. 20418

Dear Dr. Parker:

I have received the Board's letter report on-the methodology we
will apply to aid our decision of sites to be selected for site
characterization for the first geologic repository. I would like
to thank you and the members of the Board for your thoughtful and
concise review. We are pleased that the Board has concluded that
the methodology, if properly applied, is an appropriate decision-
aiding tool. We will give careful consideration to the Board's
recommendations and suggestions.

I would appreciate it if you would express my personal thanks to
all the Board members for their commitment, and yours, in under-
taking this assignment with the priority that this important task
deserves. I would also like to express my appreciation to Peter
Myers and the Academy Reports Review for their excellent support
in allowing us to receive your report so quickly.

Sincerely,

Ben C. Rusche, Director
Office of Civilian Radioactive

Waste Management

cc: Dr. Peter Myers
Staff Director
Board on Radioactive Waste Management
National Academy of Sciences



Department of Energy
Washington, DC 20585

OCT 30 1985

Dr. Frank Press
President
National Academy of Sciences
2101 Constitution Ave., NW
Washington, DC 20418

Dear Dr. Press:

As you are aware the Department of Energy has the principal
responsibility for implementing the Nuclear Waste Policy Act to
site, construct, operate and decommission the nation's first
repository for the permanent disposal of high-level radioactive
waste. In carrying out the program, the Academy's Board on
Radioactive Waste Management has provided valuable analytical
reviews of key program activities.

In particular, we recently received the letter report from
the Board, in response to our request that they undertake a
review of the methodology we proposed for aiding the selection of
sites to be characterized. We were pleased that the Board
concluded that the multiattribute utility technique which we
proposed is an appropriate tool if implemented correctly. We are
also grateful for the unusually prompt response which, I believe,
reflects both the importance of the program and the dedication of
the Board and the Academy.

The report of the Board also described several recommenda-
tions for DOE to consider in applying the methodology. One of the
Board's recommendations is that an independent panel of outside
experts conduct a comprehensive review of the analysis. We
agree. In reviewing this recommendation, we believe the Board is
the best qualified group to undertake this review in a timely
manner. Therefore, I ask that you approve the Board undertaking
this independent review of our application of the methodology, to
provide an additional assurance that we have applied the
methodology in an appropriate and reasonable way. We have agreed
with the Board in past conversations that it is not appropriate
to ask the Board to validate, agree with, or defend the technical
data that serve as inputs to the methodology.



-2-

If you approve this task, we will work with your staff, to
develop a mutually convenient schedule for the Board's further
involvement. We look forward to your reply.

Sincerely,

Ben C. Rusche, Director
Office of Civilian Radioactive
Waste Management

cc: Peter Myers, Staff Director
Board on Radioactive Waste Management
National Academy of Sciences

Dr. Frank Parker, Chairman
Board on Radioactive Waste Management
National Academy of Sciences



Department of Energy
Washington, DC 20585

NOV 6 1985

Dr. Peter B. Myers
Staff Director
Board on Radioactive Waste Management
National Academy of Sciences
2101 Constitution Avenue, N.W.
Washington, D.C. 20418

Dear Dr. Myers:

We are pleased that the Board on Radioactive Waste Management
(BRWM) has agreed to assist us further in the development of a
sound decision-aiding methodology to aid the selection of sites
for site characterization. The purpose of this letter is to
confirm our understanding of the process and schedule for your
further involvement.

As we have discussed, two three-day meetings appear necessary,
the first December 12-14, 1985, and the second on January 14-16,
1986. The purpose of the first meeting will be to discuss and
receive BRWM's comments on DOE's preliminary influence diagrams
and performance-measure scales. To enable the BRWM to prepare
for this meeting, we will deliver to you, before December 5,
complete (i.e., postclosure and preclosure) sets of preliminary
influence diagrams and performance measures.

Having finalized these two critical pieces of the methodology,
we will then proceed with the remaining steps of the methodology
including the development of utility curves and weighting
factors.

We anticipate that this work will require nearly all of the short
time between Christmas and the January meeting. Accordingly, we
do not expect to be able to provide the BRWM with extensive
review material much before the January meeting. We propose to
spend the time at the January meeting reviewing in detail the
basis for our utility curves and weighting factors. Because of
the judgmental nature of the utility curves and weights, we do
not expect the BRWM to recommend the use of specific curves.
Instead, we will ask that the BRWM attest to the reasonable-
ness of our value judgments.
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Please contact Tom Isaacs of my staff on (202) 252-9692 if you
have any questions.

Sincerely,

Ben C. Rusche, Director
Office of Civilian Radioactive
Waste Management

cc: Dr. Frank Press, President
National Academy of Sciences

Dr. Frank Parker, Chairman
Board on Radioactive Waste Management
National Academy of Sciences



Department of Energy
Washington, DC 20585

MAR 17 1986

Dr. Peter Myers
Staff Director
Board on Radioactive Waste Management
National Academy of Sciences
2101 Constitution Avenue, N.W.
Washington, D.C. 20418

Dear Dr. Myers:

Pursuant to discussions we have had with you and Dr. Press,
we are pleased to submit for review and comment by the Board on
Radioactive Waste Management most of what will be finalized into
the Candidate Site Recommendation Report. The application of the
decision-aiding methodology described therein will provide a
technical basis, in conjunction with the provisions of the DOE
Siting Guidelines specifying consideration of other information,
for recommending three sites for site characterization. To
facilitate your review of the report, we describe below its
contents with reference to Attachment 1.

The report is divided into a main text consisting of 7
chapters and 8 appendices. Chapter 1 presents mostly background
information on the repository program and on the siting process
leading to the selection of five sites for nomination for site
characterization. This chapter is provided in its entirety.

Chapter 2 presents an overview of the methodology and its
relationship to the Siting Guidelines. This chapter is provided
in its entirety.

Chapter 3 together with Appendices B, C, and D present the
postclosure analysis of the sites. As agreed at last December's
meeting, these materials are also provided in their entirety.
Because of the sensitivity of these materials -- the actual site
ratings are included -- we ask that their content remain
confidential.

Chapter 4 together with Appendices E and F present the
preclosure analysis of sites. As agreed, only the site ratings
for one site are included. In order to edit out the comparative
material, Chapter 4 and Appendixes E and F will be delivered
tomorrow.

Appendices A and G are also included in their entirety.
Appendix A identifies the participants in the development and
application of the methodology. Appendix G provides the detailed
assessments used to specify the multiattribute utility function.
It focuses on the preclosure utility function.



Chapters 5, 6, 7 and Appendix H are not completed at this
writing. An important part of Chapter 5 is the weighting of
postclosure results and preclosure results to obtain an overall
ranking of sites. Because of previous BRWM comments on this
topic, we will be prepared to discuss this with the BRWM at next
week's meeting. If it pleases the BRWM, we will be prepared to
give a short briefing (approximately 2 hours) on the application
of the methodology.

We look forward to the meeting, and if we can be of further
assistance until then, please do not hesitate to call.

Sincerely,

Ben C. Rushe, Director
Office of Civilian Radioactive
Waste Management

Attachment and Enclosures



NATIONAL RESEARCH COUNCIL
COMMISSION ON PHYSICAL SCIENCES, MATHEMATICS, AND RESOURCES

2101 Constitution Avenue Washington, D.C. 20418

BOARD ON OFFICE LOCATION
RADIOACTIVE WASTE MANAGEMENT JOSEPH HENRY BUILDING

21ST STREET AND
PENNSYLVANIA AVENUE, N.W.

April 10, 1986

Mr. Ben C. Rusche, Director OCRWM
U.S. Department of Energy
RW-l/Forrestal
Washington, D.C. 20585

Dear Mr. Rusche:

In response to your August 29, 1985, request that the National Research
Council's Board on Radioactive Waste Management (Board) conduct "an indepen-
dent review of the methodology to be used to evaluate sites for consideration
as candidate sites for characterization for the first geologic repository,"
and your October 30, 1985, specific request that we further undertake an
"independent review of (the] application of the methodology," the Board has
reviewed portions of the Department of Energy's (DOE or Department) March 17,
1986, draft of the final Candidate Site Recommendation Report (CSRR). The
Board has previously provided DOE with comments on the Department's original
draft methodology by its letter of April 26, 1985, and comments on a revised
methodological approach by its letter of October 10, 1985.

It is neither appropriate nor the intent of the Board to address the
ultimate ranking or the recommendation of specific sites, both of which go
beyond the implementation of the decision-aiding methodology. Accordingly,
the chapters and appendices reviewed by the Board and its consultants were
limited to an overview of the decision-aiding methodology, its application to
post-closure factors for all five candidate sites, and its application to
pre-closure factors at one site. The Board chose not to review, and at its
own request did not have access to, DOE's rankings on pre-closure factors,
rankings combining post-closure and pre-closure factors using the decision-
aiding methodology, or the final recommendation of sites for characteri-
zation. Because of the limits on available time and the volume of the
documentation involved, the Board did not attempt to review the site-specific
data in the draft Environmental Assessments (EAs). To help conduct this
review, the Board enlisted the aid of four consultants, three of whom are
recognized experts in multi-attribute utility analysis and its applications.

1. THE DECISION-AIDING METHODOLOGY

The Board commends DOE for the high quality of the chapters that were
reviewed. The use of the multi-attribute utility method is appropriate, and
the Board is impressed by the care and attention to detail with which it has
been Implemented. It should be noted, however, that the Board's focus was on

The Nationd Research Council is the prncipal operating agency of the National Academy of Sciences and the National Academy of Engineering
to serve government and other organization
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methodology and its implementation and that the Board has not reviewed in
detail the data and judgments on which the conclusions from the multi-
attribute procedure are based.

While recognizing that there is no single, generally accepted procedure
for integrating technical, economic, environmental, socioeconomic, and health
and safety issues for ranking sites, the Board-believes that the multi-attrl-
bute utility method used by DOE is a satisfactory and appropriate decision-
aiding tool. The multi-attribute utility method is a useful approach for
stating clearly and systematically the assumptions, judgments, preferences,
and tradeoffs that must go into a siting decision. The Board strongly
supports the DOE position that the methodology is best applied only as a
decision-aiding tool and that additional factors and judgments are required to
make final decisions about which sites to characterize. These include the
diversity of rock types required by the Nuclear Waste Policy Act of 1982,
judgments about the ability to license successfully a site including
considerations of waste package performance, and judgments about the best set
of sites to choose to assure the highest likelihood of a licensable site
emerging from the characterization process.

The Board is disappointed that DOE did not follow the recommendation, made
in the Board's April 26 and October 10 letters, that independent experts be
brought into the assessment process itself as well as into the review of the
process. As noted in the October letter, "The Board is concerned that DOE's
use of its own technical experts to assess performance by this subjective
method may mask the degree of real uncertainty associated with post-closure
issues." The Board has seen nothing to indicate bias in the implementation of
the method and recognizes that, in this instance, the DOE sensitivity analysis
applied to post-closure issues indicates that the rankings on these issues
would not change with reasonable or plausible changes in the parameters and
judgments. In other applications of the methodology, however, the results may
not be so insensitive to the judgments. In that event the addition of
independent experts in the generation of those judgments would be important.
A final concern with the review draft remains: the need for additional
documentation beyond that included in the March 17, 1986, draft of the
reasoning and judgement involved in the choices of the scores and proba-
bilities associated with the various scenarios. On the basis-of discussions
with DOE staff, the Board anticipates a satisfactory response to this concern
in the final version of the CSRR.

II. POST-CLOSURE ANALYSES

The DOE application of the multi-attribute utility method for the post-
closure factors provides useful information concerning the Department's
current judgment of the expected performance of the sites for the post-closure
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period and on its judgment of the range of uncertainties. The Board
reiterates that, when adequate data and validated models are available
conducting a probabilistic performance assessment" using quantitative models,
as recommended by the National Research Council , is a scientifically
defensible method of integrating and weighting the post-closure factors at
each site. In the absence of performance assessments capable of comparing the
expected post-closure performance of the sites directly, judgments of experts
are appropriately used to develop subjective estimates of the post-closure
factors at each site. DOE has implemented this approach using its technical
experts and those of its contractors, and it appears to have incorporated
information resulting from models on the release and migrationd of radio-
nuclides to the "accessible environment" (as defined by the Environmental
Protection Agency (EPA)). The Department has also conducted an extensive
sensitivity analysis.

The DOE analysis assesses post-closure performance based on probabilities
of releases to an arbitrarily defined and universally applied accessible
environment. This approach is consistent with the DOE siting guidelines and
follows the requirements for repository performance established in the EPA
Standard (40 CFR 191). Because this approach does not take into account the
differences among sites in pathways from the EPA accessible environment to the
biosphere, and thus the potential consequences of any given release at the
accessible environment, the Board recommends that the DOE decision makers
consider such differences in addition to the results of the decision-aiding
methodology. Chapter 6 which the Board has been told considers decision
factors beyond the scope of the multi-attribute utility method, would seem to
be the appropriate place to incorporate such consideration for the present
decision. If the multi-attribute utility method is applied to a future site
selection process, however, the evaluation of relative environmental
consequences should become part of the post-closure analysis. Such an
approach would facilitate comparison of post- and pre-closure results.

III. PRE-CLOSURE ANALYSES

The pre-closure results are stated in terms of-dollar costs, estimated
lives lost in building and operating a repository, and performance measures
covering esthetic, archeological, biological and socioeconomic impacts.
Although the multi-attribute utility method significantly clarifies the

National Research Council 1983. A Study of the Isolation System for
Geologic Disposal of 'Radioactive Wastes. Board on Radioactive Waste
Management, Panel on Waste Isolation Systems. National Academy
Press, Washington, D.C.
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relative importance of the many factors considered in ranking sites, the
reduction of all attributes to a single quantitative scale depends, in this
application, upon the value tradeoffs made by DOE staff. In addition to the
sensitivity analysis they conducted, the Department decision makers might have
found it beneficial in the selection of objectives and in weighing pre-closure
factors to draw on value judgments from a variety of sources outside the DOE.

On the basis of the Board's review of the application to a single site, it
appears that the expected total repository and transportation costs will have-
a major, if not controlling, effect on the rankings under pre-closure
factors. This recognition of the heavy dependence on cost reinforces the
Board's judgment that the principal usefulness of the multi-attribute utility
method is to illuminate the factors involved in a decision, rather than to
make the decision itself.

IV. CONCLUSIONS

In addition to the multi-attribute decision analysis, there are other
factors that must be taken into account in the final decision to select three
sites for characterization. These include the diversity of rock types re-
quired by the Nuclear Waste Policy Act of 1982, Judgments about the ability to
license successfully a site including considerations of waste package perfor-
mance, and judgments about the best set of sites to choose to assure the
highest likelihood of a licensable site emerging from the characterization
process.

When the Board commented on the Draft Environmental Assessments a year
ago, it expressed strong reservations about the methods used by DOE to select
sites for characterization. The Department has made substantial progress
since then. As stated in the Board's October 10, 1985, report, "...our
concern about the appropriateness of the methodology, as expressed in our
April 26, 1985, critique of Chapter 7 of the December, 1984, Draft Environ-
mental Assessments, has now been addressed." DOE has now selected a decision-
aiding method that the Board believes is appropriate to the complexity and
technical uncertainties of the decision the Department faces in choosing sites
to characterize.

Although the Board has not seen the final version of the CSRR, those parts
of the draft it has reviewed include substantial documentation of the site-
ranking method and the way it has been implemented. On the basis of dis-
cussions with DOE staff, we anticipate satisfactory responses to our remaining
concerns about documentation in the final CSRR.

In its review of the implementation of the site-ranking methodology, then,
the Board finds much to praise. It is important to note that the Board



Mr. Ben C. Rusche
April 10, 1986
Page 5

reviewed neither the data in the draft EAs nor the application of the
procedures in which sites were scored and value tradeoffs were assessed.
Moreover, DOE did not take the Board's advice, offered twice in writing, to
involve outside groups of experts in the site-ranking process beyond this
review of the implementation of the methodology by the Board. The Board has
seen nothing to indicate bias in the Department's implementation of the
methodology and recognizes the value of the DOE sensitivity analysis, but the
lack of external input in technical and value judgments could raise concerns
about bias.

Despite the limitations in the scope of the Board's review, we believe the
methods used in the CSRR provide a sound analytical basis for aiding the site
characterization decision. The Board commends the Department of Energy for
taking the time and devoting the resources to identify and apply a comprehen-
sive decision-aiding methodology. We believe that the methodology the
Department has selected represents "state of the art' and is adequate and
appropriate for this purpose. We compliment DOE on its care and diligence in
implementing the site-ranking methodology, and encourage the Department to
build on the experience it has gained as it continues the search for a
geologic repository.

Sincerely,

Frank L. Parker
Chairman, Board on
Radioactive Waste Management

FLP:jc
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